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Well dispersed silver nanoparticles (AgNPs) with narrow size distribution have been grown in organic
solvent propylene glycol monomethyl ether acetate (PGMEA) by pulsed laser ablation techniques.
The presence of AgNPs in PGMEA solvent gives rise to an enhancement of the absorption and
nonlinear optical properties due to the surface plasmon resonance induced by AgNPs. The shape
and density of the AgNPs have been estimated by fitting the absorption spectra with a given model,
and the results also show that an additional laser irradiation treatment can improve the monodis-
persity of the AgNPs and their nonlinear optical properties. The synthesis of AgNPs in PGMEA will
facilitate adding AgNPs into organic functional materials especially for photoresist to modify their

optical properties.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) have wide range of appli-
cations in physics, chemistry and biology. For instance,
AgNPs have been used in molecular ruler,' single molec-
ular electronic devices,? bactericidal agent,® lithography,*
and surface enhanced Raman spectroscopy (SERS).> Tra-
ditional and commonly employed method to synthesis
AgNPs is chemically reduction of Ag*. However, in this
chemical method, additional surfactants are needed, and
some hardly removable byproducts can be inevitably pro-
duced, which may affect the successive applications.®
Laser ablation of metals in liquids,” as a method to pre-
pare ’chemically clean’ metal nanoparticles in liquids, has
attracted many investigations. Mafune et al.® have stud-
ied the structure and stability of AgNPs in aqueous solu-
tion containing sodium dodecyl sulfate (SDS). Amendola
et al. have synthesized free gold® and silver'” nanoparticles
in various organic solvents including TMSO, THF, and
CH,CN. Other common organic solvents such as ethanol, !
isopropanol,'? and acetone'® have also been used for syn-
thesizing metal nanoparticles.
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Propylene Glycol Methyl Ether Acetate (PGMEA)
as a good organic solvent is widely used in
micro/nanofabrication as a photoresist thinner or general
clean up solvent. Chemically clean metal nanoparticles
fabricated in this polar solvent can be easily mixed
into many organic materials including photoresists. By
introducing metal nanoparticles, the optical properties of
PGMEA solution or photoresist can be modified due to
the surface plasmon resonances of the metal nanoparti-
cles. The surface plasmon resonances are caused by the
enhancement of the local electromagnetic field near the
metal surface." The modified optical properties including
the absorbance and nonlinear optical properties may be
helpful to improve their functionality in the applications.

In this study, chemically clean AgNPs were synthesized
directly in PGMEA solvent by laser ablation, and their
optical properties were investigated. Ultraviolet-visible
(UV-vis) absorption spectra and Transmission Electron
Microscopy (TEM) images were employed to character-
ize the size distribution, aggregation and oxidation of the
AgNPs. The spectra were fitted by the absorption theory
to estimate the shape and concentration of the AgNPs in
PGMEA. In addition, third order nonlinear optical suscep-
tibility (x*) was investigated by using signal beam z-scan
method.
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2. EXPERIMENTAL DETAILS

Figure 1 illustrates the experiment configuration. Pulsed
laser ablation was carried out with a Nd:YAG (Model:
NL303G) Q-switch laser at 532 nm (duration: 8 ns, rep-
etition rate: 10 Hz) focused by a 150 mm quartz lens on
a silver plate immersed in PGMEA. Silver plate (99.9%
pure) was washed with diluted HNO; and distilled water
before being placed at the bottom of a 10 mm x 10 mm
fixed quartz cell containing 2 ml PGMEA. The light beam
was adjusted to be perpendicular to the silver plate. After
ablation, an unfocused laser beam was used to irradi-
ate the colloid to investigate the irradiation effect on the
nanoparticles.

Absorption spectra of the AgNP colloidal solutions were
measured with a UV-vis spectrometer (SpectraPro-500i).
To investigate the shape and size distribution of the AgNPs
in detail, transmission electron micrographs of the AgNPs
were obtained with a transmission electron microscope
(JEOL JEM-2010). The samples for TEM study were pre-
pared by casting a few drops of the colloid onto carbon-
coated copper grids and then evaporating the solvent on a
hot plate.

A typical single beam z-scan method!®> was used to mea-
sure the real and imaginary parts of y>. Laser beam from
the Nd: YAG laser (repetition rate: 1 Hz) used in the abla-
tion was attenuated, spatially filtered, and then focused
with a 300 mm lens. Same quartz cell was used to carry
the Ag colloids for the measurements. Before our mea-
surements, a CS, sample was employed as a standard to
calibrate the z-scan system.'> Moreover, no obvious non-
linear phenomenon of either the empty quartz cell or the
pure PGMEA was observed at or even above the experi-
mental laser intensity (approximately 10" W c¢m?).

