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Abstract
Ag@ZnO core–shell nanostructures, ZnO nanoparticles (NPs), and Ag NPs were synthesized by laser ablation in water using 
8 ns, 1064 nm, and 50 mJ/pulse. The structural, morphological, componential, and optical properties of as-synthesized NPs 
were examined by X-ray diffraction, transmission electron microscopy, electron diffraction spectrum, and ultraviolet–visible 
absorption, respectively. The third-order nonlinear optical properties of aqueous dispersions of three NPs were characterized 
by performing Z-scan experiments with femtosecond laser pulses at 800 nm. It is shown that three NPs exhibit the positive 
refractive nonlinearity in the absence of nonlinear absorption and the third-order nonlinear refraction index increases in the 
order of NPs ZnO < Ag < Ag@ZnO. The results indicate that the Ag@ZnO core–shell nanostructure is a promising candidate 
for applications in ultrafast all-optical switching.

1  Introduction

In the past decade, multicomponent core–shell compos-
ite nanostructures [1, 2] have received extensive attention 
because of their widespread applications in surface-enhanced 
Raman scattering [3], catalysis and electrocatalysis [4], elec-
trochemical sensor [5], photonic crystals [6], etc. Up to now, 
many methods have been reported to synthesize core–shell 
nanostructures, such as microwave-assisted hydrothermal 
method [7], polyol reduction [8], and vacuum evaporation 
deposition [9]. These methods have the advantages of high 
efficiency. However, the synthesis process is relatively com-
plex and it is difficult to avoid the introduction of impuri-
ties. Compared with the above-mentioned methods, pulsed 
laser ablation in liquid solutions (PLAL) has the advantages 
of simple, short preparation period, and a wide range of 

applications [10, 11]. Importantly, the synthesized nano-
materials by this method are chemically pure. Moreover, 
the morphology and size of the synthesized nanoparticles 
can be manipulated by controlling the laser characteristic 
parameters (e.g., wavelength, pulse duration, repetition rate, 
and power) and the liquid-phase environments. A variety of 
nanomaterials have been synthesized by PLAL, including 
Ag and Au NPs [12, 13], alloy NPs [14], metal core–shell 
nanostructures [2], and metal/metal oxide semiconductor 
core/shell nanostructures [15].

As a class of multicomponent core–shell composite 
nanostructure, the noble metal/semiconductor core–shell 
composite NP (e.g., Ag@SiO2 NPs [16], Ag@TiO2 NPs 
[17], Ag@ZnO NPs [18]) has unique photophysical prop-
erties owing to the strong coupling exciton effect between 
the surface plasmon resonance (SPR) of the noble metal 
and the excitons of the semiconductors [19]. Interestingly, 
because of the intrinsic large optical nonlinearity of a com-
posite material and the enhancement of local field of metal 
NPs, these metal NPs coated with transparent semiconduc-
tors exhibit strong third-order nonlinear optical effects [20], 
which have broad nonlinear photonic applications in non-
linear optical imaging [21], optical limiting [17], all-optical 
switching [22], and so on. In general, third-order optical 
nonlinearities of core–shell structured metal/semiconduc-
tor materials are influenced by the particle sizes and shapes, 
the dielectric constant, thermal conductivity, heat capacity 
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of the composite system, as well as the synthesized method 
[23–25]. As such, many investigations focus on the opti-
cal nonlinearity of core–shell nanostructures [17, 26], since 
the complete understanding of these nonlinear effects is still 
incomplete. It is noteworthy that most of these investigations 
have been performed with nanosecond and picoseconds laser 
pulses [27]. However, there are few reports on the nonlinear 
optical properties of core–shell nanoparticles in the femto-
second regime.

In this work, we report a two-step PLAL method for the 
synthesis of Ag@ZnO core/shell nanostructures and inves-
tigate their femtosecond nonlinear optical properties. The 
structural, morphological, componential, and optical proper-
ties of as-synthesized NPs were characterized by X-ray dif-
fraction (XRD), transmission electron microscopy (TEM), 
electron diffraction spectrum (EDS), and ultraviolet–visible 
(UV–Vis) absorption, respectively. The nonlinear optical 
properties of aqueous dispersions of NPs were studied by 
carrying out femtosecond-pulsed Z-scan measurements. It 
is found that NPs exhibit positive refractive nonlinearity 
in the absence of nonlinear absorption and the third-order 
nonlinear refraction index increases in the order of NPs 
ZnO < Ag < Ag@ZnO.

