
Defect states in hybrid solar cells consisting of Sb2S3 quantum dots and TiO2
nanoparticles

Dong Uk Lee, Sang Woo Pak, Seong Gook Cho, Eun Kyu Kim, , and Sang Il Seok

Citation: Appl. Phys. Lett. 103, 023901 (2013); doi: 10.1063/1.4813272
View online: http://dx.doi.org/10.1063/1.4813272
View Table of Contents: http://aip.scitation.org/toc/apl/103/2
Published by the American Institute of Physics

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by ScholarWorks@UNIST

https://core.ac.uk/display/79714968?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://aip.scitation.org/author/Lee%2C+Dong+Uk
http://aip.scitation.org/author/Woo+Pak%2C+Sang
http://aip.scitation.org/author/Gook+Cho%2C+Seong
http://aip.scitation.org/author/Kyu+Kim%2C+Eun
http://aip.scitation.org/author/Il+Seok%2C+Sang
/loi/apl
http://dx.doi.org/10.1063/1.4813272
http://aip.scitation.org/toc/apl/103/2
http://aip.scitation.org/publisher/


Defect states in hybrid solar cells consisting of Sb2S3 quantum dots
and TiO2 nanoparticles

Dong Uk Lee,1 Sang Woo Pak,1 Seong Gook Cho,1 Eun Kyu Kim,1,a) and Sang Il Seok2,3

1Department of Physics and Quantum Function Research Laboratory, Hanyang University, Seoul 133-791,
South Korea
2Division of Advanced Materials, Korea Research Institute of Chemical Technology, 141 Gajeong-Ro,
Yuseong-Gu, Daejeon 305-600, South Korea
3Department of Energy Science, Sungkyunkwan University, Suwon 440-746, South Korea

(Received 9 April 2013; accepted 19 June 2013; published online 8 July 2013)

We have studied defect states in an organic-inorganic hybrid solar cell containing Sb2S3 quantum

dots (QDs) and TiO2 nanoparticles (NPs) by using deep level transient spectroscopy (DLTS). An

Au electrode was deposited as a Schottky contact on the sample, where the Sb2S3 QDs were

distributed on the surface of TiO2 NPs by chemical synthesis. The activation energy and capture-

cross section of an interface state between the Sb2S3 QDs and the TiO2 NPs were found to be about

0.78 eV and 2.21� 10�9 cm�2, respectively. Also, the densities of this interface trap under a

measurement voltage of �1 V were approximately 2.5� 1017 cm�3. Based on these results, the

interface trap was positioned around Ec� 1.03 eV below the conduction band edge of Sb2S3 QD.

Thus, the external quantum efficiency of the solar cell was affected because of its role as a

recombination center for carriers generated from Sb2S3 QDs. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813272]

Solar cells based on quantum dots (QDs) may represent

a breakthrough technology for next-generation solar devices.

Crystalline Sb2S3 is one of the most promising semiconduc-

tor materials for photovoltaic cells because of its high

absorption coefficient and optimum bandgap. To enhance

quantum efficiency for applications in organic-inorganic het-

erojunction solar cells with semiconductor QDs, a variety of

things should be investigated, including defect states and the

interface states among the QDs, the conducting carrier trans-

portation layer, and the metal electrode layer.1–6 To optimize

the electrical properties of hybrid organic-inorganic solar

cells with semiconductor QDs, the defect states in the solar

cell structures have been studied in terms of their origins and

energy states. Recently, QD solar cells have been investi-

gated to improve the external quantum efficiency through

modulation of band aliment between the QDs and the elec-

tron and the hole-conducting layer. It was reported that the

efficiency of a hybrid QD solar cell depends on the transpor-

tation speed of generated excitons before the recombination

of carriers in the semiconductor layer.7–11 In general, inter-

face traps in a QD solar cell can reduce the external quantum

efficiency by recombination of the separated carriers.

In this letter, the defect states in a hybrid solar cell con-

sisting of Sb2S3 QDs and TiO2 nanoparticles (NPs) were

investigated using deep level transient spectroscopy (DLTS).

Then, the electrical properties, such as density, cross-section,

and activation energy for the interface state between the

Sb2S3 QDs and the TiO2 NPs were determined. We further

discussed the effect of the interface state on the quantum ef-

ficiency of the semiconductor QD solar cell.

