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Abstract : We fabricated CdSe-sensitized photoelectrochemical solar cell by depositing CdSe

nanoparticles on nanoporous TiO2 (np-TiO2) via spray pyrolysis deposition method. By adjusting

the amount of CdSe-sensitizer deposited on np-TiO2, we can fabricate an efficient CdSe-sensitized

solar cell (η = 3.0% under 1 sun irradiation) in polysulfide liquid electrolyte.
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1. Introduction

Recently inorganic semiconductor-sensitized

photoelectrochemical solar cells have been con-

sidered as one promising alternative of conventional

dye-sensitized solar cells (D-SSCs) since Grätzel et al.
1)

have reported a highly efficient solar cell with ~11%

of power conversion efficiency under simulated light of

100 mW/cm2 AM 1.5 G. Particularly, metal chalcogenide-

based inorganic semiconductors such as CdS, CdSe,

PbS and PbSe have been intensively studied to use

them new sensitizers replacing conventional Ru-dyes or

organic dyes because the metal chalcogenide particles

have stronger absorption than dyes, rapid charge separa-

tion by larger intrinsic dipole moment, convenient

bandgap control by quantum confinement effect, multiple

exciton generation and good stability.2)
 Among the metal

chalcogenide semiconductors, the CdSe has been recog-

nized as an ideal sensitizing material for solar cells

because it can fully exploit visible light owing to its

bulk energy bandgap of 1.74 eV.3)

The inorganic semiconductor-sensitized photoelectro-

chemical solar cells have been initiated by mimicking

the device architecture of conventional D-SSCs just

replacing the conventional organic sensitizers with inor-

ganic semiconductors. Until now, the device efficiency

of inorganic semiconductor-sensitized solar cells have

been revealed lower than the efficiency of conventional

D-SSCs and the exact operation mechanism has been

still under investigation. The relatively poor device

performance might be originated from i) the difficulty

of full coverage of whole nanoporous TiO2 (np-TiO2)

surface with inorganic semiconductors, ii) the severe

recombination between semiconductor sensitizers and

electrolytes, and iii) the lack of controlling surface

traps at interfaces.

To assemble inorganic semiconductors on np-TiO2

surface, various assembling methods such as linker

molecule assisted deposition,4) chemical bath deposition

(CBD),5) successive ionic layer adsorption and reaction

(SILAR),6) and spray pyrolysis deposition (SPD)7,8) have

been developed. Among the assembly methods, the SPD

method seems hold some advantage for the cost-effective

mass production because the SPD method does not conta-

minate a reaction bath and is readily commercializable

process. Therefore, here, we chose the SPD method to

deposit CdSe inorganic semiconducting sensitizer on np-

TiO2 film and fabricated CdSe-sensitized photoelec-

trochemical solar cells.

2. Experimental

2.1 Preparation of TiO2 nanoparticles

TiO2 nanoparticles for SPD process were synthesized
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by a precipitation method. The 0.5 M TiCl4 (Titanium

(IV) chloride, 99.9%, Aldrich) aqueous solution and

NH4OH (Ammonium hydroxide solution, Samchun

Pure Chemicals, 28.0%~30.0%) was simultaneously

dropped into 100 mL deionized-water while keeping the

pH to 3~4. After finishing dropping the solutions, we

adjusted the pH of precipitated solution to 9.0 by adding

additional NH4OH with vigorous stirring. The solution

was then heated at 90oC for 3 h with stirring and filtered.

To remove the chloride impurity, the precipitate was

washed several times with fresh deionized water and

dried for 12 h in a dryer. To make a crystalline TiO2,

the dried TiO2 powder was calcined at 500oC for 3 h

in a furnace. The particle size and the BET area were

30~40 nm and 44~45 m2/g, respectively. The crystalline

phase of the calcined TiO2 powder was confirmed

to anatase from XRD. TiO2 paste was prepared as

described elsewhere.9)

2.2 Deposition of CdSe on np-TiO2 by SPD

method

A 50-nm-thick TiO2 blocking layer (bl-TiO2) was

deposited on fluorine-doped tin oxide (FTO) glass

(TEC15, USA) by SPD using 0.02 M solution of titanium

diisopropoxide bis(acetylacetonate) to prevent direct

contact of FTO electrode and electrolyte. The ca.

6 µm-thick np-TiO2 film was then screen printed on

the bl-TiO2/FTO substrate and was sintered at 500oC

for 1 h. A 0.2 M sodium selenosulfite was prepared by

mixing 7.9 g of selenium powder and 0.5 M sodium

sulfite aqueous solution (500 mL) and subsequent

heating at 70oC for 10 h with a magnetic stirring.

