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ABSTRACT: While seeded growth of quasi-spherical colloidal Au
nanoparticles (NPs) has been extensively explored in the literature, the
growth of surface supported arrays of such particles has received less
attention. The latter scenario offers some significant challenges, including
the attainment of sufficient particle-substrate adhesion, growth-selectivity,
and uniform mass-transport. To this end, a reaction system consisting of
HAuCl4, citrate, and H2O2 is here investigated for the growth of
supported arrays of 10 nm Au seeds, derived via block copolymer (BCP)
lithography. The effects of the reagent concentrations on the properties of
the resultant NPs are evaluated. It is found that inclusion of citrate in the growth medium causes substantial particle desorption from
Si surfaces. However, the presence of citrate also yields NPs with more uniformly circular top-view cross sections (“quasi-circular”),
motivating the exploration of particle immobilization methods. We demonstrate that atomic layer deposition (ALD) of a single cycle
of HfO2 (∼1 Å), after the seed particle formation, promotes adhesion sufficiently to enable the use of citrate without the added oxide
noticeably affecting the shape of the resultant NPs. The presented ALD-based approach differs from the conventional sequence of
depositing the adhesion layer prior to the seed particle formation and may have advantages in various processing schemes, such as
when surface grafting of brush layers is required in the BCP lithography process. A proof-of-concept is provided for the growth of
large-area arrays of supported “quasi-circular” Au NPs, in a rapid one-step process at room temperature.

■ INTRODUCTION
Large-area arrays of surface supported Au nanoparticles (NPs),
with tailored size and shape, hold technological and scientific
significance within diverse fields such as catalysis,1 solar cells,2

and photonics.3 As the physicochemical properties of metal
NPs are size and shape dependent,1,2,4 straightforward
methods for controlling these parameters are of great value.
One approach, here explored, is seeded growth which is an

autocatalytic electroless deposition technique that utilizes the
reactive surface properties of pre-existing Au structures for
area-selective deposition of more material. This is common
practice for tailoring the size of colloidal NPs in solution, for
which a host of reducing agents and complexing and stabilizing
ligands have been investigated.1 Examples of reducing agents
for the growth of (quasi-spherical) Au NPs in solution include
ascorbic acid,5,6 hydroquinone,7,8 hydroxylammonium chlor-
ide,9,10 and hydrogen peroxide.11,12 However, the same
principle can also be applied to Au nanostructures supported
on a substrate. Area-selective deposition of gold on pre-existing
Au or Ag NPs, using hydroxylammonium chloride or ascorbic
acid as the reducing agent, has been demonstrated
previously.9,13−18 Fabrication of highly ordered arrays of
Au−Ag core−shell NPs using hydroquinone or Tollens’
reagent to grow Ag shells around Au seed particles has also
been described in the literature.19−21 Photocatalytic reduction,
instead of reduction using a chemical reducing agent, is yet
another approach utilized for enlarging Au NPs seated on a

substrate.22−26 Growth protocols demonstrated to be appli-
cable on highly ordered surface supported arrays of seed
particles, implemented using block copolymer lithography or
block copolymer micellar lithography, are of particular interest
as these lithography techniques offer a rapid and inexpensive
method to pattern large-area substrates.13,14,17,19−24

As for the selective deposition of Au, our concerns about
using a hydroxylammonium chloride based growth protocol
are 3-fold: (i) this species constitutes a health and environ-
mental hazard and (ii) it causes severe NP desorption from Si
substrates unless countermeasures are taken.13,14 Moreover,
(iii) this type of protocol commonly employs a fairly high
HAuCl4 concentration which can entail substantial waste of
this expensive reagent. For these reasons, we have investigated
an alternative seeded growth protocol using hydrogen peroxide
(H2O2) as the reducing agent and trisodium citrate (“citrate”)
as the complexing and stabilizing ligand. Citrate is a commonly
used food additive (E331) and although H2O2 is not
completely benign it spontaneously decomposes into H2O
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and O2. One-step seeded growth, under ambient conditions, of
monodisperse quasi-spherical Au NPs using H2O2 has been
achieved previously.11,12 In addition to the facile processing,
large accessible NP size ranges were demonstrated with NP
diameters between 17 and 325 nm.11 However, those
investigations involved citrate-stabilized seeds dispersed in an
aqueous solution while here we utilize seed particles arranged
in high-density surface supported arrays.
In general, the ratio of the amount of seed particles (nseeds)