2 � Experimental details

2.1 � Preparation of NPs

To compare the photophysical properties of Ag@ZnO 
core–shell NPs with those of Ag and ZnO NPs under the 
same experimental conditions, we adopt the PLAL to syn-
thesize ZnO NPs, Ag NPs, and Ag@ZnO core/shell NPs 
in deionized water. The core–shell nanostructures and sin-
gle particles are synthesized by the two-step and one-step 
methods, respectively. It is noted that the distinct difference 
between the synthesis of particles (i.e., Ag and ZnO NPs) 
and core–shell NPs lies in the process and time of synthesis.

The experimental arrangement is illustrated in Fig. 1a. 
The metal plate (> 99.99%) was placed on the bottom of a 
glass vessel with 20-ml deionized water and then ablated 
by an Nd:YAG laser operating at a wavelength of 1064 nm 
with a pulse duration of 8 ns, a repetition rate of 10 Hz, and 
an energy of 50 mJ/pulse. The laser beam was focused on 
the metal plate by a convergent lens with a focal length of 
100 mm.

The Ag@ZnO core–shell structures were synthesized by 
following a two-step method, as shown in Fig. 1b. First, a 
2-mm-thick silver plate was placed on the bottom of a glass 
vessel which was located at 10 mm from the solution surface 
in the solution. The silver plate was continuously ablated for 
60 min. Second, a zinc plate of the same size was ablated 
by the same laser with the same laser pulse energy in the 

Ag colloid synthesized by the first step for 60 min with the 
aim of synthesizing the Ag@ZnO core–shell NPs. Ag NPs 
(or ZnO NPs) used for comparison were synthesized by the 
same laser at the same energy by ablation of a sliver (or 
zinc) plate in deionized water for 60 min. In addition, we 
determined the mass concentrations for aqueous suspensions 
of Ag, ZnO, and Ag@ZnO NPs to be d0 = 27.6 , 28.1, and 
28.4 mg/ml, respectively.

2.2 � Sample characterizations

The as-synthesized three NPs were confirmed and inves-
tigated by various characterization techniques as follows. 
The crystal phase analysis was performed on a German 
Bruker X-ray powder diffractometer using CuKα radiation 
(λ = 0.154056 nm) at 40 kV and 30 mA in a 2θ − θ scan-
ning mode. XRD patterns were recorded over a 2θ range of 
30°–80° at a step of 0.02°. The morphology and size dis-
tribution of the samples were inspected by TEM using a 
JEM-2100F electron microscope operated at the accelerating 
voltage of 120 kV. A standard procedure was followed to 
prepare the sample for the TEM analysis by dispersing the 
NPs in deionized water, and a drop of the aqueous suspen-
sion was put on the carbon-coated copper grid. The particle 
sizes were estimated from TEM images. The composition 
of NPs was characterized by the TEM–EDS using a JEM-
2100F electron microscope. The UV–Vis linear absorption 
spectra of nanomaterial dispersions contained in 1-mm-thick 
quartz cells were detected at room temperature with a Shi-
madzu UV-3600 spectrophotometer.

Fig. 1   a Schematic diagram of the PLAL setup. b Synthesis process 
of the Ag@ZnO core–shell nanostructures
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2.3 � Nonlinear optical characterization technique

The third-order nonlinear optical properties of the nanoma-
terial dispersions were investigated by a single-beam Z-scan 
technique [28]. The laser source for the Z-scan experiment 
was a Ti:sapphire regenerative amplifier (Coherent Inc.), 
operating at a wavelength of λ = 800 nm with a pulse dura-
tion of 170  fs and a repetition rate of 1 kHz. The laser 
pulses had near-Gaussian spatial and temporal profiles. The 
laser beam was focused by an achromatic lens with a focal 
length of 150 mm, producing the beam waist at the focus 
of �0 ≃ 15 μm. To carry out the Z-scan measurements, the 
sample was scanned across the focus along the optical axis 
using a computer-controlled translation stage, while the 
transmitted pulse energies in the presence or absence of the 
far-field aperture were monitored by a detector, determining 
the closed- and open-aperture Z-scan traces, respectively. 
For the closed-aperture Z-scan measurements, the linear 
transmittance of the far-field aperture was kept at S = 0.20. 
In addition, the Z-scan measurement system was calibrated 
with carbon disulfide. The results indicate that the experi-
mental uncertainty should be within ± 10%.