The reactant was then filtered to remove tiny amount

of unreacted selenium powder. A 0.2 M cadmium

chloride solution (500 mL) was then mixed to 0.2 M

of sodium selenosulfate solution (500 mL) and finally

the pH of this solution was adjusted to 12.6 by

ammonium hydroxide solution to get stable clear

solution. This pH-controlled CdSe precursor solution

was then sprayed on the np-TiO2 film that was preheated

to 450oC. 1.0 mL of a precursor solution was sprayed

for 2 s and left for 5 s to form crystalline CdSe particles

in one cycle. Through one cycle spray, ca. 12 mg of

CdSe was deposited on the film. To increase the amount

of deposited CdSe sensitizer, we repeated the process

cycles 5, 10, and 15 denoted by SPD5, SPD10, and

SPD15, respectively. To remove the sodium sulfate

formed by SPD, we rinsed it with deionized water

at 60oC for 1 h.

2.3 Fabrication of CdS-sensitized photoelectro-

chemical solar cells

A Pt-coated counter electrode was prepared by

dropping 5 mM H2PtCl6 in i-propanol onto FTO glass

and heating it up to 400oC for 20 min. The cells

were assembled by sandwiching CdSe deposited on the

bl-TiO2/FTO substrate and Pt-coated counter electrode

using a thermal adhesive film (Surlyn, 60µm, DuPont).

Methanol/water (7 : 3 v/v) solution containing 0.5 M

Na2S, 2 M S, and 0.2 M KCl was used as the redox

electrolyte.10) The electrolyte was injected by vacuum

backfilling process and the hole was sealed by a Surlyn

film and cover glass. The active area of the photo-

electrode was fixed to 0.18 cm2.

2.4 Measurements

Photocurrent-voltage (I-V) characteristics were

measured under 1 sun irradiation (100 mW/cm2 AM

1.5 G) from a solar simulator (Newport, Class A,

91195A) by using a Keithley 2420 sourcemeter and

calibrated Si reference cell (certified by NREL). For

the I-V measurement, we masked all devices. The

external quantum efficiency (EQE) was measured using

a fully computerized homemade system comprising

a light source (300-W Xe lamp, Newport, 66902),

monochromator (Newport Cornerstone 260), and

multimeter (Keithley 2002).

3. Results and Discussion

3.1 Device structure and morphology

Fig. 1 shows a schematic illustration of SPD method

for the deposition of CdSe inorganic sensitizer on np-

TiO2 film. For the spray of CdSe precursor solution,

we prepared 0.1 M of cadmium chloride and 0.1 M

sodium selenosulfate aqueous solution with controlled

pH of 12.6 by ammonium hydroxide solution. The

possible chemical reactions involved in SPD process

are listed as following:11,12)

NH3 + H2O↔NH4
+ + OH−

Na2SeSO3 + OH−

↔Na2SO4 + HSe−

HSe−+ OH−

↔H2O + Se2−

CdCl2 + 4NH3↔ [Cd(NH3)4]
2+ + 2Cl−

NH4
+ + Cl−↔NH4Cl
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[Cd(NH3)4]
2+ + Se2−

↔ CdSe + 4NH3(aq)

Here, we sprayed the CdSe precursor solution on the

pre-heated np-TiO2 film at 450oC. At such high proce-

ssing temperature, the CdSe will be formed by the

simultaneous reaction of Cd2+ (derived by thermal decom-

position of complex cadmium tetra-amine ions) and Se2−

(derived by thermal-hydrolysis of sodium seleno-

sulfate).11,12) From the above reaction, we could expect

that the CdSe, Na2SO4 and NH4Cl will be remained as

a final solid product. However, the NH4Cl should be

sublimed at the processing temperature (450oC) due

to its low sublime temperature of 340oC.13) In addition,

the excess sulfite ions from sodium sulfite are likely

to react with oxygen and then are converted into sulfate

ions.11,12) Therefore, the CdSe and Na2SO4 are left as

final product on np-TiO2 film. The solid Na2SO4 hinders

the growth of CdSe into bigger particles and con-

sequently reduces the size of produced CdSe but it may

deteriorate the performance of photoelectrochemical solar

cell due to hinder the regeneration of holes in CdSe

by electrolyte. Finally, the Na2SO4 should be removed

from the CdSe-sensitized photoelectrochemical cell to

obtain better power conversion efficiency. Accordingly,

we rinsed the as-deposited CdSe/np-TiO2 film with de-

ionized water at 60 oC for 1 h for the further uses.

Fig. 2 shows the typical XRD patterns confirming

the CdSe, Na2SO4, and TiO2 peaks. The XRD patterns

clearly indicate that the Na2SO4 can be removed from

the as-deposited CdSe/np-TiO2 film just by simple rinsing

with de-ionized water. The XRD pattern of TiO2 shows

the np-TiO2 is pure anatase phase and the produced CdSe

by SPD method does not have any detectable oxide

form such as CdO.