to the amount of Au precursor (nHAuCl4) in the growth medium
dictates the maximum size achievable of the resultant NPs
during seeded growth−assuming an excess amount of the
reducing agent, complete precursor consumption and no
secondary parasitic nucleation. Size control of NPs in
supported arrays can therefore theoretically be accomplished
in one of several ways in a batch reactor: (i) through control of
the nseed:nHAuCl4 ratio (a) by changing the sample size or its NP

coverage (i.e., nseed), (b) by changing the concentration of
HAuCl4 (cHAuCl4), or (c) by scaling the growth medium
volume (i.e., the amounts of all components proportionally)
while maintaining a fixed nseed; (ii) by using an excess amount
of HAuCl4 and the sample immersion time (in the growth
medium) as the controlling parameter; and (iii) by distributing
the total growth over a multiple of smaller steps. Drawbacks
with the use of some of these approaches can be readily
identified. For example, changing the sample size or the
parameters of the seed array, such as packing structure or
interparticle distance, is often not practical or compatible with
intended device applications. Using immersion time as in
option (ii) implies a premature retraction of the seed-
decorated sample from the growth medium. This could entail
a waste of precursor and demand certain limitations of the
reaction rate. A multiple-step approach as in (iii) would require
more processing time and hence a reduced throughput.

Table 1. Overview of the Seeded Metal Nanoparticle Growth (SMNPG) Conditions

Figure Recipe Substrate
tSMNPG
[min]

VTotal
[mL]

cCitrate
[μM]

cHAuCl4
[μM]

cH2O2
[M] Comment

1 1 10 85a 60b 5c Liu et al. (batch 1; NP diameter = 32 ± 2 nm) except 100 μL Au seed
solution (56 nM)

1f Al2O3 after ethanol SISR of BCP template
1g Al2O3 Au seed ref
1h 2 Al2O3 5 40 85d 51e 1.26g after seeded growth experiment
2a 3 Al2O3 2 10 0 51e 5.06g no citrate; increasing cHAuCl4
2b 4 Al2O3 2 10 0 100e 5.06g ″
2c 5 Al2O3 2 10 0 200e 5.06g ″
2d 6 Al2O3 5 10 85d 51e 5.06g fixed amount of citrate; increasing cHAuCl4
2e 7 Al2O3 5 10 85d 100e 5.06g ″
2f 8 Al2O3 5 10 85d 200e 5.06g ″
2g Al2O3 Au seed ref
2h 9 Al2O3 5 10 167d 100e 5.06g with 3d, fixed HAuCl4:citrate molar ratio; increasing cHAuCl4
2i 10 Al2O3 5 10 333d 200e 5.06g ″
3a 11 Al2O3 2 10 0 200e 5.06g cKOH = 0 μM (ref)
3b 12 Al2O3 2 10 0 200e 5.06g cKOH = 100 μM
3c 13 Al2O3 2 10 0 200e 5.06g cKOH = 200 μM
3d 14 Al2O3 2 10 0 200e 5.06g cKOH = 400 μM
3e 15 Al2O3 5 40 85d 51e 2.53g ref for 4f
3f 16 Al2O3 5 40 85d 51e 2.53g 0.036% HCl(aq) instead of DI; cHCl ≈ 0.74 mM
4a Al2O3 Au seed ref
4b 6 Al2O3 5 10 85d 51e 5.06g A x4 proportional recipe up-scaling
4c 17 Al2O3 5 40 85d 51e 5.06g ″
4d 15 Al2O3 5 40 85d 51e 2.53g with 5c, series of decreasing cH2O2
4e 18 Al2O3 5 40 85d 51e 1.26g ″
4f 19 Al2O3 5 40 85d 51e 0.25g ″
5a Si Au seed ref NB: Au “contamination”
5b 6 Si 5 10 85d 51e 5.06g fixed citrate:HAuCl4 molar ratio

increasing cHAuCl4
5c 9 Si 5 10 167d 100e 5.06g ″
5d Si Au seed ref
5e 3 Si 2 10 0 51e 5.06g no citrate; increasing cHAuCl4
5f 4 Si 2 10 0 100e 5.06g ″
6a 19 Si 5 40 85d 51f 0.25g AAAP: none (ref)
6b 19 Si 5 40 85d 51f 0.25g AAAP: 1 ALD cycle HfO2, 170 °C
6c 19 Si 5 40 85d 51f 0.25g AAAP: 2 ALD cycle HfO2, 170 °C.
6d 19 Si 5 40 85d 51f 0.25g AAAP: 5 ALD cycle HfO2, 170 °C
6e 19 Si 5 40 85d 51f 0.25g AAAP: 5 ALD cycle Al2O3, 120 °C
7a 15 Al2O3 5 40 85d 51e 2.53g SEM at center of sample
7b 15 Al2O3 5 40 85d 51e 2.53g SEM at extreme edge of sample

aStock solution of 1 wt % citrate(aq). bStock solution of 1 wt % HAuCl4(aq).
cStock solution of 30 wt % H2O2(aq)

dStock solution of 34 mM
citrate(aq). eStock solution of 10 mM HAuCl4(aq).