The fabrication process of hybrid QD solar cells using

Pilkington TEC-15 conducting transparent glass as substrate

was as follows. TiO2 paste having a diameter of about 60 nm

for TiO2 NPs (NPs) was synthesized by hydrothermal treat-

ment at 250 �C for 12 h by using a peroxotitanium complex

solution. Also, a dense TiO2 thin film was deposited by spray

pyrolysis on the fluorine-doped tin oxide (FTO) glass sub-

strate. The TiO2 NPs were screen-printed on the dense TiO2

thin film using paste and were subsequently sintered at

500 �C for 30 min. The samples were then soaked in a TiCl4
solution for 12 h and then sintered at 500 �C for 30 min after

cleaning with deionized water and ethanol. Finally, the

Sb2S3 QDs were deposited onto the surface of TiO2 NPs

formed on the FTO layer by chemical bath deposition, which

provides high surface coverage and strong anchoring to the

electrode.12–14 Samples were then annealed at 330 �C for

30 min in an Ar atmosphere.

To investigate the defect states of Sb2S3 QDs, an Au

electrode was deposited by using a thermal evaporator

such that the diameter and thickness were 300 lm and

200 nm, respectively. The sample structure consisting of Au

Schottky contact /Sb2S3 QDs/TiO2 NPs/FTO layer/glass is

shown in Fig. 1. The interface states in the Sb2S3 QDs for

solar cell samples were measured by means of a DLTS

system, which consisted of HP4280A and Boonton 7200 ca-

pacitance meters, a HP8116A pulse generator, a SR 640

low-pass filter, a data acquisition system, a Lakeshare 331

temperature controller and a cryostat (12–700 K). Also, the

photoluminance (PL) was measured to verify the energy

band gap for photon absorbance using a Nd-YAG laser

(325 nm and 488 nm).

In the schematic device structure for DLTS measure-

ments of Fig. 1, Sb2S3 QDs were distributed on the surface

of TiO2 NPs to allow for the generation of electron-hole

pairs as excitons. In this case, the metal layer for the Au

Schottky contact was directly deposited on the Sb2S3 QDs

on TiO2 NPs without the insulator layer. In order to measure
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DLTS spectra, a depletion region in the semiconductor layer

created by the Schottky contact was required. The depletion

behavior of the Sb2S3 QD semiconductor was confirmed by

measurements using the 1-MHz capacitance-voltage (C-V)

sweeping method, as shown in Fig. 2(a), where sweeping

voltages were applied from 4 V to �4 V. The shifted flat

band of the C-V curve was observed at 300 K; this was

caused by the size effect of Sb2S3 QDs, while the shift in the

Fermi level of the composite heterojunction system was a

result of charge equilibration between the metallic NPs and

semiconductor QDs.15,16 Furthermore, hysteresis in the C-V

curve caused by charge trapping in Sb2S3 QDs is also appa-

rent in Fig. 2(a).

Figure 2(b) shows the PL spectra for comparison

between the reference sample and the Sb2S3 QDs on surface

of TiO2 NPs. The band-gap of the Sb2S3 bulk has been

reported to be about 1.7 eV. In comparison with the samples

composed as FTO layer/glass and TiO2 NPs/FTO layer/glass,

a broad PL spectrum from the sample with Sb2S3 QDs

appeared strongly in the range from 1.5 eV to 2.5 eV after

laser pumping at 325-nm-wavelength. According to these PL

spectra, the absorbed photon energies for solar cell devices

fabricated with Sb2S3 QDs were approximately in the wave-

length range from 496 nm to 826 nm because the optical

energy band-gap was dependent on the size of the Sb2S3

QDs. It was considered that the broad PL spectrum of Sb2S3

QDs is originated from their size distribution in the rage of

5�10 nm diameter. In addition, the interface trap level could

affect PL spectrum broadness by the transition between the

trap level and band edge in Sb2S3 QDs, which were ran-

domly distributed on the surface of TiO2 NPs.

Figure 3 shows the DLTS spectra for the Schottky con-

tact with and without Sb2S3 QDs. The rate window and pulse

voltage in the DLTS spectra were 4.06009 s�1 and 0 V,

respectively. Signal A was observed in the DLTS spectra for

FIG. 1. Three-dimensional schematics of a sample structure with Au elec-

trode/Sb2S3 QDs/TiO2 NP/FTO layers on the glass substrate.

FIG. 2. (a) C-V properties of the device at 300 K, for sweeping voltages

applied from 4 V to �4 V and (b) the PL spectra of the samples composed of

Sb2S3 QDs/TiO2 NPs /FTO layer/glass substrate, TiO2 NPs/FTO layer/glass

substrate, and the FTO layer/glass substrate.

FIG. 3. DLTS spectra with and without the Sb2S3 QDs, when the voltages

measured after applying a pulse voltage at 0 V were �1.0 V, �1.5 V, and

�2.0 V, respectively.

