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In this work, we report on a technique to reduce gold chloride into sub-micron particles and nanoparticles.
We use photoelectron transfer from periodically polarized lithium niobate (PPLN) illuminated with above
band gap light to drive the surface reactions required for the reduction and particle formation. The particle
sizes and distributions on the PPLN surface are sensitive to the solution concentration, with inhibited
nucleation and large particles (>150 nm) for both low (2E—-8M to 9E—7M) and high (1E-5M to 1E-3M)
concentrations of gold chloride. At midrange values of the concentration, nucleation is more frequent,
Keywords:' resulting in smaller sized particles (<150 nm). We compare the deposition process to that for silver, which
Nanoparticles . . h Ly . e
Gold has been previously studied. We find that the reduction of gold chloride into nanoparticles is inhibited
compared to silver ion reduction, due to the multi-step reaction required for gold particle formation. This
also has consequences for the resulting deposition patterns: while silver deposits into nanowires along
boundaries between areas with opposite signed polarizations, such patterning of the deposition is not

Lithium niobate

observed for gold, for a wide range of concentrations studied (2E—8 to 1E-3M).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metallic nanostructures have a variety of unique optical [1],
electronic [2], and catalytic properties [3]. Therefore, metal
nanoparticles have been studied for a range of applications includ-
ing: solar energy conversion [4,5]; information processing [6];
transparent conducting electrodes [7,8]; medicine [9]; and sensing
[10].

Researchers have developed several techniques for controlling
metal nanoparticle formation. For instance, thin films of metal
evaporated onto lithographically defined masks provides the abil-
ity to pattern nanoparticles, but is a relatively expensive and time
consuming approach [11]. On the other hand, if patterning is not a
concern, simply heating thin metal films can result in their dewet-
ting from the substrate surface to form islands [7,12], resulting in
polydispersed particles.

Metal nanoparticles can also be formed in solution with in-situ
reduction of metal salts into colloidal nanoparticles. Gold chlo-
ride reduction mediated by chemical reagents such as citrate is an
example of this approach, which dates back to 1953 [13] and is still
widely used and studied [14]. This technique requires relatively
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high temperatures, due to the weak reduction potential of citrate
[15], and often involves the incorporation of stabilizing agents and
surfactants [15]. Gold-citrate aggregates may form as a by-product
of the citrate method [16]. Contemporary work on this reaction
involves fine-tuning the pH [17], concentration [18], and order of
reactions[19] in order to finely-control nanoparticle sizes. Such fine
control over size is essential for tuning the optical properties of gold
nanoparticles. By tuning the size of a gold nanoparticle, the wave-
length of light which is resonant with the plasmonic excitation of
the particle is correspondingly shifted [1].

In this work, we present an alternate technique for reducing gold
chloride into nanoparticles: the photoexcitation of a polar insulat-
ing substrate acting as a driver for the reaction. In contrast with
other in situ techniques, nanoparticle formation occurs at room
temperature without additional reagents or stabilizing agents. In
principle, this technique is similar to gold particle formation on sur-
faces such as silicate [20] or graphene [21]. However, in this case,
the energy for the reaction comes from photoexcited electrons as
opposed to oxidation of the surface.

The substrate we choose is lithium niobate, a ferroelectric semi-
conducting material. Ferroelectrics have the property of holding
permanent polarizations and surface charge. By locally controlling
the polarization of domains, the local reactivity of ferroelectrics
can be controlled [22]. When illuminated with above-band gap
light, internal electric fields drive photogenerated electrons to the
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surface, preferentially to the positively-terminated domains and
the boundaries between domains. These charges, in turn, enable
surface reactions [23]. Thus, lithium niobate illuminated with
above band gap light (>3.9eV) has been used for the reduction
of silver nitrate into silver nanoparticles [24]. Lithium niobate
patterned to have alternating polarized domains, periodically
polarized lithium niobate (PPLN), can be used to produce silver
nanowires, as a result of the tendency of silver nanoparticles to
preferentially form on the boundaries, consistent with the avail-
ability of electrons [25]. While lithium niobate has been the most
ubiquitous substrate for these experiments, other ferroelectrics,
such as lead zirconate titanate [26] and barium titanate [27] have
also been studied for this technique.