fStock solution of 50 mM HAuCl4(aq).
gStock solution of 10.1 M H2O2(aq).
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Therefore, adjustment of cHAuCl4 or up-scaling of a working
base recipe appear, at a first glance, to be the most attractive
options for controlling the particle size. For comparison, Li et
al.11 implemented size control of their colloidal particles by
varying the concentration of Au seeds while keeping all other
components fixed. Liu et al.12 on the other hand changed both
cseeds (from 56 to 2.8 nM) and cHAuCl4 (from 60 to 870 μM)
simultaneously, keeping the concentrations of the other
reagents constant. However, adjusting the seeded growth
conditions for targeting a specific NP size can, for many growth
protocols, also have profound effects on the resultant NP shape
and its distribution.
In this paper, we use a modified version of the growth

conditions derived by Liu et al.12 as our base recipe and
starting point. From there, we examine the effects, mainly on
particle adhesion and shape, of varying the reagent
concentrations. Our substrate supported seed particle (φseed
≈ 10 nm) arrays were obtained using a version of block
copolymer (BCP) lithography.20,27−29 The main intention of
this paper is to verify the applicability of this growth protocol
for the selective growth of supported seeds and to examine
whether uniform arrays of “quasi-circular” NPs, of tailored size,
can be obtained. As sufficient substrate-particle adhesion is of
utmost importance here, we also demonstrate a believed novel
use of atomic layer deposition (ALD) for controlled and facile
adhesion promotion; this as an intermediate processing step
between seed formation and particle growth.
Although BCP lithography is used to produce the seed

arrays here, it is worth noting that the demonstrated growth
method could be applicable to expand any Au pattern on the
nanoscale. This includes structures generated using BCP
micellar lithography,30 electron beam lithography,31 nano-
imprint lithography,32 micro/nano-contact printing,33 combi-
nations of metal evaporation and thermal annealing,34 etc. The
same protocol may also be used to shrink nanosized holes in
Au films.

■ EXPERIMENTAL SECTION
Materials. Poly(styrene-block-4-vinylpyridine) (PS-b-P4VP, Mn =

58k-b-25.5k, PDI: 1.1), poly(styrene-block-2-vinylpyridine) (PS-b-
P2VP, Mn = 44.0k-b-18.5k, PDI: 1.07), and (homo)polystyrene (hPS,
Mn = 12.5k, PDI: 1.04) were purchased from Polymer Source Inc.,
Canada. The organic solvents used were N,N-dimethylformamide
(DMF, ≥99.8%, AnalaR NORMAPUR ACS, Reag. Ph. Eur.),
tetrahydrofuran (THF, ≥99.8%, BHT stabilized, EMSURE ACS,
Reag. Ph. Eur.), methanol (VLSI Selectipur, Merck), toluene
(Selectipur, Merck), acetone (GPR Rectapur, VWR), and 2-propanol
(IPA, GPR Rectapur, VWR). In the seeded growth procedures
hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 · 3 H2O,
≥99.99%, ≥49.0% Au basis, ACS reagent, Alfa Aesar), hydrogen
tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, ACS reagent,
≥49.0% Au basis, Fluka), trisodium citrate dihydrate (Na3C6H5O7·
2H2O, ≥99%, Alfa Aesar), hydrogen peroxide (H2O2, 31% VLSIn
Selectipur, BASF), potassium hydroxide (KOH, 50%, Selectipur,
BASF), and deionized (DI) water were used. Aqua regia was prepared
using hydrochloric acid (HCl, 36% VLSI Sel., BASF) and nitric acid
(HNO3, 69% VLSI Selectipur, BASF). As substrates, 4″ Si(100)
wafers (prime grade, SSP, n-doped, ρ = 1−10 Ω·cm, University
Wafers) were used.
Seed Sample Preparation. For the Al2O3 supported NP arrays