3 � Results and discussion

3.1 � Crystal structure

The phase and crystallographic structure can be identified 
by the XRD patterns of three NPs shown in Fig. 2. The 
black curve in Fig. 2 shows the XRD pattern of Ag NPs. 
It is shown that the powder XRD peaks at the 2θ values of 
38.3°, 45.50°, 64.1°, and 78.1° correspond to the crystalline 
planes of (111), (200), (220), and (311) of Ag NPs, respec-
tively. These peaks are in agreement with the data of the card 

04-0783 in the joint committee on powder diffraction stand-
ards (JCPDS) file of the face centred cubic structure of Ag.

From the red curve shown in Fig. 2, one gets six peaks 
located at 31.5°, 34.18°, 36.02°, 47.34°, 56.34°, and 67.7°, 
which are attributed to the crystalline planes of (100), (002), 
(101), (102), (110), and (112) of ZnO NPs, respectively. All 
these XRD peaks of ZnO NPs are indexed to the hexagonal 
wurzite structure of ZnO (JCPDS card no. 36-1451). The 
results show that the ZnO NPs have good crystal quality.

The blue curve in Fig. 2 represents the XRD pattern of 
Ag@ZnO core–shell nanostructure. It is found that two sets 
of diffraction peaks, including XRD peaks of both Ag and 
ZnO, correspond to the face-centred structure of Ag (JCPDS 
card no. 04-0783) and hexagonal wurzite structure of ZnO 
(JCPDS card no. 36-1451). It is noteworthy that the diffrac-
tion peaks of the Ag core are weaker than those of pure Ag 
NPs, because the Ag core is completely covered by the ZnO 
shell. Compared to the diffraction peaks in Ag NPs and ZnO 
NPs, no noticeable shift in the diffraction peaks of Ag and 
ZnO in Ag@ZnO NPs is observed, indicating a strong inter-
facial interaction between Ag and ZnO to form a core–shell 
structure. In addition, absence of other impurity diffraction 
peaks suggests high purity of the Ag@ZnO core–shell nano-
structure synthesized by liquid-phase laser ablation.

3.2 � Morphology and size

The morphology and size distribution of the as-synthesized 
NPs are inspected by the TEM analysis. The correspond-
ing results are presented in Fig. 3. It is found that the TEM 
images of the Ag and ZnO NPs shown in Fig. 3a1, a2 are 
almost spherical in two samples, no considerable aggrega-
tion took place for nanoparticles. The average diameters of 
Ag and ZnO NPs are estimated to be 20 and 65 nm, respec-
tively. More importantly, the TEM image of Ag@ZnO NPs 
displayed in Fig.  3a3 reveals overall uniform spherical 
morphology. Moreover, the average diameter of Ag@ZnO 
NPs is measured to be 24 nm. Note that Fig. 3a3 shows 
the particle aggregation because the NPs are not dispersed 
uniformly enough [29]. In the linear and nonlinear optical 
measurements, ultrasonic NPs are used to ensure that the 
particles in deionized water are dispersed almost uniformly.

To gain an insight into the structure of a single particle, 
we measured the HRTEM images of three NPs shown in 
the second row of Fig. 3. The HRTEM images of Ag and 
ZnO NPs shown in Fig. 3b1, b2 indicate that they have a 
clear crystalline structure and a prevalently spherical shape. 
Interestingly, the HRTEM image of an Ag@ZnO particle 
displayed in Fig. 3b3 has the following characteristics: (1) 
there is an obvious shell with a thickness of ~ 4 nm coated 
on a core of ~ 20 nm in diameter; (2) the black core and the 
gray color are attributed to the Ag core and the ZnO shell, 
respectively. This color gradient arises from the difference of 
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Fig. 2   XRD patterns of as-prepared Ag, ZnO, and Ag@ZnO NPs
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the electron density between Ag (atomic number = 47) and 
Zn (atomic number = 30) [30]. Accordingly, the Ag core and 
ZnO shell are confirmed by HRTEM. This result suggests 
that the products of the two-step laser ablation method are 
indeed Ag@ZnO core–shell nanostructures.

