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Synthesis, optical and photovoltaic properties of bismuth sulfide nanorods
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Bismuth sulfide (Bi2S3) nanorods exhibit a low band gap, a high absorbance coefficient and good

dispersity. In this study, the synthesis conditions of Bi2S3 nanorods were systematically investigated to

obtain nanorods of a desired dimension, with high aspect ratios and good crystallinity. The as

synthesized Bi2S3 nanorods, 37.2 nm in length and 6.1 nm in width, have a low band gap of �1.4 eV

with a conduction band and valence band of �3.8 eV and �5.2 eV, respectively. The nanorods were

blended with poly(3-hexylthiophene) (P3HT) at a weight ratio of 1 : 1 to form a light harvesting

P3HT : Bi2S3 hybrid film. The incorporated Bi2S3 nanorods can not only contribute light harvesting

but also lead to a more ordered structure of the P3HT phase and a more efficient p–p* transition.

Surface potential mapping of the hybrid film, measured by Kelvin probe force microscope (KPFM),

shows a significantly negative shift (�34 mV) under white light illumination, which indicates carrier

dissociation and the accumulation of negative charge on top of the hybrid film. The photovoltaic

characteristics of the devices were also observed for those based on the P3HT : Bi2S3 hybrid film. This

novel P3HT : Bi2S3 hybrid material provides a new candidate for the fabrication of low-cost and

environmentally friendly polymer/inorganic hybrid solar cells.
1. Introduction

Over the last decade, semiconducting nanocrystal have shown

great potential in the application of various optoelectrical tech-

nologies, such as photon source,1–4 biological imaging,5–7 light-

emitting diodes8–10 and solar energy conversion,11–15 etc. The

chemical synthesis enables exquisite control over the composition,

dimension and shape of the nanocrystals, leading to unique and

shape-related functionalities. An important way used to manip-

ulate the shape is the passivation of the nanocrystal surface by

a surface ligand, which has affordedmaterials in the shape of dots,

rods and tetrapods.16–18 The rod and wire shapes have particular

potential in electronic applications as they provide high aspect

ratios and, thus, a direct pathway for electrical transport.

For solar energy technology applications, polymer-based

photovoltaic devices have attracted considerable interest owing

to their advantages, which include low-cost, a low weight,

a solution fabrication process, a large area and flexibility.19–21

The conducting polymer, however, typically exhibits lower
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conductivity compared with inorganic semiconductors. The

combination of conducting polymers and inorganic semi-

conducting nanocrystals was hence developed as hybrid mate-

rials for solar cell applications and they are known as hybrid

solar cells.22–32 The intimate mix of the conducting polymer and

the inorganic semiconducting nanocrystal, which is usually in

a rod or tetrapod shape, is the most promising material for such

devices due to the formation of a bulk heterojunction. The

percolated network constructed by the nanorod or tetrapod

provides a direct pathway for carrier transport and reduces the

opportunity of inefficient electron transport, such as hopping

between the nanocrystals. Several semiconducting nanocrystals

have been used in hybrids with conducting polymers, such as

CdSe,26,27,32 CdS,28,29 TiO2
22,25 and ZnO24,30,31 etc. Significant

efficiencies of over 2–3% have been obtained.25,32 Furthermore,

over the last few years, scientists have started to synthesize

nanocrystals with a low band gap (<1.8 eV) as a promising

approach to harvest more sun light. Hence, low band gap

materials, such as PbS,33 PbSe34 and CuInSe2
35 are candidates for

hybrid solar cell applications. Sargent et al. demonstrated the

existence of a photovoltaic effect in devices made from MEH-

PPV (poly [2-methoxy-5-(20-ethylhexyloxy-p-phenylene vinyl-

ene)])/PbS nanocrystal hybrids.33 Their research successfully

extended the photovoltaic response to wavelengths of 1400–

1600 nm using low band gap nanocrystals of PbS (band gap of

bulk material ¼ 0.37 eV). Additionally, Arici et al. demonstrated

the bulk heterojunction made between P3HT/CuInSe2 hybrids

exhibiting a power conversion efficiency of 0.15% under AM 1.5
CrystEngComm
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illumination.35 However, due to concern over the use of toxic