Nanoparticles templated in such a manner may in principal be
lifted from the ferroelectric and placed on a target substrate, and
the ferroelectric template may be reused. Alternately, the nanopar-
ticles can be left in place; this technique has been exploited for
the growth of silver nanoparticles on PPLN for surface-enhanced
Raman spectroscopy [28], controlled emission from Nd* [29] and
enhanced emission from nanoscale lasers [30-32]. Lithium niobate
also exhibits evanescent light-induced photovoltaic fields, which
may be used as optical tweezers [33]; metallic nanoparticles could
aid in this effort. Thus, beyond nanoparticle formation, this system
holds promise for a range of nanophotonics applications.

While the deposition of silver on illuminated PPLN has been
well established, there are fewer studies on the deposition of other
materials with this technique. In this work, we explore the reduc-
tion of gold chloride into nanoparticles via illuminated PPLN. Park
et al studied this process for a single gold chloride solution concen-
tration, varying exposure times for the deposition [34]. This work
contributes a concentration-dependent study and uses this concen-
tration dependence to further understand nanoparticle growth on
PPLN. We find that there is a substantial dependence on the con-
centration for the nucleation rate, size, and deposition pattern for
gold nanoparticles. We also directly compare the gold nanoparticle
deposition to that of silver. We find the silver and gold depositions
to be quite dissimilar, even when accounting for optical absorption
and molecule motility.

2. Materials and methods

The lithium niobate samples used have dimensions of
5mm x 5mm x 0.5 mm and come cut perpendicular to the polar
axis, maximizing surface charge. The samples have a periodic
polarization, and are obtained from Crystal Technologies. The
polarizations have 180° domain walls. Prior to use, the PPLN
substrates are cleaned via sonication for 10 min in acetone and
methanol, and dried with nitrogen. The samples are then placed
in a shallow petri dish, and a 25 pL drop of the gold (III) chloride or
silver nitrate solution (Sigma-Aldrich) is added to the surface of the
PPLN, forming a droplet of solution on the sample surface. To obtain
the appropriate concentration, the solutions have been diluted with
deionized water. The solutions are prepared and used at room tem-
perature. No additional surfactants or catalysts are used. This small
volume of solution is used to minimize absorption of the UV light
by the solution itself.

A 100W Hg lamp with a 254 nm bandpass filter serves as the UV
light source. The intensity of the lamp is 850 wW/cm?, and is mea-
sured prior to each experiment. The approximate spot size is 1 cm.
The samples are kept under the UV lamp for 8 min. The samples are
then rinsed in a water bath and dried with nitrogen.

Atomic force microscopy (Asylum MFP3D) with SiN probes that
have a 10nm radius of curvature is used to measure the nanopar-
ticles in place on the PPLN substrates. The scans are analyzed with

Image] for statistical nanoparticle size and density analysis. This
method was not sensitive to particles <10 nm in diameter.

3. Theory

The reaction required for gold chloride to form particles can
proceed via several pathways. In particular, dissolving HAuCl, in
water results in molecules of the form AuCly where x may range
from 2 to 4, with the percent of molecules of each species depend-
ent upon the pH, with a lower x for more acidic solutions [35].
In our solutions the only source of acid is the HAuCly; thus the
higher concentrations are more acidic. While a number of pathways
for reduction are possible [36,37], here we describe one pathway
starting from AuCly to AuCl, [38].

AuCly~ +2e~ — AuCly™ +2C1™ 1)
AuCl,™ + e~ — Au® + 21~ (2)

Since the solutions used contain a mixture of AuCly, AuCl; and
AuCl,, various reactions occur simultaneously. For those originat-
ing with AuCl, and AuCls, multiple steps are required to form Au®.

For the silver nanoparticle formation, the reactions are more
straightforward: silver nitrate in aqueous solution results in free
Ag"* ions. The formation of silver particles thus requires the addition
of a single electron (from the PPLN surface) [25]:

Ag" +e — Agd (3)

For both the silver and the gold reduction processes, there must
be a corresponding oxidation reaction to maintain charge balance.
The oxidizing reactions are facilitated by photogenerated holes
from the surface of the lithium niobate and are expected to be:

2H,0 + 4h" — 0, + 4H* (4)

The implications of these reactions for the deposition patterns of
silver and gold nanoparticles are explored in the following section.

4. Results and discussion

Typical AFM results for select concentrations are shown in Fig. 1.
The particle size and number density analysis is summarized in
Table 1. For both high and low levels of gold chloride concentration,
nanoparticle deposition is sparse, and particles tend to be large,
>100 nm. However, for concentrations of 1E—7 to 2E—6, nanoparti-
cles deposit with a high density and smaller average size (<100 nm).
When discussing the size of the particles, we refer to the diameter
of the base looking onto the surface of the samples.