023901-2 Lee et al. Appl. Phys. Lett. 103, 023901 (2013)



the Sb2S3 QDs as a function of temperature from 20 K to

320 K for measured voltages of �2 V and �1 V after a pulse

bias applied at 0 V. Here, the DLTS spectra of the reference

sample of TiO2 NPs/FTO layer/glass substrate did not

show any signal peaks indicative of carrier trapping.

Interestingly, the DLTS spectra of the reference sample also

did not show reasonable signals for defect states in TiO2 NP.

Before measuring DLTS spectra, the carrier concentration of

the target materials should first be considered. This is impor-

tant because the length of the depletion region from the

Schottky contact on the surface to the semiconductor layer

depends on both the carrier concentration in the semiconduc-

tor and the work function of the contact material. The

noise signals appearing between 140 and 160 K in the

DLTS spectra of Sb2S3 QDs could be caused by the unde-

fined capacitance-time curve through rapidly decreased

capacitance.

An Arrhenius plot for DLTS spectra obtained from solar

cells with Sb2S3 QDs is shown in Fig. 4. The activation

energy for signal A in the DLTS spectra is obtained from the

following equation:

log
en

T2
¼ log Anrn þ �DEa � log e

1000 k

� �
1000

T
; (1)

where rn is the capture cross section of the trap, k is the

Boltzmann constant, mn* is the effective mass of the electron

and hole, and h is the Planck’s constant. Also, the coefficient

An can be expressed as 4
ffiffiffi
6
p

p3=2k2m�n=h3 and en ¼ AnrnT2

exp ðDEa=kTÞ ¼ 1=s. The activation energy (DEa) is calcu-

lated from the �1000 k/log e slope. The cross section is

y
offset
¼ log Anrn where rn is defined as follows:

1

An
10yoffset ¼ h3

4
ffiffiffi
6
p

p
3
2k2m�n

10yoffset : (2)

When the rate window was 4.06009 s�1, the activation

energy and the capture cross section of signal A are obtained

to be about 0.78 eV and 2.21� 10�9 cm�2, respectively.17–19

Before considering the origin of signal A, we determined

that the oxygen vacancies, titanium vacancies, and titanium

interstitials on the TiO2 NP surface and at the interface were

formed by chemical reactions. According to the notation of

Kr€oger-Vink, the formation of intrinsic point defects in TiO2

NPs can be represented by chemical reactions between the

TiO2 and oxygen according to the following four relations:

Ox
o  ! V��o þ 2e0 þ 1

2
O2; (3)

2Ox
o þ Tix

Ti  ! Ti���i þ 3e0 þ O2; (4)

2Ox
o þ Tix

Ti  ! Ti����i þ 4e0 þ O2; (5)

O2  ! 2Ox
o þ V0000Ti þ 4h�; (6)

where V0000Ti , Ti���i , Ti����i and V��o are titanium vacancies, Ti3þ
i

ions in interstitial sites, Ti4þ
i ions in interstitial site and

oxygen vacancies, respectively. The energy levels of point

defects within the energy band of TiO2 have been reported

to be about V��o (Ec� 0.89 eV, Ec� 1.18 eV), Ti����i

(Ec� 0.78 eV), Ti���i (Ec� 1.47 eV), and V0000Ti (Evþ 1.15 eV,

Evþ 1.44 eV).20,21 According to the results from the

Arrhenius plot in Fig. 4, the activation energy was 0.78 eV,

which seems to correspond to the Ti����i titanium vacancy.

However, no signals for TiO2 NPs in the DLTS spectra in

Fig. 3 were observed. As such, the origin of this state was

generally assumed to be the interface state between the TiO2

NPs and the Sb2S3 QDs. One possible reason for an interfa-

cial origin of the interface state might be the combination of

lattice mismatch and dangling band effects through ioniza-

tion after a chemical reaction between TiþO2 and Sb2þS3.

Therefore, the interface states may reduce the external

quantum efficiency in the solar cell device, since they affect

the recombination of photo-generated electrons and holes in

Sb2S3 semiconductor QDs. Furthermore, the interface trap

densities of the measured voltage at �1 V and �2 V were

approximately 2.5� 1017 cm�3 and 1.4� 1017 cm�3, respec-

tively.22 If the measured voltages were changed from �1 V

to �2 V in the Sb2S3 thin film or bulk semiconductors, the

depth profile of the density defect states was circumscribed

by measured voltages, which were able to confine the deple-

tion width from the surface of the Au Schottky contact.23

However, the DLTS spectra only showed the surface state

between TiO2 NPs and Sb2S3 QDs that occurred as a result

of the screening effect at the Debye-H€uckel length for nano-

sized Sb2S3 QDs uniformly distributed on the surface of

TiO2 NPs. Therefore, even if the measurement voltages were

changed from �2 V to �1 V, the interface density of states

was estimated to be about 1.4� 2.5� 1017 cm�3 according

to the trap concentration equation. This is consistent with the

definition of the DLTS signal peak and the 1� 1018 cm�3

intrinsic carrier concentration for Sb2S3 QDs. Also, the rea-

son for the fluctuation in density of the surface states could

originate from the quantized surface state occupied by

carriers.