elements, including Se, Pb and Cd, the usage of such elements

remains a limitation due to environmental issues and this has led

to the development of other low band gap nanocrystals. Chen

et al. demonstrated photovoltaic devices based on P3HT

and iron disulfide (Fe2S) hybrids exhibiting a power conversion

efficiency of 0.16%.36 Bi2S3 nanocrystals are a promising semi-

conductor, which has been applied in photodetectors;37 however,

no photovoltaic properties have been reported to date. There-

fore, in the present study, Bi2S3 nanorods with an absorption

coefficient38 of around 104 cm�1 and direct band gap of 1.4 eV

were investigated. The synthesis conditions were first systemati-

cally investigated in order to tune the dimensions, aspect ratio

and crystallinity. The nanorods were blended with P3HT to form

a bulk heterojunction hybrid film of which the optical, electrical

and optoelectrical properties were characterized. Finally,

a photovoltaic device based on the P3HT : Bi2S3 nanorods

hybrid was fabricated. The advantages of cheapness, abundance

and non-toxic elements make the Bi2S3 nanorod a promising

material in hybrid solar cell applications.

2. Experimental

2.1 Synthesis of Bi2S3 nanorods

All chemicals were used as received without further purification.

The Bi2S3 nanorods were prepared by a solution process

according to the literature.39 Typically, 1 g of bismuth chloride

(BiCl3, Arcros 99.999%) and 4.2 ml of oleylamine (Acros, 80–

90%) were mixed in a 50 ml three-necked round-bottomed flask

equipped with a reflux condenser and then reacted at 170 �C for

20 min under an Ar flow. Afterward, 10.4 ml oleylamine solution

of 0.5 g sulfur (S, Acros 99.999%) was injected into the flask and

the solution turned red–brown immediately. In order to get

nanorods with the desired aspect ratio and size distribution, the

reaction conditions, including reaction temperature and reaction

time, were varied (110 �C, 130 �C and 150 �C for 30 min, and

110 �C for 5 min, 30 min, 120 min and 240 min). After the growth

and crystallization of the nanorods, the reaction was quenched

by injecting cold hexane followed by centrifugation at 10 000

rpm for 10 min. The precipitate was ultrasonically dissolved in

toluene and heated at 80 �C in an oven overnight. The soluble

and insoluble parts were separated by centrifugation at 6000 rpm

for 3 min. After discarding the insoluble nanorods, the upper

Bi2S3 nanorods in the supernatant were precipitated out by the

addition of ethanol followed by centrifugation at 10 000 rpm for

10 min. The final solid product dispersed very well in organic

solvents, such as toluene, chlorobenzene and chloroform. The

yield of the Bi2S3 nanorods in the present work is nearly 7–8%. In

order to obtain refined nanorods with a uniform size and good

crystallinity, a low reaction temperature of 80 �C was employed

and the reaction left overnight. A lot of large nanocrystals were

discarded after this step, which leads to a relatively low yield.

Additionally, the Bi2S3 nanorods synthesized under different

conditions exhibited similar yields.

2.2 Fabrication of the P3HT : Bi2S3 photovoltaic device

P3HT with a molecular weight of 70.0 kDa and PDI with

a molecular weight of 1.45 and regio-regularity greater than 99%
CrystEngComm
were synthesized according to the litrature.40 The transparent

indium tin oxide (ITO) electrode (Merck) with a sheet resistance

of 15 U was ultrasonically cleaned with a series of solvents

(ammonia/H2O2/deionized water, methanol and isopropanol)

followed by oxygen plasma treatment. A hole transport

layer, poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)

(PEDOT) : PSS), of 40 nm was then spin coated on the substrate.

After heating at 120 �C for 30 min, the active layer of the

P3HT : Bi2S3 film made from the hybrid of P3HT and Bi2S3 at

a 1 : 1 wt/wt ratio in a chlorobenzene/toluene co-solvent was

deposited by spin coating on the top of the PEDOT : PSS layer.