The size distributions of Ag, ZnO, and Ag@ZnO NPs are 
counted as illustrated in the third row of Fig. 3. It is shown 
that the size distribution of the particle is nearly of Gaussian 
type. The diameters of the Ag, ZnO, and Ag@ZnO NPs are 
approximately 18–24, 50–85, and 20–28 nm, respectively.

3.3 � Composition of nanoparticles

The EDS is used to further characterize the composition 
of as-synthesized NPs. Figure 4a–c show the EDS images 
of Ag, ZnO, and Ag@ZnO NPs, respectively. It is noted 
that the Cu and C elements are introduced because carbon 
film-coated copper mesh is used in the measurements. As 
shown in Fig. 4a, no other element peaks appear in the Ag 
NP, indicating that the sample is pure Ag nanostructure and 
is not doped with other substances. Analogously, the EDS 

spectra displayed in Fig. 4b, c reveal that both ZnO NP and 
Ag@ZnO core–shell nanostructure are pure, respectively.

3.4 � Absorption spectra

The UV–Vis linear absorption spectra of Ag, ZnO, and 
Ag@ZnO NPs in deionized water are presented in Fig. 5a. 
Clearly, the linear absorption spectrum of Ag@ZnO core/
shell nanostructure is not a simple superposition of those of 
Ag and ZnO NPs. The Ag NP has an intense SPR peak in 
the visible region, which is highly sensitive to its diameter 
and the optical and electronic properties of the surrounding 
environment [31]. As shown by the dotted line in Fig. 5a, Ag 
NPs exhibit an SPR peak at 402 nm owing to their small size 
[32]. Compared with that of Ag NPs, however, the SPR band 
of Ag@ZnO NPs is distinctly broadened and has a redshift 
by 24 nm, mainly because of the strong electronic coupling 
between the Ag core and ZnO shell [33, 34]. The electron 
transfer from Ag to ZnO in the Ag@ZnO core–shell nano-
structure is due to the higher Fermi energy level of Ag than 
that of ZnO. This transfer results in deficiency of electrons 

Fig. 3   a1–a3 TEM images, b1–b3 HRTEM images, and c1–c3 size distributions of Ag, ZnO, and Ag@ZnO NPs
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on the surface of Ag NP, leading to the redshift in the surface 
plasmon absorption [33, 35].

The optical bandgap Eg of NPs can be estimated by 
extrapolation of the absorption edge with Tauc’s formula 
(�0h�)

2∕n = Const(h� − Eg) , where h� is the photon energy 
of excitation light and n is determined by the characteristics 
of electron transitions between the valence and conduction 
bands in a material [36]. From the data shown in Fig. 5b, we 
obtain n = 1 and extrapolate Eg = 3.23, 3.78, and 3.94 eV 
for Ag, ZnO, and Ag@ZnO NPs, respectively. The results 
indicate that Ag, ZnO, and Ag@ZnO NPs, respectively, 
have a direct bandgap at the wavelength of 384, 328, and 
314 nm. Alternatively, the Eg value of NPs can be estimated 
by the empirical formula Eg = 3.22 − 0.896∕d + 2.86∕d2 , 
where d is the diameter of the spherical NP in nanometers 
[37]. For example, we obtain Eg = 3.18 eV for Ag NPs with 

d = 20 nm, which is in agreement with the measured Eg = 
3.23 eV by Tauc’s formula. Table 1 summarizes the optical 
bandgaps Eg and particle sizes d of Ag, ZnO, and Ag@ZnO 
NPs synthesized by the presented and other methods. The 
measured bandgaps are comparable to the reported ones, 
indicating our measured results are reliable.

3.5 � Nonlinear optical properties

To extract the nonlinear optical coefficients and to gain an 
insight into the underlying mechanisms of the observed opti-
cal nonlinearities in nanomaterial dispersions, we carried 
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Fig. 5   a Linear absorption spectra and b (�
0
h�)2 as a function of pho-

ton energy h� for Ag, ZnO, and Ag@ZnO NPs

Table 1   The optical bandgaps E
g
 and particle sizes R of Ag, ZnO, 

and Ag@ZnO NPs

Samples Eg (eV) R (nm) References

Ag NPs 3.23 20 This work
3.10 40–50 [38]

ZnO NPs 3.78 65 This work
3.83 18 [39]

Ag@ZnO NPs 3.94 24 This work
3.24 27–52 [40]
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out the closed- and open-aperture Z-scan experiments at dif-
ferent levels of intensities. Besides, to exclude the optical 
nonlinearity arising from the solvent, we conducted Z-scan 
experiments on the pure deionized water in quartz cell. It 
is found that no Z-scan signal for the solvent was detected 
under our experimental condition. Evidently, the measured 
optical nonlinearities only originate from the nanomaterial 
itself.