(see Table 1), a 8.5 nm thick Al2O3 layer was deposited on the
Si(100) substrate using ALD (Picosun R200, 120 °C, trimethylalu-
minum (TMA) and H2O) prior to the typical sample preparation
which was as follows: The cleaning procedure involved ultrasonic
baths using acetone and 2-propanol (IPA) sequentially, followed by

an oxygen plasma ashing. The latter has the dual purpose of removing
residual organic contamination and improving the wettability of the
surface. Hexamethyldisilazane (HMDS) was then vapor grafted at 150
°C (for approximately 30 min) under rough vacuum. The BCP layer,
consisting of either PS58k-b-P4VP25.5k or a mixture of hPS12.5k and
PS44k-b-P2VP18.5k, was then applied via spin-coating. The hPS/PS-b-
P2VP mixture was deposited from a toluene solution whereas either
toluene or DMF was the solvent for PS-b-P4VP. The resultant film
thicknesses, stated in Table S1, were in the range of 18−25 nm.
Samples with PS-b-P4VP were solvent vapor annealed (SVA) by
sealing them in a 500 mL airtight glass jar (PTFE-lined lid) with
approximately 1 mL of a mixture of THF and methanol for 65 min.
Samples with the hPS/PS-b-P2VP mixture were annealed in a custom-
built flow-based setup for dynamic SVA (dSVA) using toluene vapor
(relative partial pressure, ptol/ptol* = 0.97) for 60 min. The self-
assembled films were then immersed in an aqueous 2.5 mM HAuCl4
solution for 15 min to selectively load the P2/4VP domains with the
dissociated anionic Au precursor. Arrays of Au seed particles were
then obtained by ashing (Tepla300, 5−10 min, 1000 W, 50 sccm O2)
the loaded BCP templates. Finally, the larger parent samples were
divided into smaller ones, roughly 5 × 5 mm2 but with an
uncharacterized variability, using a diamond pen.

Seeded Metal Nanoparticle Growth (SMNPG). All exper-
imental work was performed in a climate-controlled cleanroom
environment at room temperature (RT, i.e. 21−22 °C). The growth
procedures were conducted in polystyrene (PS) or polypropylene
(PP) beakers with the samples mounted on PS holders using Kapton
tape (on the backside). During the SMNPG procedures, the samples
were oriented vertically in the growth medium close to the edge of the
beaker and with the side supporting the NPs facing the center of the
vessel. To avoid cross-contamination, a new set of disposable PS/PP
items were used in the seeded growth of each sample. The beakers
and holders were thoroughly rinsed with IPA and DI water prior to
use.

As our base recipe, the seeded growth conditions used by Liu et
al.12 for generating colloidal NPs with diameters of 32 ± 2 nm (i.e.,
4.85 mL of DI H2O, 85 μM citrate, 60 μM HAuCl4, 5 M H2O2, and
56 nM Au seeds for a total volume of 10 mL; see recipe 1, Table 1)
were adopted with a couple of modifications. The most significant
alteration was our substitution of the colloidal seeds for an undefined
amount of substrate supported ones. Furthermore, our base recipe
contains a lower HAuCl4 concentration (cHAuCl4) and a slightly higher
H2O2 concentration (cH2O2; see recipe 6, Table 1). The reagents were
added in the following order: DI water, citrate, HAuCl4, H2O2, and
last the seed-decorated sample was immersed for a set amount of time
before being removed and thoroughly rinsed with DI H2O and dried
using a N2-gun. Details of the stock solutions used are given in Table
1 along with the sample-specific growth conditions. The sample
immersion time was either 2 or 5 min but consistent within its sample
series. PTFE-clad magnetic stirring bars were used for the recipes
involving a total volume of 40 mL. The bars were cleaned using fresh
aqua regia (3:1 (v/v) HCl (36%):HNO3 (69%)) and copiously rinsed
with DI water prior to use. (Caution! Aqua regia solutions are
strongly corrosive and oxidizing; adding organics may cause an
explosion.)

Atomic Layer Deposition-Based Antipodal Adhesion Pro-
motion (AAAP). In this paper, the potential of two common oxides
were investigated for use in AAAP, namely HfO2 (Picosun R200, 170
°C, 1 cycle: 5 s H2O, 10 s N2, 0.1 s tetrakis(dimethylamino)hafnium-
(IV) (TDMAH, ≥99.9%, Sigma-Aldrich) and 10 s N2, Termination: 5
s H2O, 10 s N2 and 0.1 s H2O) and Al2O3 (Picosun R200, 120 °C, 1
cycle: 0.1 s trimethylaluminum (TMA, electronic grade, Pegasus
Chemicals), 5.0 s N2, 0.1 s H2O and 5.0 s N2). The AAAP was
performed after seed formation on Si(100) substrates, i.e. after a
complete ashing of the Au precursor loaded BCP template.

