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Based on alloying Cu with Au on the surface of Au nanoparticles

(NPs) and using the Au–Cu alloy as a bridge, a multi-step colloid

process was successfully developed to prepare Au@CuInSe2 hybrid

nanostructures. It has been demonstrated that the as-prepared

hybrid nanostructures exhibit excellent optoelectronic properties

due to the surface plasmon resonance (SPR) properties of the Au

core and the coupling between the Au core and CuInSe2 shell in the

Au@CuInSe2 core–shell nanostructure.
In order to improve the overall application performance of nano-

structured systems and/or design new functional materials, hybrid

nanostructures have attracted increasing research interest.1–5 On one

hand, diverse physical and chemical properties can be integrated into

one system. On the other hand, different from the simple mixture of

corresponding individual components, the hybrid nanostructures

may even show some fascinating properties. Basically, to construct an

effective hybrid nanostructure, the properties and functions of the

different components should have complementary or synergistic

effects. The rational design and synthesis of noble metal–semi-

conductor hybrid nanostructures is therefore representing a new

trend toward advanced functional materials because metallic ingre-

dients can facilitate the charge separation and enhance light

absorption in semiconductors, and as a result, improve the photo-

catalysis and light-harvesting efficiencies of semiconductors.4–8

Recently, Au NPs have emerged as an important composite

material of hybrid nanostructures because of their metal nature,

chemical stability and surface plasmon resonance (SPR) proper-

ties.9–13On the other hand, I–III–VI2 semiconductors such asCuInSe2
are one of the most promising light-absorbing materials for
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photovoltaic applications due to their suitable band gaps, high optical

absorption coefficients and good photostability.14–17 It is reasonable

to expect that combining Au and CuInSe2 within a single colloidal

nanoparticle may maximize the enhancement of their optical prop-

erties and have potentially useful applications. However, as few

reports concern the preparation of Au–CuInSe2 hybrid nano-

structures,18 it remains a challenge to develop effective methods to

fabricate complicated I–III–VI2 semiconductors on metal cores. In

this communication, based on alloying Cu with Au on the surface of

Au NPs and using the Au–Cu alloy as a bridge, a multi-step colloid

process was successfully developed to prepare Au@CuInSe2 hybrid

nanostructures. It also has been demonstrated that the as-prepared

hybrid nanoparticles with core–shell structure exhibit excellent

optoelectronic properties, which can be attributed to the enhance-

ment of SPR absorption of the Au core by coupling between the Au

core and CuInSe2 shell in the Au@CuInSe2 hybrid nanostructures.

Scheme 1 illustrates the designed scheme for the synthesis of the

Au@CuInSe2 hybrid nanostructures through a multi-step injection

procedure. Firstly, Au NPs in oleylamine (about 130 �C), Cu(I) and
In(III) oleylamine solution (about 130 �C) and Se-oleylamine solution

(about 180 �C) were parallelly prepared in three three-neck round

bottom flasks connected to a Schlenk line. Secondly, Cu(I) and In(III)

oleylamine solution was injected into Au NPs oleylamine solution at

130 �C and the mixture was heated up to 260 �C rapidly for the

formation of an Au–Cu alloy layer on the surface of the Au NPs.

Thirdly, the Se-oleylamine solution was immediately injected into the

above solution for the growth of a CuInSe2 shell on Au NPs.

Fig. 1a is the typical scanning electronmicroscopy (SEM) image of

the products, indicating that a large quantity of nearly spherical

particles with the diameter in the range of 60–130 nm were success-

fully prepared. Fig. 1b is the corresponding transmission electron

microscopy (TEM) image. The contrast reveals that these particles

have obvious core–shell structures. The diameter of the core is about

30 nm and the shell thickness is in the range of 15–50 nm. The

chemical composition of the hybrid nanostructures was investigated

by energy-dispersive X-ray (EDX) characterization, which indicates

the co-existence of Cu, In, Se and Au (Fig. 1c). The individual TEM

image combining the analysis of the cross-sectional compositional

line profiles of EDX (Fig. 1d) shows that the core is composed of Au

and the shell is composed of Cu, In and Se. The elemental ratio of

Cu : In : Se is measured to be 1.00 : 1.05 : 2.14. Considering the error

(�5%) of the EDXmeasurement, the result is in good agreementwith
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Scheme 1 Schematic illustration of the strategy for synthesis of

Au@CuInSe2 hybrid nanostructures through a multi-step injection

procedure.

