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ABSTRACT 

Spherical Cu2-xS nanoparticles with an average diameter of 4.6 nm were synthesized by a 

colloidal method, and their optical nonlinearities around localized surface plasmon resonance 

in the near-infrared region were investigated. Resonant enhancement of nonlinear absorption, 

which is similar to that in the case of the noble metal nanoparticles in the visible region, was 

observed. The nonlinear absorption coefficients of the Cu2-xS nanoparticles were smaller as 

compared with those of Au nanoparticles with the same dimensions and concentrations. 

Theoretical simulation of electric field distributions around individual nanoparticles suggested 

that the free carrier concentration in Cu2-xS nanoparticles was one order of magnitude smaller 

than that in Au nanoparticles, which led to a weaker local electric field and weaker optical 

nonlinearity. 

INTRODUCTION 

Localized surface plasmon resonance (LSPR) of heavily doped semiconductor 

nanoparticles (NPs) has attracted significant attention as a strong candidate for plasmonic 

devices, which are responsible to near-infrared (NIR) light and possess tunable LSPR 

frequencies due to carrier doping [1-5]. Plasmonic NPs based on noble metals exhibit 

strong third-order optical nonlinearities owing to local-field enhancement effect by LSPR 

excitation in the visible frequency region [6]. Therefore, the NIR-LSPR in plasmonic 

semiconductor NPs makes them potential candidates for application in all-optical 

switching devices based on the Kerr-type optical nonlinearity corresponding to optical 

fiber communications. The third-order nonlinear susceptibility (3) of NP dispersions with 

the volume fraction of NPs being p can be expressed as follows [7]: 

 
𝜒(3) = 𝑝𝑓𝑙
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where 𝜒NP

(3) is the third-order susceptibility of the NP and fl is a local-field enhancement 

factor represented by the following equation: 
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This relation is based on the Maxwell-Garnett theory, where E0 and El are electric fields 

of the incident light and the local field, respectively; () and m are the dielectric functions 

of the NP and the surrounding material, respectively [7]. These theoretical expressions 

indicate that third-order optical nonlinearities of plasmonic NP dispersions are strongly 

dependent on the effect of local-field enhancement. 

In this study, we investigated the third-order optical nonlinear properties of Cu2-

xS NPs, which are some of the best known plasmonic semiconductor NPs. Nonlinear 

absorption coefficients were measured around the LSPR and compared with those of 

typical metal NPs, e.g. Au NPs, by simulation of local-field effects. 

EXPERIMENTAL 

Copper sulfide NPs were synthesized via the solution chemistry route reported 

by Kuzuya et al. [8]. Brief, 0.4 mmol of copper acetate and 8 mmol of octylamine were 

mixed in toluene and heated up to 363 K under argon gas flow. After heating for 30 min, 

0.8 mmol of sulfur powder dissolved in 1-dodecanethiol (10 mmol) was injected quickly. 

The mixture was stirred for 30 min at 363 K, and then purified by repeated precipitation-

redispersion cycles using ethanol and hexane. Finally, copper sulfide NPs dispersed in 

hexane were obtained.  

The sizes and shapes of the NPs were measured by scanning transmission 

electron microscopy (STEM, JEOL JEM-2100F). The crystalline structure was determined 

by X-ray diffraction (XRD) analysis of the NPs deposited onto a glass substrate. Elemental 

composition was investigated by energy-dispersive X-ray spectroscopy (EDX, Horiba 

EMAX-7000) and X-ray photoelectron spectroscopy (XPS, ULVAC-PHI PHI-5000). The 

absorption spectrum of copper sulfide NPs dispersed in hexane was obtained by a standard 

double-beam spectrophotometer (JASCO V-570). Nonlinear absorption coefficients, , 

were determined using a pulsed laser system with a pulse duration of 2 ps and repetition 

rate of 1 kHz (Spectra Physics Millenia-Tsunami, Quantronix Titan, and Quantronix 

TOPAS). For comparison with standard metallic plasmonic NPs, nonlinear absorption 

measurements were carried out using an aqueous solution of citrate-stabilized spherical 

Au NPs with an average diameter of 5 nm (Sigma-Aldrich) around the LSPR peak in the 

visible region, using the same instruments. 

Electric field distribution around the NPs under light illumination was calculated 

by the finite difference time domain (FDTD) method, using commercial software 

(Lumerical FDTD solutions). 