An upper Al cathode (�100 nm) was thermal evaporated at

�2 � 10�6 torr to form devices with an area of 0.05 cm2. Sand-

wiched between the active layer and the cathode was a 20 nm

electron collecting layer deposited by spin coating a TiO2

nanorod solution (pyridine, 5 mg ml�1). The high aspect ratio

TiO2 nanorods were prepared according to the literature.22
2.3 Characterization of Bi2S3 nanorods and P3HT : Bi2S3

hybrids

The film thickness of both pristine P3HT and P3HT : Bi2S3 films

were characterized by a-stepper (Veeco, Dektak 6M 24383). The

transmission electron microscope (TEM) and high resolution

transmission electron microscope (HRTEM) images of the Bi2S3
nanorods were obtained by a JEOL JEM-1230 microscope

operating at 100 keV and a FEI Tecnai G2 T20 microscope

operating at 200 keV, respectively. By determining the dimen-

sions of the nanorods appearing in the TEM images, information

on the dimensions of Bi2S3 under different synthesis conditions

was obtained. The crystalline structure was studied using X-ray

diffraction (PANalytical X’ Pert PRO with filtered Cu Ka radi-

ation (l ¼ 1.54�A)). A glass boat was fabricated as a powder

sample holder for the X-ray diffraction study. In order to

compare the diffraction peaks among the different synthesis

conditions, the amount of each powder sample was controlled (to

ensure it was identical) by filling the boat and carefully removing

the excess. Cyclic voltammetry (CV) was performed (CHI 600B)

to analyze the conduction band (CB) and valence band (VB) of

the Bi2S3 nanorods. The nanorods were dissolved in a 0.05 M

solution of tetra-n-butyl-ammonium hexafluorophosphate

(Bu4NPF6, Aldrich, 98%) in tetrahydrofuran (J. T. Baker,

99.99%). A concentration of 0.1 M tetra-n-butylammonium

hexafluorophosphate was used as the supporting electrolyte. The

glass carbon electrode, the Ag/AgNO3 electrode and the plat-

inum wire were used as the working, reference and counter

electrodes, respectively. A ferrocene/ferrocinium (Fc/Fct) couple

(Acros, 98%) was used as the internal reference and all potentials

were calibrated with Fc/Fct. For the optical measurement, we

utilized UV–visible spectroscopy (Perkin–Elmer Lambda 35) and

spectro-fluorometry (Perkin–Elmer LS-55) to measure the

ultraviolet–visible absorption spectra and steady-state photo-

luminescence spectra, respectively. The surface potential of the

P3HT : Bi2S3 hybrid film was analyzed by KPFM (Digital

Instruments, Nanoscopes III) at room temperature using

a conductive tip with a resonance frequency of 75 kHz, on

average, and coated with a platinum–iridium alloy. To prepare

the samples for KPFM measurements, typically we first spin

coated PEDOT : PSS on to a conducting substrate (ITO). After
This journal is ª The Royal Society of Chemistry 2012
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heating at 120 �C for 30 min, P3HT : Bi2S3 thin films were

deposited by spin coating on top of the PEDOT : PSS layer

followed by grounding of the PEDOT : PSS layer to a metal

substrate via a silver paste. It is noteworthy that the P3HT : Bi2S3
layer must not connect with the silver paste to ensure a single

path through the hybrid layer/PEDOT : PSS/silver paste/metal

substrate for hole transport. The J–V curves of the photovoltaic

devices based on P3HT : Bi2S3 were characterized under AM 1.5

radiation (100 mW cm�2).
3. Results and discussion

We investigated the appropriate synthesis conditions of Bi2S3
nanorods for applications in hybrid solar cells. Fig. 1 shows the

X-ray diffraction patterns of the Bi2S3 nanorods grown at 130 �C
for different reaction times of 5, 30, 120 and 240 min. The XRD

patterns of the nanorods are identical to that of the Bi2S3
nanowires or nanorods reported in the literature.41 Bi2S3 nano-

rods present peaks assignable to the orthorhombic structure (cell

constants a ¼ 11.15 �A, b ¼ 11.30 �A and c ¼ 3.98 �A; JCPDS No.

