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Photoexcited carrier dynamics of double-layered
CdS/CdSe quantum dot sensitized solar cells
measured by heterodyne transient grating and
transient absorption methods

N. Osada,ab T. Oshima,b S. Kuwahara,a T. Toyoda,bc Q. Shen*bc and K. Katayama*a

The charge dynamics in the double-layered quantum dot sensitized solar cell (QDSSC) was studied to

clarify the reason why the cell performance was much improved by a double-layer coating, by using the

heterodyne transient grating (HD-TG) and transient absorption methods, based on a previous study for a

conventional QDSSC (N. Maeda et al., Phys. Chem. Chem. Phys., 2013, 15, 11006.) In the double-layered

QDSSC, the layer order of CdS and CdSe affected the cell performance. When CdS is in between TiO2

and CdSe, the conversion efficiency was enhanced by 70%, while it was lowered by 50% in the opposite

order. From the information on charge dynamics, it was found that electrons were efficiently injected to

TiO2 by appropriate band alignment of CdS and CdSe, while only a part of the electrons were

transferred to the TiO2 when the layer order was opposite. Furthermore, the reverse electron transfer

does not matter for the conversion efficiency, because the process increased even for the appropriate

layer order.

Introduction

In the last ten years, the conversion efficiency of quantum dot

sensitized solar cells (QDSSCs) showed drastic improvement.

QD have properties appropriate for light harvesting applica-

tions such as tunable optical absorption by size control and

high efficiency multiple exciton generation (MEG).1–3 The

theoretical efficiency is as high as 44%, higher than that for

dye-sensitized solar cells (DSSCs).4 Furthermore, from a manu-

facturing viewpoint, the production cost is expected to be much

cheaper due to abundant inorganic materials. However, the

conversion efficiency at the moment is still lower than that for

DSSCs,5–7 although it has been greatly improved in the last

few years to nearly 7%,8,9 and much efforts have been made on

the QD size,10,11 the core–shell structure of QDs,9,12 surface

fabrication and passivation,11,13,14 and semiconductors and

substrates,6,15,16 and their optimal combinations.17

As a promising effort, mixing of different kinds of QDs as

a sensitizer has been reported in recent years. It was first

reported by Hodes et al., and the composition of the QD layer

was studied carefully.18 The blend of QDs helps the electrons

flow smoothly by tuning the band position alignment19,20 and

also expanding the absorption wavelength region for light

harvesting. Lee et al.20 clarified by ultraviolet photoelectron

spectroscopy that the band position of CdSe shifted upwards

when a CdS layer was in-between TiO2 and CdSe. The charge

transfer between the CdS/CdSe QDs and TiO2 was studied by

photoluminescence dynamics, which indicated smooth charge

transfer by co-sensitizing CdS and CdSe on TiO2.
21 This blend

electrode was also used for sensitization of nanotubes,22–24 and

hierarchical TiO2
25 for hydrogen evolution at the counter

electrode.19 Recently, Zhong et al. prepared a well-ordered

core–shell structure of CdS–CdSe QDs and reached 5.32% con-

version efficiency,12 and Kamat et al. demonstrated a Mn-doped

CdS/CdSe QDSSC and reached 5.42% efficiency.26 The long-lived

exciton for CdSe/CdS QDs was studied from a fundamental

viewpoint for utilization of photoexcited carriers.27,28

There is another approach for improving the conversion

efficiency, by understanding the mechanism of charge dynamics,

typically by using the transient absorption (TA) method. The

materials or their combination were modified based on the

mechanism information to enhance the injection efficiency

and to reduce recombination probabilities. In this field,

Hodes et al.29 reviewed the charge processes as compared to

those for DSSCs and Kamat et al.1,10,30 studied the initial charge

injection process by the TA method and explained it with

the Gibbs energy of the QDs and the conduction band of
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the semiconductor; Shen and Gomez et al.,31–33 studied not only

electron but also hole dynamics on the order of picoseconds,

which clarified the hole transfer to the electrolyte species.

On the other hand, we have developed a combination

methodology of heterodyne transient grating (HD-TG), TA,

and transient photocurrent (TP) methods measured in a wide

time range from nanoseconds to seconds, and we have studied

the charge carrier dynamic in DSSCs34 and QDSSCs35 to

improve the conversion efficiency. The difference of our method-

ology is that we could monitor not only the electrons or holes

on the electrode side, but also the dynamics of the redox or

electrolyte species on the liquid side at the interface. This is

possible because the HD-TG technique we have developed

measures the refractive index change, which is very sensitive

to dipole change, and thus the charged species at the interface

was sensitively monitored. By combination with the TA method,

we could get the whole information on charge carriers in the

solid, interface, liquid side.