While silver particles preferentially deposit on the boundary,
resulting in nanowires, we do not observe this pattern for gold
deposition, under the conditions studied.

To understand these deposition patterns, we consider the reac-
tion dynamics of the system. We observe that since the particles are
forming on the surface of the PPLN, the nucleation can be classified
as a heterogeneous nucleation. Our observed results for gold parti-
cle nucleation fall into three cases. These three cases are illustrated
schematically in Fig. 3 and summarized below:

¢ In the first case, the concentration of gold chloride is simply too
low for the multi-step nucleation reaction. Nucleation is rare, and
when it does occur, the nucleated particles grow to large sizes (<
2E—8M).

¢ In the second case, the increased flux of gold chloride ions on the
surface allows for additional nucleation events to occur and par-
ticles are smaller. In addition, there are sufficient photoexcited
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Fig. 1. Atomic force microscopy scans of gold particles on periodically poled lithium niobate (PPLN). The samples are made by adding an aqueous solution of gold chloride
to the PPLN surface and illuminating the sample under ultraviolet light. Shown are samples corresponding to the following concentrations of gold chloride: 1.1 E-3M, 5.5

E—4M, 1.8 E-6M, and 2 E-8M.

Table 1

Results of depositions for various concentrations and metal species. The measurement technique was not sensitive to particles with diameters of <10 nm. Metal ion flux is
the flux of silver or gold ions striking the PPLN surface calculated by the ion motility in water. Photon flux is determined based upon the optical absorption of the solution at

the given concentration.

Concentration (M) Metal Metalion flux Jb (1/scm?)  Photon flux Je (1/scm?)  Flux ratio (Jy/Je)  Avg.diameter (nm) Number per pm?  Area covered (%)
1.00E-3 Ag 3.63E21 9.33E 14 3.90E 06 78 10.8 5.13
1.10E-3 Au 226E21 5.66 E 14 3.99E 06 387 0.13 1.48
551E-4 Au 1.13E21 7.87E14 1.44E 06 274 0.92 5.41
2.76 E-4 Au 5.66 E 20 9.28E14 6.10 E 05 260 1.1 5.84
1.00 E-5 Au 2.05E19 1.09E 15 1.88 E 04 180 1.23 3.14
1.00 E-6 Ag 3.63E18 1.09E 15 3.32E03 104 22 1.87
1.80E-6 Au 3.69E18 1.09E 15 3.37E03 109 5.21 4.83
1.00 E-7 Au 2.05E17 1.09E 15 1.87 E02 69.9 10.1 3.87
9.10 E-7 Au 1.87E 18 1.09E 15 1.71E03 153 0.79 1.45
2.00E-8 Au 410E 16 1.09E 15 3.75E01 170 0.17 0.38

electrons on the surface to enable these reductions (1E-7 to
2E—-6M).

In the third case, the high concentration of gold chloride (coupled
with the charged surface of the PPLN) gives rise to a Stern layer.
Excess chlorine ions form a barrier to auric salt molecules near
the positive surface (where photogenerated electrons are most
available), reducing the nucleation rate. The relative availability
of photogenerated electrons is lower due to the increased opti-
cal absorption, and hence the reduction reaction is less probable
(>1E-5M).

This concentration dependence on the particle size is similar to
that for the citrate mediated gold chloride reduction theorized by
Kumar et al. [39], which also results in large particles for high and
low concentrations of gold chloride. However, in the Kumar model,
large particles at high concentrations are explained by agglomer-
ation; in our experiment, we do not anticipate that particles are
mobile on the surface of the PPLN. Indeed, other studies of het-
erogeneous nucleation of metal nanoparticles find a concentration
dependence on the nanoparticle size, without an agglomeration
pathway for growth [40]. Instead, the large particles are a result of
slow nucleation, a mechanism which has been observed in many
other cases of nanoparticle formation [35,40-42].

We postulate that the difference between gold and silver depo-
sition is due to the multi step nature of the nucleation reaction for
gold: each gold saltion interacts multiple times over a large average
area, reducing the tendency of particles to form on the boundary
between positive and negative domains.

