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Nonlinear optical behaviors in a silver nanoparticle array at different
wavelengths™
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The optical nonlinearities of an Ag nanoparticle array are investigated by performing Z-scan measurements at the
selected wavelengths (400, 600, 650, and 800 nm). The nonlinear refraction index in the resonant region (around 400 nm)
exhibits a significant enhancement by two orders compared with that in the off-resonant region (around 800 nm)), and
exhibits an sign alternation of the resonant nonlinear absorption, which results in a negligible nonlinear absorption at a
certain excitation intensity. Moreover, a low degree of nonlinear absorption was measured at the edges of the resonant
region (600 and 650 nm), which is attributed to the competition of the saturated absorption and the two-photon absorption

processes.
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1. Introduction

Due to large nonlinear optical effects and fast response
time, the nonlinear optical properties of noble metal nanopar-

(=111 In particular, silver

ticles have been investigated actively.
nanoparticles have a strong surface plasmon resonance (SPR)
absorption in the ultraviolet—visible (UV-Vis) region, which
opens many potential applications, such as optical limiting! -]
and all-optical switching.®! For a Mach—Zehnder-based
switch, the required phase shift A¢ = & has driven people
to search for a nonlinear material with large nonlinear refrac-
tion (NLR) and small linear and nonlinear absorption (NLA).
One- (W = (|ma]1s) /(@) and two-photon (T = (a2 /|ma]))
figures of merit (FOM) are used to evaluate the quality of the
nonlinear optical materials, where I is the saturation intensity
at which the change in the nonlinear refractive index saturates,
o is the linear absorption coefficient, o is the NLA coeffi-
cient, np is the NLR index, and A is the central wavelength.
A suitable candidate for all-optical switching requires W > 1
and T < 113121

Due to the strong optical enhancement in the resonant re-
gion, the resonant optical nonlinearities of noble nanoparti-

8-111 However, strong

cles have been extensively investigated.!
NLA can lead to great loss, which greatly limits the applica-
tions of noble metals. In order to avoid linear and nonlinear
losses, many studies are focused on the off-resonant nonlin-
ear properties of noble metal nanoparticles.!'>~13] However, a
small NLR index (down to 10~3 cm?/GW) and a high pump in-
tensity (up to 100 GW/cm?) limit the application in all-optical

switching. Since the optical nonlinearities are quite different
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in the off-resonant and resonant regions, it is important to un-
derstand different nonlinear response mechanisms in different
regions. However, to the best of our knowledge, the study of
the optical nonlinearities in Ag nanoparticles in a broadband
(400-800 nm) is absent.

In this paper, nonlinearities of an Ag periodical parti-
cle array (PPA) at resonant (400 nm), off-resonant (800 nm),
and the edge of resonant regions (600 and 650 nm) are in-
vestigated. The large enhancement of the NLR effect in the
resonant region is obtained. As the excitation intensity in-
creases, a reversal of the sign of the NLA coefficient in the
resonant region is observed clearly in experiments, indicating
that the NLA can be neglected at a certain excitation inten-
sity (Is). Two FOMs (i.e., W = 3 and T ~ 0) are obtained at
a low excitation intensity of 12 GW/cm? in the resonant re-
gion, which is much lower than that in the off-resonant region
(150 GW/cm?). Moreover, due to the competition of saturated
absorption (SA) and two-photon absorption (TPA) processes,
a low NLA effect was measured at the edges of the resonant
region.