Because all the measured open-aperture (or closed-aper-
ture) Z-scan traces at different intensities are very similar 
in configuration, as an example, Fig. 6 illustrates only the 
open-aperture (by filled circles) and closed-aperture (by 
open circles) Z-scan traces measured at I0 = 78.2 GW/cm2 
for aqueous solutions of Ag, ZnO, and Ag@ZnO NPs. Obvi-
ously, the absorptive nonlinearity of the three samples can 
be safely ignored because no peak or valley was detected 
in the open-aperture Z-scan traces. As shown in Fig. 6, all 
the closed-aperture Z-scan traces have the characteristics 
of symmetrical valley-to-peak configuration, indicating that 
three samples exhibit positive refractive nonlinearity. Fur-
thermore, it is shown that the closed-aperture Z-scan signal 
increases in the order of NPs ZnO < Ag < Ag@ZnO. In a 
word, the as-synthesized three NPs possess purely third-
order nonlinear refraction effect under the limitation of 
I0 ≤ 78.2 GW/cm2.

From Fig. 6, one concludes that the absorptive nonlin-
earity of three NPs is negligible. This is anticipated for the 
following reasons: (1) the saturable absorption becomes neg-
ligible owing to insignificant linear absorption at 800 nm 
(see Fig. 5a); (2) two-photon absorption (2PA) is forbidden 
because the excitation photon energy ( h� = 1.56 eV) and the 
bandgap Eg (see Fig. 5b) of three NPs do not satisfy the 2PA 
requirement ( h𝜈 < Eg < 2h𝜈 ); and (3) three-photon absorp-
tion (3PA) is ignored under the excitation of relatively low 
intensity (I0 ≤ 78.2 GW/cm2), although the 3PA requirement 
( 2h𝜈 < Eg < 3h𝜈 ) is satisfied.

For the sample exhibiting pure refractive nonlinearity 
induced by ultrafast laser pulses, the closed-aperture Z-scan 
normalized energy transmittance can be found as [41]

where
(1)

T(x, S) =
1

S

{

1 −

∞
∑

m,m�=0

Δ�m+m�

0
(1 − S)�mm� cos�mm�

m!m�!(m + m� + 1)3∕2(x2 + 1)m+m
�

}

,

(2)�mm� =
(m + m� + 1)(x2 + 1)[x2 + (2m + 1)(2m� + 1)]

[x2 + (2m + 1)2][x2 + (2m� + 1)2]
,

(3)

�mm� = (m − m
�)

{

�

2
−

2(m + m� + 1)x(x2 + 1) ln(1 − S)

[x2 + (2m + 1)2][x2 + (2m� + 1)2]

}

.

Here, Δ�0 = 2�n2I0Leff∕� , Leff = [1 − exp(−�0L)]∕�0 , 
x = z∕z0 , and z0 = ��2

0
∕� . n2 , �0 , and L are the third-order 

nonlinear refraction index, the linear absorption coefficient, 
and the physical thickness of the sample, respectively.

Using Eq.  (1), we fit the measured closed-aperture 
Z-scan traces at different levels of I0. As shown in Fig. 7, 
the extracted values of n2 for three suspensions are all inde-
pendent of the intensity I0. Evidently, the observed refractive 
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Eq. (1)
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nonlinearity only originates from the third-order nonlinear 
refraction effect. The measured n2 values for Ag, ZnO, and 
Ag@ZnO NPs are summarized in Table 2. For comparison, 
Table 2 also lists the nonlinear refractive indexes of Ag and 
ZnO NPs at 800 nm under the excitation of femtosecond 
laser pulses. Obviously, the measured values of n2 for Ag 
and ZnO NPs are in good agreement with the ones reported 
previously [42, 43].