DISCUSSION 

Figure 1 shows the XRD pattern of the NPs. Four diffraction peaks could be 

assigned to cubic Cu2S or Cu1.8S. The composition ratio between copper and sulfur, Cu/S, 

was found to be about 1.57 and 1.47, as determined by XPS and EDX, respectively. These 



  
results suggested that Cu-deficient Cu2S NPs, i.e., Cu2-xS NPs were successfully 

synthesized; however, it was difficult to estimate the accurate composition because the S 

atoms could not be distinguished easily in the NP body and in the surfactant, 1-

dodecanethiol. The size distribution of the NPs, determined from STEM observations, is 

shown in the inset of Fig. 1, where the average diameter of the NPs is found to be 4.6 nm.  

Figure 1.   XRD pattern of Cu2-xS NPs, with the standard diffraction data of cubic Cu2S and Cu1.8S. The inset shows the 

size distribution of NPs determined by STEM. 

 
In the absorption spectrum of Cu2-xS NPs dispersed in hexane (Fig. 2 (a)), a strong 

LSPR band could be seen clearly in the NIR region. The peak position and FWHM of the 

LSPR band were 0.98 and 0.66 eV, respectively. The free carrier concentration, N, in an 

NP was evaluated from these spectral parameters [9]. In this estimation, the effective mass 

of a hole reported for Cu1.8S, i.e., 1.8m0 was used, where m0 is the free electron mass, 

because the LSPR in Cu2-xS NPs was due to the excess holes created in the top of the 

valence band [10,11]. N was determined to be 7.6 × 1021 cm-3 from this analysis, which 

indicated the heavily doped character of the Cu2-xS NPs.  

Figure 2(b) shows the absorption coefficients of the NP dispersions embedded in 

a 1 mm quartz cell and measured by incident laser pulses at various intensities and 

frequencies around the LSPR peak. Absorption saturation behavior could be clearly 

observed, especially in the higher-intensity region. Such behavior has previously been 

observed for the LSPR of noble metal NPs and well explained in terms of hot electron 

creation and modification of the dielectric function of the NPs produced thereby.  

 Figure 2.  (a) Absorption spectrum of Cu2-xS NPs dispersed in hexane. (b) Absorption saturation behavior of Cu2-xS NPs, 

measured by incident laser pulses at various frequencies. 

In
te

n
si

ty
 (

ar
b

. 
u

n
it
s)

20 30 40 50 60

Cu1.8S cubic JCPDS056-1256

2 (degree)

Cu2S cubic JCPDS053-0522

2 3 4 5 6 7
0

20

40

Diameter (nm)

C
o

u
n

ts

1 2 3
0

1

2

Photon Energy (eV)

A
b
so

rb
an

ce

(a)

LSPR interband

105 106 107 108 109 1010 1011 1012
0

10

20

30

Intensity (W/cm
2
)

A
b
so

rp
ti
o
n
 C

o
ef

fi
ci

en
t 
(c

m
-1

)

1.03 eV 

(b)

0.89 eV

1.33 eV



  
The nonlinear absorption coefficients, , of Cu2-xS NPs were obtained by fitting 

the absorption curves shown in Fig. 2(b) using the relation  = 0 + I, with  as an 

adjustable parameter (where , 0, and I are an absorption coefficient, linear absorption 

coefficient, and incident laser intensity) [12]. The obtained values of  are plotted in Fig. 

3 in conjunction with a linear absorption spectrum. In the same figure, the  values and 

absorption spectrum obtained for Au NPs dispersed in water are also shown. The volume 

fraction of Au NPs was 4×10-6 and that of Cu2-xS NPs was to be ~4×10-5 from the molar 

absorption coefficient reported for Cu2-xS NPs [1]. The  values of both types of NPs were 

negative and exhibited resonance behavior similar to the LSPR bands. The largest negative 

values were -0.197 ± 0.010 and -0.031 ± 0.003 cm/GW for the Cu2-xS and Au NPs, 

respectively. The estimated value of  of Cu2-xS NPs was one order of magnitude larger 

than that of the Au NPs. However, it should be taken into account the NP concentration of 

the Cu2-xS sample was 10 times that of the Au sample; the absorption coefficient of the NP 

dispersion was proportional to the number concentration of the NPs. Consequently, the  

value of the Cu2-xS NPs was two-third that of the Au NPs after converted into the same NP 

concentrations. This result suggests that the local-field enhancement effect is weaker in 

Cu2-xS NP compared to that in Au NP, because the nonlinear optical susceptibility of 

plasmonic NPs is highly sensitive to the local field, as shown in Eq. (2).  

Figure 3. Nonlinear absorption coefficients of Cu2-xS (solid dots) and Au (open dots) NPs. Solid and dotted curves are 

absorption spectra of the same NPs.  