3. RESULTS AND DISCUSSION
3.1. Absorption Spectra of Ablated AgNPs in PGMEA

Figure 2 shows absorption spectra of the AgNPs in
PGMEA measured after different ablation times at 30 mW.

Lens

Quartz Cell

Cell Holder

Fig. 1. Schematic diagram of the experimental apparatus.
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The spectra of the AgNPs colloidal solutions have a char-
acteristic peak around 400 nm which is caused by the sur-
face plasmon resonance, and a tail of broad band toward
UV region which is attributed to interband absorption. The
surface plasmon peak of spherical AgNPs is sharp, but that
of spheroid AgNPs is broadened, because of the simultane-
ous existence of longitude and transverse resonance mode.
The peak position is correlated to particle size, shape, coat-
ing, and environment etc.! Generally, the broad interband
absorption around 250 nm is related to the concentration
of AgNPs, so the intensity of this peak can be introduced
to indicate the abundance of silver. Because of the large
absorption of PGMEA below 260 nm, the absorbance at
260 nm rather than 250 nm was used to represent relative
abundance.'® As ablation time increases, the relative abun-
dance increases linearly as shown in Figure 2. Moreover,
the peak also expands toward infrared region. This phe-
nomenon can be explained by the existence of spheroids
particles and particle aggregation.” The efficiency of laser
ablation is also affected by the power of the beam. It has
been observed that the ablation using 150 mW for 5 min
can obtain almost the same absorbance spectrum as using
30 mW for 35 min, so a 150 mW laser ablation for 10 min
was chosen to ablate the AgNPs samples in this study.

3.2. Shape and Concentration of AgNPs in PGMEA

Extinction of small particles can be divided into absorption
and scattering.” For the AgNPs, in our consideration, the
scattering can be neglected, so the extinction cross section
is equal to the absorption cross section. Optical absorption
spectra for silver spheres can be calculated using the Mie
theory.'® The Mie theory solves the Maxwell equations in
spherical coordinates under discontinue boundary condi-
tion using multiples expansion of the electric and magnetic
fields.'® For spherical particles much smaller than the elec-
tromagnetic wavelength, the dipolar approximation is valid
and the cross section is in a simple analytic form. For
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Fig. 2. Absorption spectra of the AgNPs colloids with different ablation
time; Inset is the relative abundance’s correlation between ablation time.
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randomly oriented nonspherical particles, the cross section
can be calculated using Gans model (or Mie-Gans theory),
which is an extension of Mie model for spheroidal shapes
under the dipolar approximation.

According to the Mie model, the extinction cross section
of a spherical AgNP can be written as'*’

&(w, R)
[e,(w, R)+2¢e,]>+ &, (o, R)2(1

w
_ 32
Uspherical(w) - 9;Em 4

Where g, (w, R) and &,(w, R) are the real and imaginary
part of the dielectric constant of the particle respectively.
&, 1s the dielectric constant of the medium. V is the vol-
ume of a single particle.

The aggregated AgNPs have a cigar-like shape, which
can be modeled by prolate spheroids for first order
approximation.” For a prolate spheroid particle with three
axis to be a, b, and ¢ (a > b = ¢), according to the Gans
model, the extinction cross section is® 417
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The distribution of aspect ratio a/b is assumed as Gaus-
sian form:’
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Where o is the standard deviation of the aspect ratio
a/b. It describes the degree of asymmetry between the two
principle axes of spheroidal particles.

For a sample containing N AgNPs per volume, and with
a thickness of L, the absorbance can be written as

A= NL ((1 - f) O-Spherical + fo-spheroid)
N In(10)

4)

Where f is the fraction of spheroids.

The contribution of spheroids can be described by two
parameters:® f, and o ;. Along with another parameter of
the mean radius R, which can be obtained from the TEM
pictures (shown in Fig. 5), these three parameters are suf-
ficient to describe absorption spectra. Detailed description
of this model is presented in Ref. [9]. For the dielectric
function of silver we use the published data in Ref. [19].

The diameter of the fresh AgNPs follows a lognormal
distribution

_ 1 (In (x/x,))*
flx)= mexp <—T>
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Where x, = 14.02 nm and o = 0.611 nm according to
TEM picture in Figure 5(a). By fitting the absorption spec-
trum of the AgNPs colloid before irradiation in Figure 3
with the model mentioned above, we can get the best fit-
ting at f =33.3%, o, =2.5. This indicates that one third
of the particles are spheroids with a large standard devi-
ation of aspect ratio. By comparing the calculated spec-
trum to the measured, the concentration of the AgNPs in
PGMEA is estimated to be around 5.2 ug/ml.