In a previous paper, we showed the dependence on pump

intensity, applied bias, electrolyte, for the CdSe QDSSC, and the

observed dynamics was assigned from the nanosecond to

second order. Furthermore, the effect of ZnS coating was

investigated, and optimal coating conditions were proposed

by observation of the electron/electrolyte recombination and

electron dynamics in TiO2
35 In this study, we studied the charge

dynamics in CdSe/CdS QDSSCs, and clarified why the conver-

sion efficiency was improved by double-layer coating.

Experimental

The method for preparation of the working electrodes was

reported in a previous paper.36 Anatase TiO2 paste was pre-

pared by mixing TiO2 nanoparticles with an average diameter of

15 nm (3.0 g), polyethylene glycol with molecular weight of

500 000 (1.2 g), acetyl acetone (1.0 mL) and water (10 mL) with a

mortar for 30 min. The resulting paste was cast onto a glass

substrate coated with fluorine doped tin oxide (FTO, 10 O,

Asahi Glass) with a Scotch tape as a frame and spacer, raking

off the excess solution with a glass rod. (Squeegee technique)

The TiO2 electrodes were dried in air at room temperature for

10 min, and annealed at 450 1C for 30 min in a furnace, and then

cooled down to rt. The film thickness was around 7 � 1 mm.

CdS37 and CdSe38 were grown with the chemical bath

deposition (CBD) method. A TiO2 electrode was immersed in

a mixture solution of CdCl2 (20 mM), NH4Cl (66 mM), NH3

(230 mM), H2NCSNH2 (140 mM) for 40 min for the CdS QDs

deposition. For the CdSe QDs deposition, an electrode was

immersed in amixture of CdSO4 (27mM), N(CH2COONa)3 (40mM),

Na2SeSO3 (27 mM) solution. A TiO2 electrode with CdS QDs was

immersed for 6 h, and a bare TiO2 electrode was immersed for

24 h. Zinc sulfide (ZnS) was coated by the SILAR method.39

The electrodes were soaked in (CH3COO)2Zn (0.1 M) and Na2S

(0.1 M) solutions in turns with two cycles. A polysulfide solution

was used as electrolyte solution with S and Na2S concentrations

of 1 M.40 Cu2S was used as a counter electrode.

The principle and the setup of the HD-TG method were

reported in detail in previous papers.34,41,42 In this study, the

pump light source was an OPO (Surelite II – 10FP) output excited

by a Nd:YAG laser (Panther, Continuum, Electro-Optics Inc.),

and the pulse light had a wavelength of 570 nm, a pulse width of

5 ns, and a repetition rate of 0.5 Hz. The repetition rate was

decided uponas being slow enough to recover the original base-

line for the HD-TG and TA measurements. The pump intensity

was 0.65 mJ per pulse. The probe light was a fiber coupled CW

semiconductor laser with a wavelength of 658 nm for all HD-TG

(10 mW) and TA measurements (4 mW). The pump and probe

lights were incident from the FTO substrate side to avoid

absorption of the pump light by polysulfide redox solution.

TA responses were measured at the same probe wavelength just

by removing a glass plate of transmission grating used for the

HD-TG measurement.

The photoacoustic (PA) spectrum was measured with a

home-built apparatus, and the measured wavelength range

was 270–900 nm.43 The I–V curves were measured under A.M.1.5

for the area of 0.24 cm2 by a solar simulator (Peccell:PEC-L10).

IPCE was measured using home-built IPCE equipment

(0.8–1 mW cm�2 for monochromic light).

Results and discussions

We prepared different types of electrodes, TiO2 only, CdSe/TiO2,

CdS/TiO2, CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes. To con-

firm the growth of QDs and the band gap energy for the

electrodes, PA spectra were measured for them, and the results

are shown in Fig. 1. As we expected, the absorption region was

extended to 1.75 eV for the CdSe/TiO2, CdSe/CdS/TiO2, CdS/

CdSe/TiO2 electrodes mostly due to the absorption of CdSe QDs

and no difference was observed for the three electrodes. A small

absorption increase was observed for the CdS/TiO2 electrode as

compared to the TiO2 only electrode. Based on the effective

mass approximation, the average size of CdSe QDs was 7 nm.

(Bulk band gap: 1.75 eV, electron and hole mass: 1.18 � 10�31

and 4 � 10�31 kg for CdSe were used.)44

Fig. 1 PA spectra for the electrodes; TiO2 only, CdSe/TiO2, CdS/TiO2,

CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes.
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Next, IPCE was measured for the electrodes (Fig. 2). As we

expected, the energy range was extended only to 2.2 eV for the

CdS/TiO2 electrode. The energy regions of the IPCE for the

CdSe/TiO2, CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes were similar,

but IPCE intensity was drastically changed by the presence and the

layer order of CdS and CdSe. When the CdS layer was in between

TiO2 and CdSe, IPCE was enhanced by about 30% as compared to

the CdSe/TiO2 electrode, while it was lowered by about 40% when

the CdS layer was on top of the electrode.