Characterization. The size and shape of the NPs were
documented using scanning electron microscopy (SEM, Zeiss 1530,
VAcc = 5 kV, WD ≈ 3 mm, in-lens detector).
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■ RESULTS AND DISCUSSION

In fabricating the Au seed particle arrays, the self-assembling
ability of block copolymers (BCPs) composed of immiscible
blocks was utilized to rapidly and inexpensively pattern the
substrates. A BCP sample can, given the right circumstances,
spontaneously adopt one of a set of highly ordered
morphologies, consisting of periodic patterns of nanodomains.
The size and geometry of the BCP species will, to a large
extent, dictate the pattern adopted and its array parameters e.g.
the size and pitch of the nanodomains.35,36 In the litho-
graphically relevant thin-film scenario, such a pattern can be
transferred to the underlying substrate in one of several ways
depending on the physicochemical properties of the con-
stituent BCP blocks. Here we use diblock members of the
poly(styrene-block-2/4-vinylpyridine) (PS-b-P2/4VP) material
system due to the ability to selectively load the P2/4VP
domains with an anionic metal precursor, in our case AuCl4

−.
By then simply ashing the self-assembled and precursor loaded
BCP template, an array of seed particles can be implemented
(Figure 1a−d,f,g). As these seeds are too small (diameter ≤10
nm) for many applications, we evaluate the option of using
seeded growth to increase their size (Figure 1e,h).
To preface the seeded metal NP growth (SMNPG) results,

the ideal growth protocol would entail deposition of additional
gold exclusively on the introduced seed particles and not on
any other exposed surfaces, such as the substrate. In such a
scenario, the selectivity would stem from the catalytic
properties of the Au surface and the reaction would be limited
by the electron transfer kinetics between surface adsorbed
Au(III) (complexed with Cl− or citrate) and H2O2. Although
we do not see evidence of deposition on the substrate itself,
various degrees of color change of the growth media were
observed. This strongly suggests the presence colloidal NPs
originating from one, or more, of three sources: (i) unverified
Au aggregates in the HAuCl4(aq) stock solution, (ii) surface
desorbed seed particles, or (iii) a homogeneous reaction
between Au(III) and H2O2 in solution. A homogeneous
reaction would not be farfetched given the large difference in
reduction potentials between HAuCl4 and H2O2 (E°cell = 0.307
V)37 and the large excess amount of the reducing agent. Color
change was observed even when using substrates offering good
adhesion toward Au, indicating that the issue does not
principally stem from the desorption of supported seeds
(corroborated by subsequent SEM-inspection) but rather from
aggregates and/or secondary nucleation. The changes in
appearance of the growth media are readily explained by the
localized surface plasmon resonance of Au NPs and its

dependence on particle size and shape. Furthermore, they
occurred gradually with a rate, extent and final color dependent
on the growth conditions used (i.e., the initial reagent
concentrations). Noteworthy is that although colloidal NPs
appear to be present we do not observe additional NPs on the
exposed area of the substrate in-between seed particles. Hence,
the main consequence of this issue is the parasitic consumption
of the Au precursor affiliated with the generation and growth of
these colloids. It is interesting to note that neither Liu et al. or
Li et al. observe meaningful secondary nucleation or parasitic
growth. Potential explanations are that Liu et al. centrifuged
their HAuCl4 stock solution at 18 000g for 2 h prior to use
while Li et al. used tris-base in their growth protocol, rather
than citrate, which they claim acts as a stronger stabilizer of
Au(I) and Au(0) than citrate.
Here, we did not have an opportunity to study the principle

growth mechanism(s) involved in the enlargement of the seed
particles. However, at least two pathways are conceivable
considering the gradual appearance of colloidal NPs in the
growth media. The first entails the sequential adsorption and
reduction of Au(III)-complexes on exposed Au surfaces. The
second option is that entire dispersed nuclei/NPs could be
adsorbed upon coming into contact with the supported seeds
and subsequently fuse to them via pathway one. This would
result in a more stepwise growth manner. In the second
mechanism we would have to contend with the citrate
stabilization of NPs causing interparticle electrostatic repulsion
and limited steric hindrance. If rather the first pathway
dominates, the observed potential for substantial growth of the
supported seed particles could be explained by a catalytic effect
of the Au surface, as suggested by Liu et al.,12 and/or a delayed
onset of the homogeneous reaction. Due to the differences in
sample size (i.e., nseeds introduced), meaningful quantitative
intersample comparisons of the absolute increase in NP size,
post-SMNPG, cannot be made here. The primary focus is
instead on particle shape and adhesion, although these
properties are likely not entirely uncorrelated with size.
As mentioned, we adopted a modified version of the

