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Good quality colloidal nanocrystals of metastable ortho-

rhombic phase of AgInS2 obtained by decomposing the

single-precursor [(Ph3P)2AgIn(SCOPh)4] in a mixture of dode-

canethiol and oleic acid at 125–200 uC, exhibit significant third

order non-linear optical properties.

Materials with large third-order optical nonlinearity and fast

response time are essential for future optical device applications in

optical computing, real time holography, optical correlators and

phase conjugators.1 Nanometer-sized semiconductor materials

have been demonstrated to be potential candidates for this

purpose since they exhibit large third-order optical nonlinearity

due to quantum size and interfacial effects. Our interest in the

nonlinear optical properties of AgInS2 nanocrystals (NCs) have

been triggered by the fact that functional I–III–VI2 chalcopyrite

semiconducting compounds such as AgGaS2, have been shown to

be useful linear and non-linear optical materials.2,3 AgInS2 exists in

two ordered phases:4–6 tetragonal (chalcopyrite structure) and

orthorhombic, and it is potentially suitable material for opto-

electronic devices due to its wide band gap in the visible region.7,8

Recently colloidal nanoparticles of different II-VI binary

compounds have been studied extensively.9–11 More complex

semiconductor materials such as ternary sulfides, in contrast, are

usually produced by means of high temperature syntheses when

elements react to attain the thermodynamic equilibrium.12,13 Low-

temperature solution synthesis may be more attractive as it

provides opportunity to trap the kinetic products.

For the colloidal NCs, chemists have developed the unique

synthesis called injection method. This method has led to

successful synthesis of a variety of high-quality NCs ranging from

II–VI (e.g., CdS and CdSe) and III–V (e.g., InP and InAs) to IV–

VI (e.g., PbS and PbSe) materials.14–17 However the synthesis of

ternary sulfide NCs has seldom been studied.18,19

Although the synthesis of AgInS2 NCs has been reported in the

literature,20–23 good quality monodispersed NCs have never been

achieved. Herein, we report for the first time a successful one-pot

colloidal synthesis of high-quality NCs of AgInS2 by direct thermal

decomposition of the single-source precursor [(Ph3P)2Ag(m-SC{O}Ph-

S)2In(SC{O}Ph)2], 1 in bisurfactants system. The separation between

nucleation and growth can be automatically accomplished in a

homogeneous reaction system by adding two surfactants, such as

dodecanethiol (DT, C12H25SH) and oleic acid (OA, C17H33COOH).24

The precursor 1 was synthesized according to a known literature

method.25 TG data reveal that the precursor decomposes in the

temperature range 175–328 uC to the orthorhombic phase AgInS2.

The precursor was added to a mixture of DT and OA at room

temperature (the molar ratio of precursor : DT 5 1 : 50 and the

volume ratio of DT : OA 5 1 : 3). Then the reaction mixture was

heated at 200 uC for 2 h with gentle stirring under inert

atmosphere. It is noted that the reaction solution has changed to

a clear light yellow solution at ca 50 uC, indicating that the

precursor could be easily dissolved in warm DT–OA solvents.

Soon a red-brown turbidity appeared as the temperature was

further elevated to 70 uC or higher, suggesting that the nucleation

of AgInS2 had occurred. This has been proved by X-ray powder

diffraction of the product isolated at 70 uC. The precursor

decomposed in solution at such low temperature as compared to

solid-state due to the reaction with the surfactants.26 After the

reaction, a dark red homogenous solution was obtained which was

allowed to cool to room temperature and then an excess ethanol

was added to remove the by-products and the excess surfactants.

Finally dark red solid was collected by centrifugation.

A typical TEM image of AgInS2 in Fig. 1a shows polyhedral

shapes and narrow size distribution. A high-magnification TEM

image of the NCs (see Fig. 1b) clearly shows that the colloidal NCs
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Fig. 1 a) Representative TEM images of AgInS2 NCs produced at

200 uC; b) and c) HRTEM images of the polyhedral NCs; d) SAED

pattern of the NCs.
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have rather uniform size and are nanosized single crystals. The

mean diameter of the individual NCs is measured to be 13.9 ¡

1.8 nm (based on 300 particles from the TEM image). The lattice

fringes visible in the HRTEM images are indicative of the high

crystallinity of these particles (Fig. 1c) and the interplanar distance

of 0.356 nm can be indexed to plane (120). The indexing of the

lattice parameters of the selected area electron diffraction (SAED,

shown in Fig. 1d) was consistent with the (200), (002), (121), (122),

(040), (123) and (322) lattice planes of orthorhombic AgInS2

(JCPDS 00-025-1328). EDAX analysis of NCs in the electron

microscope showed the ratio of Ag, In and S is 1 : 1.05 : 2.13. A

slightly higher ratio of sulfur may be attributed to the capping of

DT.