43-1471). No obvious peak attributable to bismuth or sulfur

could be observed. According to the literature,41 Bi2S3 nanorods

elongate along the [002] direction. Hence, the arrow pointing to

the (002) diffraction peak in Fig. 1, around 45.1�, represents the
crystal plane of the longitudinal direction. We compared the

(002) diffraction peak of samples synthesized at various reaction

times. Obvious differences in the peak intensity and peak area

among the four samples were observed. The calculated data,

including the peak intensity, peak area, full width at half

maximum (FWHM) and grain size of the Bi2S3 nanorods are

listed in Table 1. The grain sizes of the Bi2S3 nanorods were

estimated by the Scherrer equation:

Dhkl ¼ 0:9l

bhkl cos q

where Dhkl is the crystalline grain size along the [hkl] direction

and 0.9 is the shape factor, K. l is the X-ray wavelength, which is

1.54�A in our measurement. bhkl is the full width at half maximum

of an (hkl) diffraction (in radians), and q is the Bragg angle. From

Table 1 we can see that the grain sizes don’t show a significant

difference (range: 24.0–25.4 nm) among the four samples.

However, when comparing the peak intensities and peak areas,
Fig. 1 XRD patterns of Bi2S3 nanorods grown at 130 �C for different

reaction times.

This journal is ª The Royal Society of Chemistry 2012
the nanorods with a reaction time of 30 min present the most

intense peak and the largest peak areas. When extending the

reaction time to 120 and 240 min, respectively, both the peak

intensities and peak areas are diminished. Since the peak inten-

sity and area are strongly dependent on the crystallinity, we

conclude that the nanorods grown for 30 min yield the best

crystallinity based on the identical amounts of investigated

powders. The active layer of our hybrid solar cell is typically 120–

150 nm in thickness. Hence, controlling the length and the aspect

ratio of the nanorods is critical for obtaining well blended and

smooth hybrid films. Hence, the dimension variation with

different reaction times was examined. Fig. 2 (a, c, e, g) show the

TEM images of Bi2S3 nanorods synthesized at 130 �C for

different reaction times and Fig. 2 (b, d, f, h) are the length

distributions of the Bi2S3 nanorods. The results are summarized

in Table 1. We observe that the mean rod length reached 33.6 nm

within 5 min but with a relatively large size distribution from

10 nm to 50 nm. When the reaction time was extended to 30 min,

the maximum length of the nanorods remained the same. Only

a slight increase in the average length is observed (from 33.6 nm

to 37.2 nm) due to the elongation of the shorter rods (10–20 nm).

These changes lead to a narrower size distribution (standard

deviation reduced from 9.2 nm to 6.2 nm). However, we were

surprised by the size change when we increased the growth time

to a few hours, as shown in Fig. 2 (e, f, g, h). Instead of an

increase in the length, the average rod length significantly

dropped to 25.5 and 24.5 nm for reaction times of 120 and

240 min, respectively. Furthermore, nanorods with a length over

40 nm were not observed, while those with a length of 5–20 nm

appeared again. Therefore, we deduced that after the hot injec-

tion of sulfur, the growth of the nanorods must be rapid upon

interaction of the sulfur with Bi in solution and completes within

tens of minutes. The reaction from 5 min to 30 min under

vigorous stirring can ensure the homogeneous growth of all

nanorods and narrow the size distribution. However, when the

reaction time is extended to a few hours, two reasons may be

suspected as being responsible for the reduced rod length: (1) the

continued formation of the nucleus, and (2) Bi2S3 nanorods

‘‘break’’ at the tips, yielding shorter nanorod pieces or even

nanodots, as shown in Fig. 2(g). Some literature reports have

detailed this observation and simulated the breaking of nano-

wires or nanorods induced from crystal defects or crystal

mismatches.42,43 However, to date, no reference has demon-

strated the breaking of Bi2S3 nanowires or nanorods during their

formation.