2. Experiment procedure

The Ag PPA was fabricated using the nanosphere lithog-
raphy (NSL) method.'! The diameter of the polystyrene
nanosphere was 300 =5 nm. In the PLD processing step, a
KrF (Lambda Physik, 248 nm) laser was used as the laser
source, the energy density focused on the target was about
2 J/em?, and the repetition frequency was 6 Hz. The depo-
sition time was set to be 30 min. The sample was annealed
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at a low temperature of 150 °C for an hour. The morphol-
ogy of the Ag particles was observed by SEM (FEI QUANTA
200), which shows an area as large as 100—-1000 umz. The
inset in Fig. 1 clearly shows the shape and the size of the
Ag particles with rounded tips. The in-plane perpendicular
bisector is a = 60 nm, and the out-of-plane particle height is
b =20 nm. The SPR spectrum was measured with UV-Vis ab-
sorption spectroscopy (U-3310 UV solutions) in a wavelength
range of 200-900 nm.

The nonlinear optical properties were determined by us-
ing the Z-scan method, which is well described elsewhere.!'”]
In Z-scan experiments, we employ laser pulses from an op-
tical parametric amplifier (TOPAS, light conversion) pumped
by 50-fs pulses at 800 nm, and delivered by a mode-locked Ti:
Sapphire oscillator as well as a regenerative amplifier (Spitfire,
Spectra-Physics) operating at a 1 kHz repetition rate. The 400-
nm pulses were produced in a B-barium borate crystal (BBO)
pumped by a 800-nm femtosecond Ti: sapphire laser. The
sample was scanned along the optical axis (the z direction) and
focused by a lens with a focal length of 200 mm. For different
wavelengths, the radius of the beam waist (wy) ranged from
21 to 30 um. The value of the Rayleigh length (zg = ﬂa)& /A)
was calculated to be 3.5 mm, which is much greater than the
thickness either of the substrate (0.2 mm) or the sample. The
damage threshold was measured to be 850 GW/cm? in the off-
resonant region and 60 GW/cm? in the resonant region.

3. Results and discussion

Due to the high uniformity of Ag nanoparticles as shown
in the inset of Fig. 1, a strong SPR peak located at 400 nm is
observed. The linear absorption coefficients at 400, 600, and
650 nm (06300 nm/ agoo nm - and %650 My are estimated to be
10, 2, and 1.1 times agoo - respectively. The Ag PPA in our
experiment can be considered as a Maxwell-Garnet geometry
that is the ordered Ag nanoparticles embedded in air matrices.
The effective dielectric constant of composite material is given

pyl1819]
1+2
Eefffh( l_lf;), (1

where = (& — &) /(& +2¢n), & = 1 is the dielectric constant
of the host material for air matrices, and &; is the dielectric con-

stant of the Ag nanoparticle. Since the metal volume fraction
pis low (p = 0.08), equation (1) can be simplified into/>!

& — &
. 2
8i+2€h) 2)

Eeff = €n+ 3P (

For ultrashort pulses, the relationship of the contribution
of the hot electron ( xrg )) with the corresponding susceptibility
response to the local field Ejo and xé?f) are given by

15 = p2 Py, 3)

where f is the ratio between the local field Ej, and the applied
field Ey, and
3¢,

£ +28
In the large particle limit, it is appropriate to calculate

g from the data for bulk Ag!?!! Thus, the local-field factor

at 400, 600, and 650 nm (f400 nm»> f600 nm> and fes50 nm) are

estimated to be 8.6, 1.95, and 1.62 times of f3go nm = 0.11,

respectively.

Eioc = fEO = (4)
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Fig. 1. (color online) Absorption spectrum of an Ag nanoparticle array
with an SPR peak at 400 nm. The arrows indicate the wavelengths of
the excitation laser (400, 600, 650, and 800 nm).