When the ratio of DT to OA was decreased to 1 : 6, smaller

NCs (ca 8.5 ¡ 0.9 nm) were formed together with larger NCs

(ca 33.2 ¡ 5.2 nm). When the ratio was increased to 2 : 1, NCs

with wide size distribution were formed. When DT alone was used

as capping agent, the resulting product was mainly in agglomera-

tion. The use of OA only, however, resulted in micrometer sized

AgInS2. Thus a synergistic effect resulting from the combination of

DT and OA must be responsible for the NCs growth. A range of

temperature of 125–200 uC was found to be suitable for the

synthesis of nanoparticles with narrow size distribution. When the

temperature was increased to 215 uC or even higher (250 uC),

much bigger particles without monodispersity were formed. When

the time duration increased from 2 h to 16 h, the wider size

distribution proved that Ostwald ripening occurred. In summary,

the preferred conditions for forming monodispersed AgInS2 NCs

were a short time period in a temperature range 125–200 uC with a

certain ratio of bisurfactants.

In the presence of other surfactant system such as DT +
trioctylphosphine oxide (TOPO), oleylamine + TOPO, oleylamine

+ DT, oleylamine + OA and only oleylamine, the final particles

have the similar polyhedral shape, as we observe in separate

experiments.

A representative XRD pattern of the product is shown in Fig. 2.

It was synthesized by adding the precursor into a mixed solvent of

DT and OA (the molar ratio of precursor : DT 5 1 : 50 and the

volume ratio of DT : OA 5 1 : 3) and then the reaction mixture

was heated at 200 uC for 2 h. All the diffraction peaks can be

assigned to the orthorhombic-phase AgInS2 reported in the

literature (JCPDS 00-025-1328). It is known that the orthorhombic

form is stable at high temperature (.620 uC) while the tetragonal

form (chalcopyrite type) is stable below 620 uC.4–7,27 Here the

metastable orthorhombic AgInS2 NCs were obtained even when

the temperature was lowered to 125 uC. It is believed that the

surfactants adjust the chemical environment in such a way that the

relative stability of one phase over another can be reversed. Such

metastable phases of hexagonal wurtzite ZnS and e-Co NCs have

been trapped in this way.28

The formation of high temperature phase of AgInS2 has also

been noted by us in the pyrolytic decomposition of the precursors

[(Ph3P)2AgIn(SCOR)4] (R 5 Me, Ph) below 350 uC.25 Further

evidence for the formation of AgInS2 can also be derived from the

X-ray Photoelectron Spectroscopy (XPS). Three strong peaks for

AgInS2 NCs at 367.4, 444.4 and 161.3 eV corresponding to Ag

(3d), In (3d) and S (2p) binding energies, respectively, are in

agreement with previously published data.22 The quantification of

the peak ratio of Ag, In and S is 1 : 1.1 : 1.82.

The nonlinear optical properties of the AgInS2 NCs dispersed in

toluene were investigated by femtosecond Z-scans at wavelengths

of 780 nm. To minimize average power and reduce accumulative

thermal effects, 220 fs laser pulses at a 1 kHz repetition rate were

employed. The laser pulses were generated by a mode-locked Ti:

Sapphire laser (Quantronix, IMRA), which seeded a Ti: Sapphire

regenerative amplifier (Quantronix, Titan). The laser pulses were

focused onto a 1 mm-thick quartz cuvette which contained the

AgInS2 solution with a minimum beam waist of y12 mm. By

adding toluene to the AgInS2 NCs solution, the linear transmit-

tance of the solution was adjusted to be 50% at 780 nm. The

incident and transmitted laser powers were monitored as the

cuvette was moved (or Z-scanned) along the propagation direction

of the laser pulses.