3.3. Irradiation Effect on AgNPs

An unfocused beam at 200 mW with the same parameters
as the beam for the ablation was used to irradiate the col-
loid. As Figure 3 illustrates, after irradiation, the SP peak
is enhanced, while the red end of the spectrum (475 nm—
600 nm) is suppressed. Using the fitting method mentioned
above, the best fitting of the spectrum after irradiation
can be gotten at f = 20.8%, o, = 1.6. The AgNPs got
a lower fraction of spheroids and smaller standard devia-
tion of aspect ratio. This is confirmed by the TEM pictures
shown in Figure 5. Before irradiation, AgNPs are irreg-
ularly shaped and somewhat agglomerated together, but
after irradiation AgNPs are more uniform and better sep-
arated. By analyzing the TEM images for hundreds of the
AgNPs, the size distribution of the AgNPs is obtained as
shown in Figure 6. Before irradiation, the size distribution
follows the log-normal distribution in which smaller parti-
cles is the majority. But after irradiation, the size distribu-
tion follows the symmetrical Gaussian distribution, which
means there is a size selection mechanism to diminish the
number of small particles.

During irradiation, AgNPs would be vaporized and
recrystallized.”?* The spheroidal AgNPs could absorb
more 532 nm laser energy than the spherical AgNPs, and
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Fig. 3. Absorption spectra of the AgNPs colloids and their fitting curves
before (a) and after (b) irradiation. Spherical and spheroid particles’ con-
tribution of each spectrum are also shown in the figure respectively.
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Fig. 4. Absorption spectra measured at different aging time for the
AgNPs colloid before (a) and after irradiation (b). Insets show the vari-
ation of the peak position and shell thickness with aging time.

vaporize first to form more spherical shape because spher-
ical particles are more stable. In conclusion, after irradia-
tion, the spheroidal AgNPs can be changed to the spherical
shape and this also induces the decrease in the absorbance
at 532 nm.

3.4. Aging Effect of AgNPs

In general, AgNPs colloids should be used as early as pos-
sible after prepared, because aggregation or chemical reac-
tions may happen in the colloidal solution with keeping
time. So the aging effect of the AgNPs colloids has been
investigated by absorption spectra and TEM observation.
Figure 4 shows the absorption spectra measured at differ-
ent aging time for the AgNPs colloids before and after
irradiation. It can be observed that the SP peak decreases
and shifts from 400 nm to 415 nm with aging time. The
decrease of the SP peak can be attributed to the slight
aggregation of the AgNPs after aging which is demon-
strated by the TEM image shown in Figure 5(c). The red
shift of the SP peak can be explained by introducing a
shell layer of Ag,O outside of the AgNPs.2! The insets
of Figure 4 show the SP peak position and the calculated
shell thickness with aging time.

Absorption cross sections of AgNPs with an Ag,0O coat-
ing can be calculated using the core-shell model.!” The
extinction cross section is written as'’?!

ol ([Ag] | 20) = 2w /A47R | (core + coating) 1 2
(el ([Ag] 1 20)—€|m)
(e | Ag+2e | ([Ag] | 20)))+
4)

Where RT = R qying/ Reoretconting 18 the relative thickness
of Ag,0O coating. For the dielectric constant of Ag,0 we
use the published data in Ref. [22]. Using this model,
the RT values for the sample at different aging times can
be determined according to the position of the SP peak
(Fig. 4).

As shown in Figure 4, thickness of Ag,O shell T
approaches a final thickness T, as time goes by. Thus, we
set up a simple phenomenology model for the dynamic of

oxidation: JT
—=G-1) )
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Fig. 5. TEM images for the AgNPs from the colloidal solutions: (a) before, (b) after irradiation, and (c) after aging for 4 days (Inset is a high

resolution image showing the reaggregattion).
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Fig. 6. The size distribution of the AgNPs from the colloids before and after irradiation without aging (a) and (b), and the colloids before and after
irradiation with 4 hrs aging (c) and (d). (a) and (c) are fitted with log-normal curves and (b) and (d) are fitted with Gaussian curves.

And an empirical formula:

T=T, (l—exp (—é)) (6)

T, reveals the final oxidation degree, while 7 denotes
the characteristic time of oxidation. Rendering data in
Figure 4(b) to the formula above, we can get T;, = 0.55 nm,
7 =2.7 hr. for the sample before irradiation, and R7;, =
0.72 nm, 7 = 0.7 hr. for the sample after irradiation. The
final thickness of Ag,O shell is slightly larger than the
lattice constant of Ag,0 (0.47 nm). Therefore, nearly one
unit cell layer of Ag,O is formed with the characteristic
oxidation time, and after that the thickness of the oxide
layer keeps a constant Tj. After irradiation, the final oxi-
dation degree doesn’t change significantly, but the charac-
teristic time of oxidation is greatly shortened.