Figure 2(a) shows typical closed-aperture (CA) Z-scan
data of the Ag PPA in the off-resonant region (800 nm) un-
der different excitation intensities at the focal point (/) of 55,
125, 210, and 280 GW/cm?. The CA Z-scan data of the Ag
PPA exhibit valley/peak curves, indicating a positive NLR in-
dex due to self-focusing. The asymmetric curves are attributed
to the influence of the NLA effect: the peak is suppressed at
a low excitation intensity (Ip = 55 GW/cm?), which implies a
positive NLA index due to the TPA effect. As the excitation
intensity increases to 125 GW/cm?, the appearance of a sym-
metric curve indicates the decrease of the NLA coefficient. As
the intensity further increases, the curves show an enhanced
peak and suppressed valley, implying a negative NLA value
and a dominate role of the SA process. To quantify these non-
linear processes, the normalized transmittance is given by/??!
2(—px*+2x—3p)

(24+9)(x2+1)
where p = o /(2kny) is the ratio of the NLA to the NLR, and
A® = knylgLegr is the phase shift due to the NLR. Both the
NLA and NLR results can be obtained by fitting the CA curves
with this model.

T=1+ AD, )

The open-aperture (OA) curves in Fig. 2(b) clearly show
the process of the reversal of the NLA sign, which is in ac-
cordance with the results of the CA curves. As the exci-
tation intensity increases, the NLA processes change from
TPA to SA. Due to the strong absorption at 400 nm, the
TPA process plays a dominate role when the intensity is rela-

tively low (55 GW/cm?). As the intensity increases (125 and
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210 GW/cmz), a transition process from TPA to SA occurs.
The SA process becomes dominant as the intensity further in-
creases (280 GW/cm?). The intensity threshold is estimated to
be 150 GW/cm?, at which the NLA can be neglected.

Figures 3(a) and 3(b) show the CA and OA Z-scan data
of the Ag PPA in the resonant region (400 nm) under dif-
ferent excitation intensities of 4, 12, 20, and 25 GW/cm?.
In Fig. 3(a), the CA curves exhibit a sign alternation of the
NLR, which shows a different nonlinear response from the
processes shown in Fig. 2(a). At a low excitation intensity
(4 GW/cm?), an enhanced peak and a suppressed valley ap-
pear on these curves, which implies a negative NLR index sign

and an NLA component due to the SA effect. At a moderate
intensity (12 GW/cm?), there exist a flat OA curve and a stan-
dard peak/valley curve. At a higher intensity of 25 GW/cm?,
we observe valley/peak curves, indicating a positive sign of
the NLR index due to self-focusing, while the enhanced valley
and suppressed peak indicate a positive NLA component due
to the reverse saturated absorption (RSA) effect. The curve
with an intensity of 20 GW/cm? shows two peaks as well as a
valley around the focal point on the Z axis, indicating a tran-
sition process from self-defocusing to self-focusing. It clearly
shows that a large NLR index and a negligible NLA can be
obtained at a low intensity of 12 GW/cm?.
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Fig. 2. (color online) (a) CA and (b) OA Z-scan results in an off-resonant region (800 nm) at different excitation intensities with the
focal point Iy = 55 (triangles), 125 (stars), 210 (circles), and 280 GW/cm? (squares). The solid lines denote the theoretical fitting.
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Fig. 3. (color online) (a) CA and (b) OA Z-scan results in the resonant region (400 nm) at different excitation intensities with the focal
point Iy = 4 (triangles), 12 (stars), 20 (circles), and 25 GW/cm? (squares). The solid lines denote the theoretical fitting.
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The nonlinear process of the reversal of the NLA sign
can also be clearly observed from the OA curves, as shown in
Fig. 3(b). As the excitation intensities increase, the NLA pro-
cesses change from SA to RSA, which is in agreement with
the results shown in Fig. 3(a). The SA process attributed to
the ground-state bleaching plays a dominant role at the low
intensity, and the RSA process becomes important as the in-
tensity increases.

The plasmon band of noble metal nanoparticles involves
oscillations of the conduction electron in response to a laser
pulse. The absorption of the plasmon band is highly sensitive
to the wavelength of the excitation laser pulse. The absorp-
tion coefficient in the SPR region increases by 10 times com-
pared with that in the off-resonant region (see Fig. 1). In the
case of 800 nm (see Fig. 2), even if 2 is smaller than the
interband transition threshold, the TPA effect is still observed
under a relatively low intensity of 55 GW/cm?. This is due
to a negligible a§% ™ with a significant absorption for 2®
(400 nm) matching the SPR region. As the intensity increases,
the ground-state beaching of the conduction electron occurs,
leading to the SA effect. At a high intensity of 280 GW/cm?,
the SA process is dominated.