Additionally, for the width variation of the rods, the diameter

gradually increases as the reaction time increases (Table 2). As a

result, nanorods with lower aspect ratios, or even nanodots,

were obtained when the reaction time was extended to

240 min (Fig. 2(g)). Considering the application of the poly-

mer : nanocrystal hybrid, the opportunity for inter-nanocrystal

hopping during carrier transport may be increased by use of the

lower aspect ratio nanorods or nanodots if it is assumed that the

nanocrystals are inter-connected to each other and construct

a percolated network in the polymer matrix. Therefore, in order

to reduce the insufficient transport pathway of inter-nanocrystal

hopping, a reaction time of 30 min may be regarded as the most

appropriate reaction time for nanorods that will be used as

electron acceptors in hybrid solar cells. The nanorods have the
CrystEngComm
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Table 1 Analysis of crystalline quality of Bi2S3 nanorods synthesized at 130 �C for different reaction time

Reaction time
(min)

Peak intensity
(a.u.)

Peak area
(a.u.) FWHM (nm)

Crystalline grain
size (nm)

5 275 105 0.36 24.0
30 380 135 0.34 25.4
120 328 110 0.34 25.4
240 272 101 0.35 24.7

Fig. 2 TEM images (a, c, e, g) and length distributions (b, d, f, h) of

Bi2S3 nanorods reacted at 130 �C for (a, b) 5 min, (c, d) 30 min, (e, f) 120

min and (g, h) 240 min.
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desired aspect ratio for ease of dispersion in P3HT and high

crystallinity, which is beneficial for fast electron transport. The

HRTEM image of Bi2S3 nanorods reveals their high crystallinity

when they were reacted at 130 �C for 30 min (Fig. 3).

Another synthesis parameter we adjusted was the reaction

temperature of the nanorods, including temperatures of 110 �C,
130 �C and 150 �C at a fixed reaction time of 30 min. The TEM
Table 2 Dimension analysis of Bi2S3 synthesized under different reaction co

Reaction temperature
(min)

Reaction time
(min)

Avera
(nm)

130 5 33.6 �
130 30 37.2 �
130 120 25.5 �
130 240 24.5 �
110 30 39.1 �
130 30 37.2 �
150 30 28.8 �

CrystEngComm
images and size distributions of the nanorods are shown in Fig. 4.

The calculated dimensions of the nanorods are summarized in

Table 2. We find that the nanorods grown at 110 �C exhibit

aggregation and a large size distribution from 10 to 65 nm

(standard deviation ¼ 16.5 nm, 42% of the length of the nano-

rod). In contrast, the nanorods grown at higher temperatures

(130 �C and 150 �C) disperse well and are more uniform with

regards to their size distributions (standard deviation �6.2, 17%

of the nanorod length and 5.1 nm, 18% of the nanorod length at

130 �C and 150 �C, respectively). Additionally, increasing the

reaction temperature to 150 �C leads to a reduction of the length

and an increase of the width. For the same concern mentioned

above regarding a more efficient carrier transport pathway,

larger aspect ratios are preferred. Consequently, we consider

130 �C to be the most suitable reaction temperature to meet our

needs. The Bi2S3 nanorods that were 37.2 nm in length and

6.1 nm in diameter were adopted in further investigations of the

Bi2S3 : P3HT hybrid.

The energy levels of semiconducting nanocrystals are crucial

when it acts as an electron acceptor or hole donor. A type II

alignment between the polymer/nanocrystals ensures charge

separation at the interface. What’s more, the open circuit voltage

of the photovoltaic devices is theoretically equal to the energy

gap between the highest occupied molecular orbital (HOMO) of

the polymers and the CB of the nanocrystals. Fig. 5(a) plots the

current obtained under both a positive and negative bias. By

resolving the threshold point for the oxidation and reduction

peaks, the calculated CB and VB are �3.8 eV and �5.2 eV,

respectively, yielding a band gap of 1.4 eV. Fig. 5(b) depicts the

energy band diagram of the Bi2S3 nanorods aligned with the

layers in typical polymer solar cell structures. The P3HT and

Bi2S3 nanorods construct a type II contact with an energy gap of

1.2 eV between the HOMO of the polymer and the CB of the

nanocrystals. The optical properties of Bi2S3 nanorods have also

been investigated. Fig. 5(c) shows the absorption spectrum of

Bi2S3 and the inset shows a plot of (ahn)2/3 verses hn, where a is

the absorption coefficient (which can be obtained by the
nditions

ge rod length Average rod
width (nm) Aspect ratio

9.2 5.1 � 1.4 6.6
6.2 6.1 � 0.9 6.1
6.1 6.8 � 1.1 3.8
6.9 8.5 � 1.2 2.9
16.5 5.3 � 1.0 7.3
6.2 6.1 � 0.9 6.1
5.1 7.4 � 1.1 3.9

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a, b) HRTEM images of Bi2S3 nanorods reacted at 130 �C for

30 min.