The underlying mechanisms of the observed refractive 
nonlinearities in three NPs are described in the following. As 
well known, ultrafast femtosecond pulses can eliminate the 
contribution to the refractive nonlinearity from molecular 
reorientation, electrostriction, and population redistribution 
because those effects have a characteristic response time 
much longer than 170 fs. Hence, in the femtosecond regime, 
the third-order refractive nonlinearity mainly originates from 
the distortion of the electron cloud. Besides, the cumulative 
thermal effect is negligible because the experiments were 
performed at a low repetition frequency of 1 kHz. Accord-
ingly, the measured n2 gives evidence of the electronic ori-
gin of refractive nonlinearity in Ag, ZnO, and Ag@ZnO 
NPs with the nonlinear response time of several hundred 
femtoseconds.

From Fig. 7, one easily finds that the nonlinear refraction 
index n2 increases in the order of NPs ZnO < Ag < Ag@ZnO. 

The observed enhancement in the refractive nonlinearity of 
Ag@ZnO core–shell nanostructure can be explained by the 
following reasons: (1) the enhancement of nonlinear opti-
cal response is due to the intrinsic large nonlinearity of a 
composite material and coupling of dipole modes [23]; and 
(2) metal Ag NPs coated by dielectric ZnO materials exhibit 
enhanced nonlinear optical properties due to the local field 
enhancement of the metal Ag NPs [16].

Finally, we discuss the nonlinear optical property of Ag@
ZnO core–shell NPs for potential applications in ultrafast 
all-optical switching. For realization of all-optical switch-
ing, nonlinear optical materials should satisfy the following 
requirements: (1) large nonlinear refraction index and ultra-
fast response time, and (2) low absorption losses due to both 
linear and nonlinear absorptions. From the linear absorption 
spectra (see Fig. 5a) and Z-scan measurements (see Fig. 6c), 
one concludes that the Ag@ZnO core–shell NPs have large 
electronic nonlinearity and low absorption losses due to both 
linear and nonlinear absorptions at 800 nm. The nonlinear 
response time of synthesized NPs exhibiting electronic non-
linearity is about several hundred femtoseconds, which is 
consistent with ~ 210 fs for Ag–BaO composite thin films 
[44] and ~ 250 fs for ZnO composite nanoparticles [45]. We 
estimate the all-optical switching time in core–shell NPs 
to be few picoseconds from the ones reported previously 
for silicon-based photonic crystal [46]. The results suggest 
that this material is a promising candidate for application in 
ultrafast all-optical switching.

4 � Conclusion

In summary, we have respectively synthesized single NPs 
(i.e., Ag and ZnO NPs) and Ag@ZnO core–shell nano-
structures by one-step and two-step PLAL methods. We 
have investigated the structural, morphological, compo-
nential, and optical properties of as-synthesized NPs by 
XRD, TEM, EDS, and UV–Vis absorption, respectively. 
It is confirmed that the high purity Ag@ZnO core–shell 
nanostructure was indeed synthesized by the two-step PLAL 
method. More importantly, we have exploited the third-order 
nonlinear optical properties of aqueous dispersions of Ag, 
ZnO and Ag@ZnO NPs by performing the femtosecond-
pulsed Z-scan measurements in the near infrared region. It 
is shown that three NPs exhibit positive refractive nonlin-
earity in the absence of nonlinear absorption and the third-
order nonlinear refraction index increases in the order of 
NPs ZnO < Ag < Ag@ZnO. We have discussed the under-
lying mechanisms of the observed optical nonlinearities 
of nanomaterial dispersions. Large refractive nonlinearity 
and low absorption losses due to both linear and nonlinear 
absorptions at 800 nm suggest that the Ag@ZnO core–shell 
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ous suspensions of Ag, ZnO, and Ag@ZnO NPs. The dotted lines are 
for guidance to the eyes

Table 2   Femtosecond optical nonlinearities of Ag, ZnO, and Ag@
ZnO NPs at the wavelength of 800 nm

Samples n2 (cm2/GW) References

Ag NPs 2.07 × 10–6 This work
1.9 × 10–6 [42]

ZnO NPs 1.66 × 10–6 This work
1.6 × 10–6 [43]

Ag@ZnO NPs 2.49 × 10–6 This work
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nanostructures would be desirable for potential applications 
in ultrafast all-optical switching.
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