To demonstrate that the distinction between silver and gold
nanoparticle formation on PPLN is due to this multi-step chemistry
and is not only a result of differing metal ion motility and opti-
cal absorption through the solution, we compare deposition for set
metal ion:photon flux ratios. That is, we use optical absorption and
ion motility calculations to have a similar number of gold or silver
ions relative to photons striking the PPLN surface. The photon flux
can be thought of as a proxy for the availability of excited electrons
at the surface. Note that when we refer to metal ion flux we mean
the number of metal ions (eg Ag+) impinging upon the PPLN surface
per scm?, and are not referring to irradiation with an ion beam.

This ratio of metal ion:photon flux is calculated as below. With-
out any barriers such as a Stern layer, the flux of metal ions
impinging upon the PPLN surface is approximated by [43]:

[ kT
Jb = om ) (5)
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Fig. 2. Silver and gold particle deposition on PPLN for metal ion to photon ratios of 4E6 and 3E3. Despite having a similar ratio of available metal ions to excited electrons at
the PPLN surface, the gold and silver deposition patterns are quite different, indicating the importance of the reduction mechanism for determining nanoparticle formation.

Case 1
Too low concentration for multi-step nucleation
cr
cr
AuCl; — Aucl Aucl
2e-4
C » Post nucleation growth
ase .
Multi-step nucleation proceeds AuCl, of gold particles
cr l‘ AuCl / AuCl;
AuCl, — AuCl Al Aucl — 2Aed Aucl AuCl i
2e-4 _ Aucl ’ ->~
Step 1: prenucleation Step 2: nucleation
Case 3
Stern layer inhibits nucleation
AUC|3 AuCl,
AuCl;  AuCl ¢ cr cr AuCl; ¢ AuC, ¢ cF

Fig. 3. Gold particle nucleation and growth model for one illustrative reduction reaction. Refer to Eqs. (1) and (2) for reduction reactions. Case 1: low concentrations (<
2E—8M) of gold chloride are insufficient for the multi-step nucleation reaction required. Nucleation is rare. Particles are sparse and large. Case 2: mid concentrations (1E-7 to
2E—6M) of gold chloride result in multiple nucleation sites, indicative of multi-step reactions proceeding uninhibited or with sufficient acidity to generate AuCl,. Nucleation
is frequent, and particles are small. Case 3: high concentrations (>1E—5M) result in inhibited nucleation reactions, likely as a result of a Stern layer on the surface. Nucleation

events are rare, and particles are large.

where k is the Boltzmann constant, T is temperature in Kelvin, m is
the mass of the particle, G, is the concentration of the particles in
solution near the surface and the units of flux are givenincm=2s~1,

Similarly, the photon flux is calculated by Planck’s law and the
Beer-Lambert law:

_ Ix —olCy
Je= Ee

(6)

where I is the intensity of the UV source measured in W/cm?, A
is the wavelength (254 nm), h is Planck’s constant, c is the speed
of light, [ is the path length, and o is the attenuation cross section
determined by UV-Vis spectroscopy.

Fig. 2 shows two cases where silver and gold concentrations
should have identical flux ratios (metal ion:photon ratio is 3E3
and 4E6, respectively). Clearly, the particle deposition pattern is
quite distinct for the different metal species. This indicates that
the molecule size and optical absorption of the solution alone are
insufficient predictors of nanoparticle deposition, and factors such
as the probability of each reaction step and existence of the Stern
layer must be taken into account.

At a metal ion:photon flux ratio of 4EG6, silver deposition results
in nanowire formation, shown in Fig. 2. This is in agreement with
prior work [25] on silver nanoparticle deposition. The tendency of
silver ions to deposit as nanowires disappears for lower flux ratios
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(<1E4); instead, particles form over the domain surfaces. At the flux
ratio of 3E3, silver deposition is quite sparse, as shown in Fig. 2, but
gold deposition is at its peak density. However, for the parameter
space studied in this work, continuous gold nanowires do not form,
regardless of the gold chloride concentration.

5. Conclusions

In conclusion, we find that UV illuminated PPLN can be used
as a reducing surface for gold chloride, resulting in gold particles,
and the size of the particles is highly sensitive to the concentration
of the gold chloride. No surfactants or reagents are used: deposi-
tion occurs as a result of interaction with the photo-excited PPLN
surface. The mechanism for gold reduction is explored, and the
chemistry of this reaction plays a critical role in the resulting depo-
sition patterns. Gold nanoparticles on lithium niobate could find
a variety of photonic applications such as plasmonically enhanced
lithium niobate lasers, or surface-enhanced Raman spectroscopy.
The deposition of gold nanoparticles differs from silver in that
gold does not readily form nanowires; further exploration will be
required to determine if gold nanowires can be achieved with this
technique.
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