SMNPG protocol of Liu et al.,12 used for seeded growth of
dispersed colloidal NPs, applied it to surface supported arrays,
and went on to vary the reagent concentrations as specified in
Table 1 and further described below. The sample immersion
time, in the growth media, was fixed at either 2 or 5 min but
internally consistent within sample series aimed at highlighting
the effect of specific parameters. According to Liu et al.,12 the
SMNPG is completed within 1 min when using 5 M H2O2 and
colloidal seeds. Our prolonged immersion times were,
however, chosen with the hope to ensure full HAuCl4

Figure 1. Schematic illustration of (a) Si substrate with a thin Al2O3 ALD film (light blue) and a spin-coated PS-b-P2/4VP film (purple), (b) after
BCP self-assembly, (b*) after solvent-induced surface reconstruction−this step is included merely to illustrate the BCP pattern (i.e., it is not
otherwise a part of the process flow), (c) after selective Au precursor loading of the P2/4VP domains, (d) after oxygen plasma exposure which
simultaneously will reduce Au(III) to Au(0) and remove the polymer template, and (e) after seeded growth. Panels f−h are acquired SEM images
corresponding to the states schematically illustated in panels b*, d and e respectively. The size of the scale bar equals 200 nm.
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consumption. As our seeds are immobile and sequestered in a
small subset of the reaction volume, coupled with the fact that
the H2O2 concentration was one of the parameters
investigated, it is reasonable to assume that a longer time
might be required for the reaction to reach completion due to
the less favorable mass-transport conditions and expected
effects on reaction rate.
The majority of the experiments in this paper were

conducted using samples with seeds supported by an Al2O3
ALD layer because of the higher adhesion of Au to Al2O3 than
to Si. However, a minor fraction of empty lattice positions can
be observed on the affiliated seed reference sample. These
vacancies are likely related to BCP pattern defects or issues
with the precursor access during the loading of the BCP
template (Figure 2g). Furthermore, some seeds consist of two
minor nuclei, which is something that can be avoided by
instead using a two-step BCP ashing procedure (first low then
high power) or later remedied by a short thermal annealing
step.
To elucidate the relationship between the reagent

concentrations, NP growth and shape, sample series involving
systematic variations of cHAuCl4 and ccitrate (maintaining a
constant total volume) were initially conducted. Apart from
the expected increase in particle size, we find that a higher
cHAuCl4 causes a departure from the “quasi-circular” shape and
increases the fraction of faceted and rod-like NPs. A higher
ccitrate on the other hand appears to have a mitigating effect on
this trend. Figure 2 panels a−c, d−f, and d, h, and i present
three sample series of increasing cHAuCl4 (i.e., 51, 100, and 200
μM). However, a−c is without citrate, d−f is with a fixed
amount of citrate (85 μM), and the sequence comprising d, h,

and I is with a fixed molar ratio of citrate to HAuCl4 (ncitrate/
nHAuCl4 = 1.67). Our observations regarding the effect of citrate
on the NP shape deviate from those of both Liu et al.12 and Li
et al.11 in that they only observed negligible effects of ccitrate; as
interpreted from the marginal change in the shape and position
of the measured absorption or extinction spectra with and
without citrate present. When high cHAuCl4 is used the array
order is observed to deteriorate (Figure 2c,f,i). This could be
related to an induced surface mobility or spatial interactions
among adjacent NPs, especially for high aspect ratio particles,
which might cause either desorption or premature fusion
(through overgrowth) of neighbors.
As HAuCl4 is not only the Au precursor but also an acid,

increasing cHAuCl4 is expected to decrease the pH of the growth
medium, although only moderately due to the buffering effect
of the citrate. Nevertheless, to investigate whether the drop in
pH could be causing the shape deviation, a cursory study of the
effects of pH was performed by adding either KOH or HCl to
the growth medium. It is evident that H2O2 can reduce Au(III)
under a seemingly wide range of conditions in terms of pH.
Furthermore, the addition of up to 2:1 nKOH:nHAuCl4 (same
total volume) did not have a clear impact on resultant NP
shape (Figure 3a−d) when added to a recipe containing a high
cHAuCl4 (200 μM) and no citrate. However, the NP shape
distribution becomes reminiscent of that observed for high
cHAuCl4 when substituting pure DI water as the solvent for a
0.036% HCl (aq) solution (i.e., cHCl ≈ 0.74 mM in medium)
with cHAuCl4 and ccitrate as in our base recipe (Figure 3e,f). The
latter is likely not predominantly a pH-effect but rather a
consequence of the increased concentration of Cl− (cCl−); Cl