In the cases of 600 and 650 nm, a low nonlinear absorp-
tion is observed even under high intensities. Since the energy
of 2 matches the intensity threshold (4 eV, 310 nm), the in-
terband transition process due to the TPA process becomes
comparable to the SA process due to the ground-state bleach-
ing effect even under high intensities. Since 2w is close to
the bottom of the plasmon band (about 620 nm) theoretically,
these two mechanisms cancel each other out, resulting in a
low nonlinear absorption in the region. A similar phenomenon
has been observed in other material systems, such as a MEH—
PPV/chloroform solution and a ZnO film.2*25] However, the
large interband transition threshold makes the one-photon in-

terband transition impossible for the Ag nanoparticle in the

visible region, and the SA process is attributed to the ground-
state bleaching of the conduction electron.

In the resonant region of 400 nm, the absorption of the
plasmon band increases significantly, resulting in an SA pro-
cess even under a low intensity of 4 GW/cm?. As the intensity
increases, the contribution from the free-carrier absorption be-
comes important, which results in the RSA process. Addition-
ally, the two-photon electron ejection occurs due to the ener-
getic photons at a wavelength of 400 nm, which can also lead
to the RSA process. A similar mechanism transition (from SA
to RSA) in the Ag nanoparticles is observed at a wavelength
of 532 nm.”!
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Fig. 4. (color online) (a) One- and (b) two-photon FOMs of the Ag
nanoparticles as a function of intensity at wavelengths of 400 (stars)
and 800 nm (squares).

By comparing the fitted results of the Ag PPA in Ta-
ble 1, the n3% ™™ is calculated to be 0.36 cm?/GW, which
shows an enhancement by two orders compared with n§00 i
(4.8 x 1072 ¢cm?/GW) in the off-resonant region due to the
strong SPR enhancement effect. Because of the sign alter-
nation of NLA, o can be neglected in an excitation intensity.
As shown in Fig. 4, [200 ™™ and 390 " are estimated to be 12
and 150 GW/cm?, respectively. At an intensity of 12 GW/cm?
and wavelength of 400 nm, the FOMs W =3 and T ~ O are

obtained.

Table 1. Fitted results of optical nonlinearities of the Ag PPA at different wavelengths.

I 0400 om 00 nm 0500 1 e 00 nm 050
/GW-cm ™2 Jem-GW ! Jem?-GW ! Jem-GW ! Jem2.GW~! Jem-GW ! Jem-GW !
4 —3.8x 10 -0.9 - - - -

12 ~0 -0.26 - - - -
20 1.1x103 0.36 - - - -
25 1.2x 10* 0.37 - - - ~0
55 - - 5.5 % 10% 8.5%x1073 ~0 ~0
125 - - 40 6.5x 1073 ~0 75
210 - - -90 48 %1073 ~0 70
280 - - —2.1x10% 3.7x1073 ~0 50
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4. Conclusion

In summary, a tip-rounded Ag PPA was fabricated with
the NSL method. The wavelength-related nonlinear optical
properties were investigated by a Z scan using a femtosec-
ond laser at different excitation intensities (400, 600, 650, and
800 nm). In the resonant region, a strong enhancement of the
nonlinear refraction index was observed and the nonlinear ab-
sorption can be neglected due to the sign alternation at a low
excitation intensity of 12 GW/cm?. The FOMs of an Ag PPA
at 400 nm, W =3 and T ~ 0, are obtained, indicating low
linear and nonlinear losses. A low nonlinear response at the

edges of the resonant region was also observed.
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