Fig. 4 TEM images (a, c, e) and length distributions (b, d, f) of Bi2S3
nanorods reacted for 30min at 110 �C (a, b), 130 �C (c, d) and 150 �C (g, h). Fig. 5 (a) A CV curve of the Bi2S3 nanorods, (b) the energy band

diagram of Bi2S3 together with the layers in a typical polymer solar cell

and (c) the absorption spectrum of the Bi2S3 nanorods.
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absorbance, A, following Beer’s law, A ¼ al, l is the optical path

length), h is Planck’s constant and n is the frequency of the

optical radiation. Following the relation of ahn ¼ (hn � Eg)3/2,

the plot in the inset has an intercept of nearly 1.55 eV, indicating

the optical bandgap (Eg) of 1.55 eV, which is consistent with the

onset of the absorption spectrum (�750 nm, Fig. 5(c)) and

slightly larger than the value obtained from the cyclic voltam-

metry measurements (1.4 eV). The relatively strong absorbance

in the visible region shows its potential to increase sun light

harvesting in hybrid materials.

The UV–vis absorption spectrum of P3HT : Bi2S3 is shown in

Fig. 6(a). Pristine P3HT, for comparison, was prepared under an

identical fabrication process including the solvents, concentra-

tions and parameters of the spin coating. We can observe that the

absorption spectra of P3HT/Bi2S3 exhibits a similar shape to

pristine P3HT, indicating that the absorption behaviour is still

dominated by the polymer P3HT. This strong domination may

be attributed to the large absorption coefficient of P3HT of 1.7�
105 cm�1, which is an order of magnitude larger than that of Bi2S3
(�104 cm�1). The absorbance difference between pristine P3HT

and the P3HT : Bi2S3 hybrid obtained by subtracting the two
This journal is ª The Royal Society of Chemistry 2012
spectra is shown in Fig. 6(b). The optical absorption of Bi2S3
ranged from 380 nm to 800 nm and it is clearly observed that the

incorporated Bi2S3 nanorods can slightly increase the optical

absorption in the hybrid film. Moreover, there exists a significant

absorbance difference from nearly 480 nm to 620 nm, which

reveals that the absorption behaviour of the P3HT phase varies

after incorporation of the Bi2S3 nanorods. It is well known that

the characteristics of the P3HT absorption spectrum can be

attributed to the interchain interactions, interlayer interactions

or the crystallinity of P3HT.44–47 Namely, the shoulders at

560 nm and 610 nm are related to the crystalline stacking of the

P3HT lamella structure.44–47 Since we used a 1 : 1 wt/wt ratio of

P3HT and the Bi2S3 nanorods in the P3HT/Bi2S3 solution

preparation, it can be speculated that, considering the density of

P3HT (�1.1 g cm�3) and Bi2S3 (�6.8 g cm�3), the P3HT and

Bi2S3 nanorods occupy 86 vol% and 14 vol% in the P3HT/Bi2S3
hybrid film, respectively. Additionally, the film thickness of the

pristine P3HT film and the P3HT/Bi2S3 hybrid film are around

100 nm and 130 nm, respectively, obtained by a-stepper.
CrystEngComm
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Fig. 6 Comparison of the optical properties between P3HT and the

P3HT : Bi2S3 hybrid, (a) absorption spectra, (b) absorbance difference

obtained from subtracting the absorption spectrum of pristine P3HT and

the P3HT : Bi2S3 hybrid and (c) the photoluminescence spectra.