−

Figure 2. Effects of cHAuCl4 and ccitrate during SMNPG of NPs supported on an Al2O3 surface. Panels a−c, d−f, and d, h, and i all constitute
sequences of increasing cHAuCl4 (51, 100, and 200 μM). They differ in that panels a−c do not include citrate whereas panels d−f contain a fixed
amount of citrate (85 μM), and panels d, h, and I have a fixed molar ratio of citrate to HAuCl4 (ncitrate/nHAuCl4 = 1.67). (g) Au seed array for
reference. Images a−i were acquired using SEM and the scale bar equals 100 nm.
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being an Au(III) complexing agent and cCl− is hence expected
to affect the Au(III) speciation.38

The observed shape preserving effect of citrate could
potentially relate to one or more of its multiple roles39 as (i)
a reducing agent−citrate can reportedly reduce Au(III) to
Au(I) at RT;7 (ii) a pH-buffer−the citrate system is a
commonly used buffer system in the pH range from 3.0 to
6.240 and as the citrate is added in its base form (cit3−) it is

expected to raise the pH; (iii) a complexing ligand−like Cl−,
citrate can complex with Au(III) and thereby modify its
reduction potential;38,41 (iv) a stabilizing ligand−it will
contribute to a surrounding charged double layer and hence
an electrostatic repulsion between adjacent NPs.39,42 The
effects of (i) can likely be dismissed considering that H2O2
ought to be the dominant reducing agent at RT and is
furthermore present in large excess. As for (iv), a charged
double layer is always present around Au NPs (except at the
potential of zero charge) and its radial extension is merely on
the order of a few nm, i.e., this would potentially only come
into play at the later stages of extensive growth when the edge-
to-edge interparticle distance is very short.41 The main
contenders contributing to the observed effects of citrate are
thus its pH buffering and complex forming properties. The
emphasis is on the latter as the redox-potential of the Au(III)-
complex will affect along which crystal direction(s) growth will
be favored.43

From the experiment depicted in Figure 2, it appears that
only limited size control can be achieved by solely increasing
cHAuCl4 if “quasi-circular” NPs are desired in a one-step
deposition process. Hence, we also investigated a proportional
recipe up-scaling, where the total volume and amounts of all
reactants were increased by a factor of 4. The shape-related
effect is seen to be small (Figure 4b,c), demonstrating a viable
approach to size-control of supported NPs. One potential way
of improving the areal deposition uniformity, the control of the
growth rate and ideally also the extent of the homogeneous
reaction would be to reduce the concentration of the reducing
agent, i.e., H2O2. The effect of cH2O2 on the reaction kinetics
was confirmed by Liu et al.12 with a lower concentration
leading to a slower process. Here, when we progressively
decrease cH2O2 while keeping the total volume constant (Figure
4c−f) we observe that even a 20-fold reduction down to 5%
(0.25 M) of that in the base recipe only affects the shape of the
NPs marginally. Although, they do appear to become slightly
more angular and jagged for the lowest concentration used.
This is not entirely surprising considering that H2O2 is still in
large excess even for the lowest cH2O2-level, i.e., the reaction
ought to remain pseudo-first order with respect to H2O2.
However, this is in contrast to the findings of Liu et al.,12 for
growth of colloidal seeds in solution, where they found that
cH2O2 ≥ 5 M was a prerequisite for obtaining monodisperse
quasi-spherical NPs. The reason for this discrepancy warrants
further investigation.
As already mentioned, one of the roles of citrate in this

reaction system is as a stabilizing ligand, i.e., a species that
adsorbs on the Au surface and in the colloidal case would make
the NPs more stable in dispersion. However, in our case of
supported NPs this stabilizing quality is arguably less attractive
as it could entail increasing the probability of dislodging them
from the surface, if the adhesion is not strong enough to
counteract it. Au has a notoriously bad adhesion to Si, but
being able to grow Au NPs on a Si surface, without special
means of first immobilizing them, is from an applications
standpoint very attractive. Previous works11,12 suggest that
citrate only plays a minor role in determining the NP size and
shape in the probed concentration ranges (0 to 85 μM12 and 0
to 175 μM,11 respectively). Furthermore, although our
experiments on Al2O3 supported NPs (Figure 2) suggest a
“quasi-circular” shape preserving effect of citrate, its presence is
not crucial for the reduction of HAuCl4 by H2O2. Hence, we
investigated the possibility of growing both citrate-capped and