Fig. 1 (a) Typical SEM image, (b) TEM image, (c) EDX spectrum and

(d) TEM image combining the cross-sectional compositional line profiles

of an individual hybrid nanostructure.
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the stoichiometry of CuInSe2. The structure of the as-prepared

products could be concluded as Au@CuInSe2 core–shell hybrid

nanostructures. The elemental oxidation states of chemical compos-

ites of the Au@CuInSe2 were investigated by X-ray photoelectron

spectroscopy (XPS) (Fig. S1†), which reveals that the selenium is

existed as Se2�, the gold is existed as Au0, Indium is existed as In3+,

and no Cu2+ exists in the products. These results also fit with the

structure of Au@CuInSe2.
19

The core–shell nanostructure is one of the most common geome-

tries of the hybrid nanostructures. A lot of methods have been

developed to prepare such kinds of core–shell nanostructures. The

most widely exploited strategies are based on the ‘‘seeded growth’’

approach. In this scheme, the preformed nanoparticles were referred

to as ‘‘seed’’ and served as primary substrate centres for growing shells

of different materials. The coating processes, epitaxial growth and

oxygen passivation/selective oxidation were three conventional

growth mechanisms for the formation of various shells on the metal

based cores. The coating processes were widely used to prepare

amorphous shells such as SiO2 and polymer.20–22 In some cases, the

amorphous shell might be further transformed into a polycrystalline

shell, e.g., Au@TiO2.
23 The oxygen passivation/selective oxidation

process is only suitable for preparing ametal oxide shell.24–26Epitaxial

growth usually occurs when the core and shell materials are charac-

terized by a similar crystal structure and closely matching lattice

parameters.27–29 In the present case, though the {200} lattice spacing

(0.2039 nm) of the face-centered cubic (fcc) Au (JCPDS no.04-0784)

crystal is very close to the {220} lattice spacing (0.2046 nm) of

chalcopyrite CuInSe2 (JCPDS no. 40-1487) or the {220} lattice

spacing (0.2074 nm) of sphalerite CuInSe2 (JCPDS no. 23-0207), the

high-resolution TEM (HRTEM) images and selected area electron

diffraction (SAED) pattern of a typical Au@CuInSe2 nanostructure

show that the shell contains multiple crystal domains and each

CuInSe2 nanocrystal adopts different orientations (Fig. S2†). No

distinct epitaxial relationship between the Au core and CuInSe2 shell

can be found amongmost of theAu@CuInSe2 nanostructures. Other

mechanisms should therefore be included in the growth processing of

as-prepared Au@CuInSe2 hybrid nanostructures.

As we know, Cu+ was easily reduced to Cu0 in hot oleylamine for

the standard reduction potential of Cu+ is 0.521V.30Furthermore, Cu

underpotential deposition (UPD) on the surface of Au substrate may

lead to the redox potential of the Au/Cu (UPD) substrate 150 mV

more positive than that of Cu+/Cu0 (0.521 V).31,32 It is therefore

reasonable to propose that Cu+ tends to deposit on the Au surface

when the hot oleylamine solution contained Cu(I) and In(III) was

injected into the Au NPs solution. The newly produced Cu atoms on

the surfaces of the Au NPs can easily diffuse into Au NPs and form

the Au–Cu alloy layer on the surface of Au NPs.33,34 Thereafter, the

selenization of Cu0 may be a bridge to grow the CuInSe2 shell on the

surface of the Au core. Although the processing is difficult to be in

situ characterized, the proposed formation mechanism for

Au@CuInSe2 nanostructures can be demonstrated by identifying the

presence of Au–Cu alloy trace in the X-ray powder diffraction

(XRD) patterns of the hybrid nanostructures, as shown in Fig. 2a.

The diffraction peaks observed at 26.61, 44.22, 52.40, 64.40, 70.91,

81.38 and 87.54� 2q can be indexed to the (112), (204)/(220), (312),

(400), (316), (424) and (512) of the tetragonal chalcopyrite crystal

structure, respectively. The peaks at 38.52, 44.51, 64.64, 77.77 and

82.04� 2q can be indexed to fcc Au. However, by investigating the

XRD patterns carefully, weak shoulder peaks could be found along
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a) XRD pattern of Au@CuInSe2 nanocrystals with reference fcc

Au (JCPDS no.04-0784) included for comparison. (b) Cu LMM AES

spectrum of the surface and at depths of about 20 nm of Au@CuInSe2
nanostructures. (c) The deconvolution result of the Cu LMM AES

spectrum at depths of about 20 nm of Au@CuInSe2 nanocrystals.