Fig. 7 (a, b) Schematics of the KPFM measurement, (c, d) topographic

images of the P3HT : Bi2S3 thin film, (e, f) surface potential images of the

P3HT : Bi2S3 thin film. Fig. 7 a, c and e were obtained in dark whereas b,

d and f were taken under illumination.
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Therefore, although part of the space is replaced by the Bi2S3
nanorods after their incorporation into the P3HTmatrix, there is

still 12% more P3HT by volume through which the incidence

light passes as compared with the pristine P3HT film. Conse-

quently, this directly results in a positive absorption difference

within the region of P3HT absorption (from 480 nm to 650 nm)

as shown in Fig. 6(b). Moreover, looking at the more signifi-

cantly positive absorption difference at 560 nm, which results

from the more ordered P3HT, the absorbance is enhanced from

0.58 to 0.82. Considering the definition of absorbance (optical

density), A:

A ¼ log10

�
I0

I

�

where I is the transmitted light intensity and I0 is the incident

light intensity, we found that the light harvesting efficiency,

(1� I/I0)� 100%, is enhanced by 15% (from 74% to 85%), which

is larger than the value of 12% due to the film thickness effect.

These results indicate that there are more efficient p–p* transi-

tions and, thus, an improved crystallinity and enhanced inter-

layer and intralayer interactions of P3HT are achieved after

incorporation of the Bi2S3 nanorods. Fig. 6(c) shows the PL

spectra of pristine P3HT and the P3HT : Bi2S3 hybrid. The

pristine P3HT was also prepared under identical fabrication

parameters. Similarly, the signal in the PL spectra is contributed
CrystEngComm
to completely by P3HT and the photoluminescence of inorganic

nanorods was not detectable. Considerable quenching in the PL

spectra was clearly observed, which can be attributed to the type

II energy alignment between P3HT and the Bi2S3 nanorods.

Competitive processes, such as exciton dissociation or other

forms of energy transfer, may exist after the addition of Bi2S3
nanorods. Hence, the exciton recombination process is hindered

leading to a reduced intensity of the PL spectra by 90%.

Fig. 7a and 7b illustrate the operation principle of the KPFM

measurement in the dark and under illumination, respectively.

Topographical images (7c, 7d) and surface potential mappings in

the dark (7e) and under illumination (7f) are also presented. The

topographical images show the film morphology to be smooth

with a low root mean square roughness of 7.1 nm, indicating

a homogeneous film was obtained. However, from the potential

images, there exist some dark dots distributed in the thin film,

indicating low surface potential regions. We regard the dark dot

regions as Bi2S3-rich regions due to their electron-accepting and

hole-donating role in the hybrid film. Upon illumination of the

thin film, the average surface potential decreases from 283 mV to

249 mV, leading to a considerable negative shift of 34 mV.

Recalling a previous study by our group,48 the average surface

potential of pristine P3HT thin films is almost the same after

illumination (difference < 2 mV). Therefore, we attributed the

significantly negative shift of P3HT : Bi2S3 after illumination to
This journal is ª The Royal Society of Chemistry 2012
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the incorporation of the Bi2S3 nanorods. Once the hybrid thin

film was excited, the exciton dissociated and the holes grounded

to the metal substrate and electrons accumulated on the top of

the hybrid layer, indicating the occurrence of a charge separation

process between the P3HT and Bi2S3 nanorods. We fabricated

the devices in a layer-by-layer solution process. First, a structure

of device A, ITO/PEDOT : PSS/P3HT : Bi2S3/Al, was designed

as shown in Fig. 8(a). The band alignment is also presented. This

type of structure is typical and the one commonly used in poly-

mer solar cells. From the J–V curve under simulated AM 1.5

illumination (100 mW cm�2) as plotted in Fig. 8(d), the photo-

voltaic characteristics and open circuit voltage (Voc) of 0.8 volts,

which is relatively high for polymer solar cells (typically from

0.5–0.7 V), can be found. The high Voc can be attributed to the

large energy gap between the CB of the Bi2S3 nanorods (�3.8 eV)

and the HOMO of P3HT (�5.0 eV). However, we also found

that the current density of device A is extremely low (0.008 mA

cm�2). based on a polymer/low band gap nanocrystal hybrid, has

recently been reported in the literature and it was found that it

usually exhibits a low current density compared to polymer/

conventional nanocrystals hybrids (TiO2, ZnO, CdSe, etc).