To check the macroscopic morphologies of CdSe/np-

TiO2 film, we observed SEM images of bare np-TiO2

film and CdSe/np-TiO2 film as shown in Fig. 3(a) and

(b). Fig. 3(b) shows that small CdSe nanoparticles are

deposited on np-TiO2 surface by SPD method because

additional small particles appear on the TiO2 surface.

The formation of small CdSe nanoparticles might be

attributed to the presence of solid Na2SO4 in the

deposited CdSe during SPD process. To observe

morphology of CdSe/np-TiO2 in detail, we analyzed TEM

image as shown in Fig. 3(c). This image displays that

the size of deposited CdSe nanoparticles on np-TiO2

surface is polydispersed which might exploit more

broadband spectrum of light compared to monodispersed

CdSe quantum dots. The EDX spectrum in Fig. 3(d)

confirms the formation of CdSe nanoparticles on

np-TiO2 film.

Fig. 2. XRD patterns of as-prepared CdSe, rinsed CdSe

with water, as-prepared CdSe/TiO2, and rinsed CdSe/

TiO2 with water.

Fig. 1. Schematic illustration of SPD process.
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Fig. 4 shows the device performance of CdSe-

sensitized photoelectrochemical solar cell prepared by

SPD method. All device performances are summarized

in Table 1. The current density-voltage (J-V) curves under

1 sun irradiation according to the spraying number of

CdSe precursor indicate that the device performance

Fig. 3. SEM images of (a) np-TiO2, (b) CdSe/np-TiO2, (c) TEM image of CdSe/np-TiO2, and (d) EDX spectrum of CdSe/TiO2.

Fig. 4. (a) J-V curves and (b) EQE spectra of CdSe-sensitized photoelectrochemical solar cells.

Table 1. The summary of device performance

Jsc (mA/cm2) Voc (V) F.F (%) η (%)

SPD5 11.5 0.54 41.2 2.5

SPD10 16.0 0.57 33.0 3.0

SPD15 14.3 0.59 23.7 1.9
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increases with the spraying number of CdSe precursor

(SPD5→ SPD10) owing to the increased light harvesting

efficiency and further spray of CdSe precursor (SPD15)

deteriorates the overall device performance. The EQEs

in Fig. 4(b) are consistent with the short circuit current

density (Jsc) of each device. Practically, the generated

electrons in CdSe-sensitizer by simulated light are injected

to the conduction band of TiO2 and the generated holes

in CdSe are simultaneously reduced by the redox couple.

The oxidized redox couple is then diffused to Pt counter

electrode and regenerated by the electrons supplied from

external circuit. Therefore, the Jsc is dependent on the

combination of light harvesting efficiency, charge injection

efficiency, and charge collection efficiency. As the spray

number of CdSe precursor increases from SPD5 to

SPD10, the amount of deposited CdSe on np-TiO2 also

increases while absorbing more light. Therefore, the

number of generated charge carriers in CdSe (SPD10)

by the external light are increased and consequently the

transferred number of charge carriers into both np-TiO2

and redox couple are also increased if the charge transfer

efficiency and charge collection efficiency are maintained.

The performance improvement of SPD10 (η = 3.0%)

compared to SPD5 (η = 2.5%) was mainly ascribed

to the improved Jsc (11.5→ 16.0 mA/cm2) although fill

factor is deteriorated (41.2→ 33.0%). The slightly

increased open circuit voltage (Voc: 0.54→ 0.57 V) might

be attributed to the increased number of charge carriers

which shift the qusi-Fermi level of np-TiO2 upward. The

deterioration of fill factor might be derived from

the aggregated CdSe nanoparticles which hinder the

efficient transport of generated charge carriers either np-

TiO2 or redox couple. The further spray of CdSe

precursor (SPD15) may increase the light harvesting

efficiency but the charge transfer and collection efficiency

seem to be deteriorated because both Jsc (14.3 mA/cm2)

and fill factor (23.7%) are decreased due to the over

aggregated CdSe nanoparticles. Therefore overall power

conversion efficiency are also decreased (η = 1.9%).

4. Conclusion

We successfully prepared the CdSe-sensitized

photoelectrochemical solar cell by depositing CdSe nano-

particles on np-TiO2 film via cost-effective SPD method.

The deposition of CdSe on np-TiO2 film by SPD of

CdSe precursor left a solid Na2SO4 as by-product which

helps the formation of small CdSe nanoparticles on

np-TiO2 surface. Therefore, further rinsing process is

required to remove the Na2SO4. By adjusting the repeated

number of SPD, we could fabricate CdSe-sensitized

photoelectrochemical solar cell having 3.0% of overall

power conversion efficiency under 1 sun illumination.
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