 
In order to estimate magnitude of the local-field generated around these NPs, 

electric-field distributions around single Cu2-xS and Au NPs were calculated by the FDTD 

method. In this calculation, the dielectric function represented by the Drude model with 

estimated carrier concentration values of 7.6 × 1021 cm-3 was used for a Cu2-xS NP, because 

reliable data for the dielectric function of Cu2-xS are not yet known, especially in the NIR 

region [13]. The dielectric function of bulk Au was used for the calculation of an Au NP 

[13]. In the Drude model, the effective mass of the valence band holes of Cu1.8S, i.e., 1.8m0, 

was used (where m0 is the free electron mass) and a damping constant for the carriers was 

set to reproduce the width of the LSPR band. The refractive index of the surrounding 

medium was set to 1.33 (water) and 1.37 (hexane) for the Au and Cu2-xS NPs, respectively. 

Spherical NPs with diameters of 4.6 nm (Cu2-xS) and 5 nm (Au) and linearly polarized 

incident light were assumed. Figure 4(a) shows the simulated spectra of the absorption 

cross-section. The LSPR absorption bands observed in the NIR and visible regions, as 

shown in the experimental spectra, could be well reproduced in the simulated spectra.  
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Figure 4. Results of the simulation by the FDTD calculations: (a) Absorption cross-section spectra near the LSPR 

calculated for a Cu2-xS NP with a diameter of 4.5 nm in hexane (solid curve) and for an Au NP with a diameter of 5 nm in 

water (dotted curve). Electric field distribution around a single NP of (b) Cu2-xS and of (c) Au upon irradiation by linearly 

polarized light with the respective resonance frequencies. 

 
Figs. 4(b) and (c) show electric field distributions generated around these NPs 

under illumination by light with LSPR frequencies. Dipolar-type distribution of the local 

electric-field was clearly seen in both cases, with hot spots near the NP surfaces. The 

results indicated that the enhancement factor of the electric field, |E/E0| (E0 and E are 

electric field of the incident light and the generated field), reach 4 and 5.3 for the Cu2-xS 

and Au NPs, respectively. Such a weak field enhancement in the Cu2-xS NP is consistent 

with our assumption. 

The origin of the local electric field is the giant electric polarization formed inside 

the NP as a result of the resonant excitation of the LSPR. The electric polarization is 

generated by the collective oscillation of free carriers. Therefore, the free carrier 

concentration is suggested to be a dominant factor determining the magnitude of the 

electric polarization, and thus, the local field enhancement. To test this hypothesis, electric 

field enhancement factors were evaluated for Cu2-xS NPs with various carrier 

concentrations by the FDTD method. Fig. 5 shows maximum enhancement factors of the 

electric field, |Emax/E0|, evaluated for hole concentrations between 4 × 1021 and 1 × 1022 

cm-3. The result of this simulation indicates that the enhancement factor increases 

monotonically with an increase of carrier concentrations. From this results, we concluded 

that low electric field enhancement in the Cu2-xS NP is due to the lower free carrier 

concentration (7.6 × 1021 cm-3) as compared with that for Au (5.9 × 1022 cm-3) [14]. 

Therefore, the differences in the nonlinear absorption coefficients between the Cu2-xS and 

Au NPs were ascribed to the same reason. 

Figure 5. Maximum enhancement factors of the electric field, |Emax/E0|, calculated for Cu2-xS NPs at various hole 

concentrations. 
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CONCLUSIONS 

Spherical Cu2-xS NPs with an average diameter of 4.6 nm and hole concentration 

of 7.6 × 1021 cm-3 were chemically synthesized in solution phase. The Cu2-xS NPs exhibited 

resonant behavior in nonlinear absorption around the LSPR, similar to the case of the Au 

NPs. The nonlinear absorption coefficients of the Cu2-xS NPs were 30~40 % smaller than 

those of the Au NPs with the same dimensions and concentrations. The lower optical 

nonlinearity in the Cu2-xS NPs could be ascribed to the weaker local electric field, which 

originated from the lower free carrier concentration in the Cu2-xS NPs with reference to the 

free electron concentration of metal NPs. However, the Cu2-xS NPs have an outstanding 

capability as nonlinear optical materials in the NIR region from viewpoints of cost and 

environment safety, because they consist of only earth-abundant and nontoxic elements. 

Further progress in carrier doping technique and size- and shape-control methods can 

promise improvement in optical nonlinearities of the Cu2-xS NPs. 
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