AgNPs as synthesized have no Ag,O shell.? In
20 hours, both irradiated and none irradiated samples are
oxidized significantly to form Ag,O shells up to 0.7 nm.
Therefore, to avoid the formation of the oxide layer, the
AgNP colloids should be used as soon as possible after
prepared.

J. Nanosci. Nanotechnol. 12, 1-7, 2012

3.5. Nonlinear Optical Absorption

Nonlinear optical susceptibilities of the AgNPs colloid
were measured with z-scan method before and after the
additional irradiation. Open aperture curves are repre-
sented in Figure 7, but closed aperture curves show no
significant peak-valley feature. It means that the imaginary
part of x* dominates in the nonlinear optical properties of
the colloid.'> Because no significant y* is observed for the
pure PGMEA, the nonlinear optical properties of the col-
loids should be induced by the AgNPs. Before irradiation,
the value of Imy? for the AgNPs colloid is calculated to be
2.776 x 10~'2 esu by fitting the open aperture curve using
the thin sample model.'>2* The linear absorption coeffi-
cient & of the AgNPs colloid is 0.2524 cm™! obtained from
the UV-vis spectrum. A critical parameter that determines
whether a nonlinear optical material can be used in appli-
cations is the figure of merit FOM = |x?|/a.? Ignoring the
absorption of PGMEA at 532 nm, the FOM of the AgNPs
colloid is about 1.1 x 107! esu cm. After an additional
irradiation, the Imy?, @, and FOM for the AgNPs colloid
are determined to be 5.154 x 10~'2 esu, 0.1257 cm~!, and
4.1 x 107! esu cm, respectively. After the additional irra-
diation, Imy? is double increased and the FOM is four
times of that before irradiation.
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Fig. 7. Z-scan curves measured with open aperture for the pure
PGMEA (open triangles), and the AgNPs colloids before (open circles)
and after irradiation (open rectangle).

The amount of AgNPs would be maintained during irra-
diation, as there is no obvious change in the interband
absorbance at 260 nm. But the size, shape, and the degree
of aggregation of the AgNPs have been changed after
irradiation, as shown in the TEM pictures in Figure 5.
Therefore, the nonlinear optical properties of the AgNPs
in PGMEA might be correlated to the morphology of the
particles, and the monodisperse AgNPs would have bet-
ter nonlinear optical properties. Shape dependence of non-
linear optical properties of gold nanoparticles have also
been investigated by Dong et al.?6 Larger reverse saturation
absorption (RSA) effect has been observed in icosahe-
dron particles than cube and tetrahedron. It is obvious
that icosahedron is more close to spherical and has a
larger RSA effect. However, some reported works on the
shape dependence of nonlinear optical absorption have
also shown that the greater absorption cross section gives
a larger RSA.%

To explain this phenomenon, we have to investigate the
effect on extinction spectrum of AgNPs caused by high
energy laser. For the monodispersed AgNPs colloid, the
SP peak has a narrow Lorenz line profile. But under high
power laser, the peak shows redshift and broadening.?® For
spherical particles, SP peak is near 400 nm, and our oper-
ating wavelength is 532 nm, this lead to an increase of
absorbance or RSA is expected which is consistent with
our result. But, for spheroid particles, the longitude SP
peak is near 500 nm,'® which has been confirmed by the
absorption spectrum (Fig. 3). The red-shift of the longi-
tude SP peak results in a decrease of absorption. This
will raise a saturable absorption (SA) effect with a minus
nonlinear absorption coefficient. Anyway, in this case, the
contribution of spherical particles to nonlinear absorp-
tion coefficient is positive while spheroid particles nega-
tive. In our experiment, particles are more spherical after
irradiation, then the contribution of RSA increases while

6

the contribution of SA is suppressed, thus the nonlinear
absorption coefficient increases.

4. CONCLUSIONS

Chemically clean well-dispersed AgNPs were synthe-
sized directly in organic solvent PGMEA by pulsed laser
ablation. The shape and density of the AgNPs have been
estimated by fitting the absorption spectra with a given
model. The results show that the AgNPs in the solvent can
modify the optical properties significantly by the surface
plasmon resonance. An additional irradiation treatment can
improve the monodispersity of AgNPs and reshape them
to be more spherical, which gives rise to the increase of
the RSA effect of AgNPs and the enhancement of the non-
linear optical properties subsequently. However, a single
layer of Ag,O coating outside of the Ag core could be
formed within a few hours after synthesized, which may
make against the use of AgNPs.
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