Ginger et al. employed photoinduced absorption (PIA) spec-

troscopy to analyze the P3HT/PbSe hybrid.49 Even though PL

quenching was observed from the P3HT/PbSe hybrid, there was

no evidence of a long-lived carrier between P3HT and the PbSe
Fig. 8 (a, b, c) Illustrations of the three different device structures and

(d) J–V curves of device A (red), B (blue) and C (green).

This journal is ª The Royal Society of Chemistry 2012
nanocrystal from the PIA analysis, which indicates an inefficient

carrier dissociation. In the present study, we have obtained

a similar result from the PL measurements with a significant

quenching of the P3HT : Bi2S3 hybrid. However, in contrast to

the PIA results demonstrated by Ginger et al. for the P3HT/PbSe

hybrid, our KPFM measurements provide evidence of carrier

dissociation and negative carrier accumulation of the

P3HT : Bi2S3 hybrid under illumination. Therefore, we attribute

the low current density to the inefficient electron extraction from

the top of the film, resulting from either crystal defects or the trap

states of Bi2S3. In order to effectively collect electrons at the

electrode, we incorporated an electron transport layer (hole

blocking layer (HBL)) comprised of TiO2 nanorods sandwiched

between the active layer and the Al electrode. The structure of

device B is illustrated in Fig. 8(b). From the J–V curve plotted in

Fig. 8(d), we observed that the current density is improved by

a factor of 28 (from 0.008 mA cm�2 to 0.230 mA cm�2); however,

a lower Voc of 0.60 V is obtained. The lower Voc is expected from

the band alignment also shown in Fig. 8(b). The inclusion of the

TiO2 layer constructs a cascade-type energy alignment among

P3HT : Bi2S3/TiO2, leading to a theoretically decreased Voc of

the energy gap between the CB of TiO2 (�4.2 eV) and the

HOMO of P3HT (�5.0 eV). Although this sacrifices the value of

Voc, the TiO2 layer indeed benefits the electron collection

resulting in a considerable improvement in the current density. It

is noteworthy that the P3HT/TiO2 interface also constructs

a type II alignment between the two layers. Therefore, for the

sake of comparison, we fabricated a third device, C, from

a pristine P3HT/TiO2 bi-layer structure, as shown in Fig. 8(c).

The J–V curve of the device plotted in Fig. 8 (d) shows a current

density of 0.15mA cm�2. Dividing the Jsc values of curve B and

curve C (0.08 mA cm�2), it is interesting to note that the

P3HT : Bi2S3 bulk heterojunction truly contributes to the current

density but can not be drawn out in the absence of a TiO2 layer

(0.008 mA cm�2 of device A).
4. Conclusions

Bi2S3 nanorods were synthesized successfully and the synthesis

conditions were systematically investigated. Bi2S3 nanorods

grown at 130 �C for 30 min yielded nanorods with good crys-

tallinity and suitable dimensions for applications in P3HT : Bi2S3
hybrid solar cells. The as synthesized nanorods exhibit a band

gap of 1.4 eV and construct a type II band alignment with P3HT.

The results of an optical properties investigation suggest the

inclusion of Bi2S3 nanorods in the hybrid film affects light har-

vesting slightly, helps the stacking of a P3HT ordered structure

and hinders the charge recombination of P3HT. Surface poten-

tial mapping of the P3HT : Bi2S3 film, measured by KPFM,

provides information on the electron accumulation at the top of

the film and charge transfer between the polymer-rich domains

and the nanocrystal-rich domains under illumination. Photo-

voltaic characteristics were observed from devices based on

the P3HT : Bi2S3 hybrid and the current density contributed to

by the heterojunction was also obtained. This study, which

focused on P3HT : Bi2S3 hybrids, showcases a new candidate

for the fabrication of low-cost and environmentally friendly

polymer : inorganic hybrid solar cells.
CrystEngComm
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