Fig. 3 (a) Schematic illustration of the hybrid device. (b) I–V charac-

teristics of the hybrid device under dark and light conditions. (c) On/off

switching of the hybrid device of Au@CuInSe2 nanostructures at an

incident density of 7.63 mW cm�2 and bias voltage of 1 V. (d) Dark

current and photocurrents at different incident light densities of the

hybrid device of Au@CuInSe2 nanostructures. (e) Photocurrent

measured as a function of incident light density at a bias voltage of 10 V

of the hybrid device of Au@CuInSe2 nanostructures. (f) On/off switching

of the hybrid device of CuInSe2 nanocrystals at an incident density of

7.63 mW cm�2 and bias voltage of 1 V. The current ratio in (c) and (f) was

normalized by the dark current.
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with the main peaks of fcc Au as marked by stars in the XRD

patterns. Those shoulder peaks can be explained by the presence of

a thin Au–Cu alloy layer in the present case. The peaks deviating

from those of pure Au are caused by the lattice contraction when Cu

atoms are alloyed into Au crystal lattice due to that the atomic radii

of Cu (0.128 nm) being smaller than that of Au (0.144 nm). Other

evidence comes from the Auger Electron Spectroscopy (AES)

investigation of the core–shell structures as shown in Fig. 2b. The Cu

LMM AES spectrum collected from the surface of the as-prepared

core–shell nanostructures shows a characteristic peak at 917.6 eV,

matches well with Cu+ in the CuInSe2 shell. And no signal of Cu
0 was

observed, because the Auger electrons collected only come from the

surface less than a few nanometres. After the sample was sputtered to

about 20 nm depth by an Ar ion gun for 20 s, an asymmetric and

broad Auger kinetic energy peak was observed and deconvoluted

into two symmetrical peaks centered at around 917.6 and 918.6 eV

corresponding to Cu+ and Cu0, respectively (Fig. 2c).19 These results

proved the existence of Cu0 andAu–Cu alloy during the formation of

as-prepared hybrid nanostructures.

The proposedmechanismwas also confirmed by a series of control

experiments. The products prepared by reduction of AuPPh3Cl in

oleylamine at 130 �C were pure Au NPs with a size of about 30 nm

(Fig. S3a–c†). When the reaction was quenched at 260 �C without

adding the Se source, the Au–Cu alloy layer can form on the surface

of the AuNPs (Fig. S3d–f†). And only separated AuNPs and In2Se3
flakes can be obtained in the absence of CuCl in the reaction

(Fig. S3g–i†). These results proved that the Au–Cu alloy layer on the

surface of Au NPs may play a key role in the formation of the

Au@CuInSe2 hybrid nanostructures.
This journal is ª The Royal Society of Chemistry 2012
It is expected that combining Au and CuInSe2 within a single

colloidal nanoparticle may maximize the enhancement of their

optical properties. And the hybrid organic–inorganic devices were

reported that may take advantage of the easy film-forming properties

of organic polymers and the superior properties of inorganic nano-

particles.35 In order to evaluate the performances of theAu@CuInSe2
core–shell hybrid nanostructures, an organic–inorganic hybrid

photodetector combining Au@CuInSe2 core–shell nanostructures

with organic poly(3-hexylthiophene) (P3HT) was constructed as

illustrated schematically in Fig. 3a.17,36 The gap width between two

electrodes is 35 mm and the length of electrode is 125 mm. The

thickness of the hybrid thin film is about 3 mm. As a reference,

a similar device combiningCuInSe2 nanocrystals with P3HTwas also

constructed. Typical current–voltage (I–V) characteristics of the

photodetectors are shown in Fig. 3b, the hybrid device exhibits high

sensitivity to light and the device can also be used as a photoswitch, as

shown in Fig. 3c. By switching the light irradiation on and off, the

current of the devices shows two distinct states: a ‘‘low’’ current state

under dark conditions and a ‘‘high’’ current state under light condi-

tions. The measured response time, defined as the time required for

the photocurrent to increase from 10% Ipeak to 90% Ipeak, is 0.87 s.