The I–V curves for the electrodes were measured and the

result is shown in Fig. 3. Similar to the IPCE result, the I–V

characteristic was slightly improved in the presence of CdS QDs

as compared to a bare TiO2 electrode, and considerably improved

in the presence of CdSe QDs, reaching a conversion efficiency of

2.1%. By mixing the CdS and CdSe, the result was influenced by

the order of CdS and CdSe coating. When the CdS QDs were in

between CdSe and TiO2, both the Jsc and Voc were improved, and

the conversion efficiency was improved by 70% as compared

to the CdSe only, while the opposite tendency was observed

when the CdS QDs were on top of the layer, and the efficiency

became almost half of the CdSe only.

To study how the combination of CdSe and CdS affected the

conversion efficiency, we studied the charge dynamics by TA

and HD-TG measurements. The pump wavelength for these

measurements was selected at 570 nm to selectively excite the

CdSe QDs.

The TA responses for the CdSe/TiO2, CdSe/CdS/TiO2, CdS/

CdSe/TiO2 electrodes are shown in Fig. 4. As we have already

assigned, the dynamics consisted of the decay of trapped

electrons in TiO2 in the 1–100 ms region and the long lasting

decay from ms–100 ms corresponding to the inhomogeneously

distributed conduction electrons in TiO2.
35,45 For the CdSe/

CdS/TiO2 electrode, the trapped electrons were considerably

increased as compared to the CdSe/TiO2 electrode, while they

decreased for the CdS/CdSe/TiO2 electrode. It means that the

electrons were effectively accumulated in TiO2 for the former

electrode, but they were lost for the latter one.

Next, HD-TG measurements were performed for the CdSe/

TiO2, CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes (Fig. 5). In the

HD-TG responses for a QDSSC electrode, we can observe

reorganization of the ionic species at the interface in 1–100 ms,

a thermal response in 0.1–1 ms, and reverse electron transfer to

redox species in 1–100 ms.35 Since the thermal response does

not matter in the process of charge dynamics, the 1st and 3rd

components were considered. A scheme corresponding to the

band alignment of CdSe, CdS and TiO2 is shown in Scheme 1 to

understand the charge dynamics.19,20 As compared to the CdSe/

TiO2 electrode, the 1st component was delayed and the 3rd

component increased a little in its intensity for the CdSe/CdS/

TiO2 electrode. In the case of the CdS/CdSe/TiO2 electrode, the

1st component was delayed and the 3rd component completely

disappeared. It was unexpected because the electrode with lower

conversion efficiency showed a smaller amount of the electrons

Fig. 2 IPCE spectra for the electrodes; TiO2 only, CdSe/TiO2, CdS/TiO2,

CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes.

Fig. 3 I–V curves for the electrodes; TiO2 only, CdSe/TiO2, CdS/TiO2,

CdSe/CdS/TiO2, CdS/CdSe/TiO2 electrodes, and their I–V characteristics.

Fig. 4 TA responses for CdSe/TiO2, CdSe/CdS/TiO2, CdS/CdSe/TiO2

electrodes. The pump wavelength was 570 nm.
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which were subject to reverse electron transfer. For the CdSe/

CdS/TiO2 electrode, it is considered that the electrons were

efficiently injected into TiO2, which was supported by the fact

of the increase in the accumulated electrons in TiO2 from the

TA result, and that more electrons were subject to reverse

electron transfer. For the CdS/CdSe/TiO2 electrode, based on

Scheme 1, this can be explained with two possible reasons;

(1) the band alignment suggests that only a part of the electrons

were injected into TiO2, while the other part of the electrons

moved to the CdS side. The TA result supports the decrease in

the amount of accumulated electrons into TiO2. The amount of

reverse electron transfer was decreased because of the decrease

in the accumulated electrons in TiO2. (2) The generated holes in

CdSe were difficult to move to the CdS side because of the

energy barrier, and the holes were confined in the CdSe layer.

The higher density of the holes in CdSe caused recombination

with the electrons in TiO2. It is likely that the second reason

would be true because, if the 1st reason were true, some part of

the electrons would still be subjected to the reverse electron

transfer process, which would give some signal intensity for the

3rd HD-TG component. For both electrodes, the 1st component

was delayed because the double semiconductor layers screened

effectively the Coulomb force of the electrons in TiO2, which

caused the motion of ionic species to slow down.

Conclusions

We could confirm improvement of the QDSSCs by using the

double layer of CdSe and CdS QDs, and the order of the coating

was important; only when the CdS layer was in-between the

TiO2 and CdSe QDs, the IPCE, the I–V characteristic and the

conversion efficiency were improved, while they decreased when

the CdS layer was on the top of the electrode. This reason was

studied with charge dynamics measurements and TA and HD-TG

methods. It was clarified that due to the appropriate band

alignment for the CdSe/CdS/TiO2 electrode, the injected electrons

were smoothly transferred to TiO2 and accumulated there, and

reverse electron transfer did not matter for the efficiency.
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R. F. Mahrt, Nano Lett., 2012, 12, 5224–5229.
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