Fig. 3 (a) and (b) display typical open- and closed-aperture

Z-scans carried out with the same irradiance of 60.0 GW?cm22 at

the same wavelength of 780 nm, showing positive and negative

signs for the absorptive and refractive nonlinearities, respectively.

We attribute this negativity to a nonlinear refractive index as self-

defocusing effect while the positive sign of nonlinear absorption

coefficient is due to two photons absorption. The intensity

independence of the Z-scans show pure third-order nonlinear

Fig. 2 Representative X-ray diffraction patterns of AgInS2 NCs formed

at 200 uC (top) and the simulated diffraction patterns from the JCPDS

database (bottom).

Fig. 3 (a) Open- and (b) closed-aperture Z-scan results of AgInS2 NCs

performed at the same wavelength of 780 nm and irradiance of

60.0 GW?cm22. The volume fraction of AgInS2 NCs in toluene is

1.81 6 1024. The solid lines are the best fits using the Z-scan theory

(Ref. 29).
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processes for the observed nonlinearities. Therefore, the nonlinear

absorption and refraction can be described by Da 5 bI, and

Dn 5 n2I, where b and n2 are the nonlinear absorption coefficient

and nonlinear refractive index, respectively, and I is the light

intensity. Both b and n2 values can be extracted from the best

fitting between the Z-scan theory and the data.29 The bNC and

n2
NC values are assumed as bNC # b/(|f|4Vf ) and n2

NC # (n2 2

(1 2 Vf)n2
sol)/(|f|4Vf) where bNC is the nonlinear absorption

coefficient of NCs, n2
NC is the nonlinear refractive index of NCs,

n2
sol is the nonlinear refractive index of toluene, f is the local field

factor, and Vf is the volume fraction of NCs relative to toluene.

The AgInS2 NCs possess the highest nonlinear absorption, with

bNC 5 3867 cm?GW21, or Im(x(3)) 5 8.2 6 1029 esu, which is

about the same order as that for a Ag nanocomposite silica thin

film, measured at 532 nm using a pulsed Nd:YAG laser with 5 ns

pulse duration and a repetition rate of 10 Hz.30 We attribute this

nonlinear absorption to the resonance with the two-photon energy

of the laser pulses of 3.18 eV. Unfortunately, theoretical values of

the two photon absorption for AgInS2 NCs are not available from

the literature. However, the two-photon absorption cross sections

of y10246 cm3 s have been calculated for two-photon-allowed

transitions in CdSe NCs of 2.9 nm diameter.31 For comparison,

our data show that the two-photon absorption cross sections are in

the range from 10246 cm3 s for the AgInS2 NCs.

Similarly, the n2
NC (5 26.6 6 1022 cm2?GW21, or

Re(x(3)) 5 27.3 6 1029 esu) calculated by eliminating the n2

value of toluene (5 1.1 6 1026 cm2?GW21 or Re(x(3)) 5 8 6
10213 esu) is also found in the the AgInS2 NCs, about three times

larger than that measured by Zhou et al. on the silver NCs–

bismuth oxide (Ag:Bi2O3) composite thin films at 800 mm.32 Such a

difference is anticipated due to the following reasons: (1) the

dispersion of the nonlinear refraction, in particular, our measured

value is due to a self-defocusing effect; (2) different size and volume

fraction, in particular, Zhou’s result was obtained from Ag:Bi2O3

nanocomposites of larger sizes (50 nm), in which x(3) should be

expected to approach to the bulk value; and (3) different composite

materials.

In conclusion, we have successfully employed one-pot synthesis

to prepare high quality AgInS2 NCs. Such colloidal ternary

chalcogenide NCs are rare33 and the majority of one-pot synthetic

efforts are directed to binary NCs only. It is worth noting that

both the nanocrystals and bulk AgInS2 obtained using this

precursor belong to high temperature orthorhombic phase.

Further, a combination of suitable capping agents is probably

necessary to obtain high quality monodispersed nanocrystals.

Toluene-soluble AgInS2 nanocrystals have paved the way for the

measurement of the optical properties. Large optical nonlinearities

in the soluble AgInS2 NCs have been observed using 780 nm, 220 fs

laser pulses. The third-order susceptibility, of AgInS2 NCs is

1.1 6 1028 esu.
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