The recovery time, which is the time for the photocurrent to decrease
J. Mater. Chem., 2012, 22, 1765–1769 | 1767
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from 90% Ipeak to 10% Ipeak, is 0.45 s (Fig. S4†). Without illumina-

tion, the current was only around 1.0 pA. However, at an incident

light density of 7.63 mW cm�2 and a bias voltage of 1 V, the on/off

current ratiowasmore than 55. The high photoresponse performance

of the hybrid devices was further confirmed by photocurrent

measurement on the devices at different incident light densities. As

shown in Fig. 3d, when the intensity of the incident light was

changed, the current of the device changed observably, which could

be ascribed to the change of photon density in the incident light at

different light intensities. It is well known that the photocurrent

response is based on the dissociation of the photogenerated excitons.

Thus, the photocurrent shows a strong dependence on the incident

light intensity, in accordance with the previous report on photoelec-

tronic devices,17 and demonstrates a power dependence of�1.14, that

is, I z P1.14 (Fig. 3e).

For the devices fabricated by combining CuInSe2 nanocrystals

with P3HT, the on/off ratio decreased to around 25 under the same

conditions (Fig. 3f), which could be caused by the different light

absorption ability of the thin film of the devices. The UV-vis spectra

of hybrid thin films (Fig. S5†) indicate that the Au@CuInSe2/P3HT

hybrid thin film may significantly enhance the light extinction

throughout a broad spectral range in contrast to the CuInSe2/P3HT

hybrid thin film. As it is well known, the extinction is the sum of

absorption and scattering. In order to clarify whether enhanced

absorption occurs in Au@CuInSe2NPs, the amount of absorption in

the extinction spectra measured in the ethanol solutions was esti-

mated via a reported correction method.37 The correctional UV-vis

spectra of these samples (Fig. S6†) demonstrate that absorption is the

dominant factor in the extinction of Au@CuInSe2 nanostructures.

And the Au@CuInSe2 nanostructures obviously enhance the

absorption in the range of 650–900 nm in comparison to CuInSe2
nanocrystals, Au NPs and the noninteracting mixture of CuInSe2
nanocrystals and Au NPs, which may be due to the increase of SPR

absorption of the Au core by coupling between the Au core and

CuInSe2 shell in the Au@CuInSe2 core–shell nanostructures.
38

It should be pointed out that the P3HT plays an important role in

the hybrid device due to its easy film-forming property. For the thin

film constructed by the pure nanocrystals, the optoelectronic

response was very difficult to observe, which could be attributed to

the poor quality of the thin film and the complicated interface among

the nanocrystals. On the other hand, the interface of the P3HT:

Au@CuInSe2 hybrid film may take advantage of the charge disso-

ciation and transportation. It has been reported that the CuInSe2
nanocrystal has a high electron affinity and could act as the photo-

electron acceptor, while the P3HT could act as a hole acceptor and

electron donor upon photoexcitation.17,36 When the Au@CuInSe2
NPs were uniformly embedded into the P3HT matrix, the organic–

inorganic hybrid thin film would therefore provide pathways for the

different carriers to transport separately, which will effectively alle-

viate charge recombination.

It is also worth noting that the photodetector has outstanding

stability. No obvious degradation of the devices was observed after

about thirty cycles. These results demonstrate the promising potential

of the hybrid device in the area of light detection and signal

magnification.

In summary, a multi-step colloid process was successfully devel-

oped to prepare Au@CuInSe2 core–shell hybrid nanostructures.

Selenium powder was used as the Se source and oleylamine was

employed as the surfactant and solvent. The preformedAuNPs were
1768 | J. Mater. Chem., 2012, 22, 1765–1769
employed as ‘‘seeds’’ and served as primary substrate centres for

growing CuInSe2 shells. A mechanism based on an Au–Cu alloy

bridge was proposed to explain the formation of a CuInSe2 shell on

the Au core. It is anticipated that the strategy demonstrated in the

present case may also be applied to synthesize other promising core–

shell hybrid nanostructures. It was also demonstrated that the as-

prepared hybrid nanostructures exhibit excellent optoelectronic

properties and the promising potential of the hybrid device in the area

of light detection and signal magnification.
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