Figure 5(a) represents the energy band diagram of Au

Schottky contact/Sb2S3 QDs/TiO2 NPs/FTO layer/glass sub-

strate samples. The interface defect states should occur as a

result of a chemical reaction between TiO2 NPs and oxygen

in the atmosphere or other materials. Interface states between

TiO2 NPs and Sb2S3 QDs were generally created as a result

FIG. 4. Arrhenius plot of the DLTS signal measured from the sample with

Sb2S3 QDs/TiO2 NPs/FTO layer/glass substrate. Here, the measuring and

pulse voltages were �2.0 V and 0 V, respectively.

023901-3 Lee et al. Appl. Phys. Lett. 103, 023901 (2013)



of the mismatch of the lattice structure, chemical reactions

through oxygen ions, dangling bonds, and other unknown

reasons. In this case, the interface states between the Au

Schottky contact and Sb2S3 QDs did not appear in the DLTS

spectra when the pulse bias was applied over 0 V in the

region of minimized depletion (supplemental information.24

However, after a filling pulse bias applied at 0 V from the Au

Schottky contact to the Sb2S3 QDs/TiO2 NPs, captured elec-

trons in the surface state were emitted from the interface

state in the Sb2S3 QDs to the conduction band (Ec) of TiO2

NPs. Nevertheless, the activation energy of the interface

state was found to be about 0.78 eV. Thus, the band-off of

the Ec between TiO2 NPs and Sb2S3 QDs was about

0.25 eV.25,26 Therefore, an accurate energy level of the inter-

face state in Sb2S3 was approximately Ec� 1.03 eV, as

shown in Fig. 5(a). If photons were irradiated onto the Sb2S3

QDs/TiO2 NPs solar cell, excitons in Sb2S3 QDs were imme-

diately generated by an absorbed photon. Then, electrons

and holes were subsequently separated from excitons that

were able to transport from Sb2S3 QDs to the electrode

through a relatively lower Ec (electron) or higher Ev (hole),

as shown in Fig. 5(b). In our previous study, we demon-

strated an Sb2S3 QDs solar cell using p-type hole-transport-

ing materials (HTMs), such as a poly(3-hexylthiophene)

(P3HT), poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b0]dithiophene-2,6-diyl]]

(PCPDTBT), poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-

2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thio-

phenediyl] (PCDTBT), and poly(triarylamine) (PTAA),

where the positions of highest occupied molecular orbital

(HOMO) were 5.2 eV, 5.3 eV, 5.5 eV, and 5.2 eV, respec-

tively. In this work, the alignment of energy level between

HOMO and HTMs for hole transfer from Sb2S3 QDs to

metal electrodes was important for enhancing conversion ef-

ficiency of organic-inorganic Sb2S3 QDs solar cells.27–31

Nevertheless, �Z�ıdek et al. reported a principle for improving

the conversion efficiency through ultrafast transient dynamic

of multiple excitons in semiconductor QDs.32 Therefore, the

carrier recombination time of the interface state in the Sb2S3

QDs was faster than the carrier injection times from semi-

conductor QDs to electrode or HTMs. The reduction in

external quantum efficiency is due to an increase in resist-

ance in circuits of QDs solar cells that occur as a result of

the carrier recombinations.33–35 Thus, interface states should

be considered before demonstrating a heterojunction semi-

conductor QD solar cell through alignment of energy levels

among QDs, HTMs, and the electrode.

In summary, the interface state between the Sb2S3 QDs

and TiO2 NPs of the organic-inorganic heterojunction semi-

conductor QD solar cell was studied using the DLTS

method. The activation energy and the capture cross-section

were found to be around 0.78 eV and 2.21� 10�9 cm�2,

respectively. The interface state can affect the external quan-

tum effect of the Sb2S3 QD solar cell because of carrier

recombination at the interface state between TiO2 NPs and

Sb2S3 QDs. Therefore, the interface state Ec� 1.03 eV below

the conduction band edge of Sb2S3 QDs should be consid-

ered to improve the external quantum efficiency of organic-

inorganic hybrid semiconductor QD solar cells.
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