Figure 3. For a SMNPG recipe containing a high cHAuCl4 (200 μM)
and no citrate, panels a−d constitute a series of increasing amount of
added KOH: (a) 1:0 nHAuCl4:nKOH (cKOH = 0 μM, pH ∼3.7), (b) 2:1
nHAuCl4:nKOH (cKOH = 100 μM, pH ∼4.0), (c) 1:1 nHAuCl4:nKOH (cKOH
= 200 μM, pH ∼5.4), (d) 1:2 nHAuCl4:nKOH (cKOH = 400 μM, pH
∼10.3). (f) illustrates the effect of replacing, the otherwise always
used, DI water as the solvent for a 0.036% HCl(aq) solution (cHCl ≈
0.74 mM in growth medium). Panel e constitutes the, to panel f,
corresponding reference sample with no HCl(aq) added. The stated
pH-values are calculated estimates based on full dissociation of
HAuCl4 and KOH and a pKa-value for H2O2 of 11.6. These
experiments were conducted on Al2O3 substrates. Images a−f were
acquired using SEM and the scale bar equals 100 nm.
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uncapped Au NPs directly on a Si surface. In contrast to the
experiments on Al2O3, the inclusion of citrate caused a
substantial proportion of the Au seeds to detach (Figure 5a−
c), whereas they stayed put in the absence of the stabilizing
ligand (Figure 5d−f). However, as we both observed a
beneficial effect of citrate and would also like to have flexibility
in our choice of substrates, facile means of affixing the Au NPs
to the surface are desirable. Several such approaches are
explored in the literature. Two of them, demonstrated by
Lohmueller et al.13 for BCP derived arrays of NPs, are
immobilization of the seeds using a silane or by performing
only a partial ashing of the loaded BCP template. In the latter
case the precursor-loaded BCP film is ashed sufficiently to
generate small Au(0) nuclei, partially embedded in the

remaining polymer, but not enough to erode the mechanical
stability of the BCP framework. An initial attempt at replicating
the partial ash method but using a H2O2-based SMNPG
protocol can be found in the Supporting Information (SI).
As an alternative and, to the best of our knowledge, novel

method of NP immobilization, we explored ALD-based
antipodal adhesion promotion (AAAP). This entails depositing
a few ALD cycles of HfO2, or other adhesion promoting
material, on a sample where seed particles are already present.
From Figure 6b, it is evident that even a single cycle of HfO2,
corresponding to an average layer thickness of about 1 Å, is
enough to immobilize predeposited particles on the Si
substrate even when using citrate during the SMNPG. As

Figure 4. (a) Au seed reference. The sample in panel b was subjected
to the base recipe, while that in panel c to a ×4 proportional recipe
up-scaling. Panels c−f constitute a series of decreasing cH2O2: (c)
100% (5.06 M), (d) 50% (2.53 M), (e) 25% (1.26 M), and (f) 5%
(0.25 M) of the base recipe H2O2 concentration. These experiments
were conducted on Al2O3 substrates. Images a−f were acquired using
SEM and the scale bar equals 100 nm.

Figure 5. Effect of citrate on the adhesion of Au NPs supported on a
Si surface. Panels a and d are seed references; note the Au surface
“contamination” in panel a. Both panels b and c and panels e and f
constitute series of increasing cHAuCl4 (51 and 100 μM) but the
SMNPG conditions for the former include citrate (ncitrate/nHAuCl4 =
1.67) whereas those of the latter do not. Images a−f were acquired
using SEM and the scale bar equals 100 nm.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00374
Langmuir 2020, 36, 6848−6858

6854

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00374/suppl_file/la0c00374_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00374?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00374?ref=pdf


one ALD cycle typically does not form a closed monolayer of
the oxide,44 the deposited HfO2 is unlikely to completely block
the access of the reagents to the Au surface of the seed
particles. Indeed, even after two ALD cycles no signs of
hampered growth is observed and the resulting particles are
“quasi-circular” and uniform in size (Figure 6c). However, after
five ALD cycles we start to see an impact, manifested as
irregularly shaped NPs (Figure 6d). Here, we mainly
investigated HfO2 but we also confirmed the applicability of
Al2O3 for this purpose (Figure 6e). Samples with five cycles of
either HfO2 or Al2O3 are equivalent in appearance after
SMNPG. The operating mechanism involved in AAAP is not
investigated here but is likely related to localization of the
ALD-oxides. An adhesion-mediating meniscus along the
circumference of the seed-substrate interface, with potential
for limited reach in under the particle through precursor
diffusion, is conceivable. Additionally, as the NPs grow during

the SMNPG they will spread over the substrate, the properties
of which have been modified during AAAP. It is yet to be
determined over which range of SMNPG conditions HfO2 and
Al2O3 are serviceable for AAAP, considering, for example, that
Al2O3 does not exhibit long-term stability in several aqueous
environments.45,46 Correa et al.45 investigated Al2O3 and TiO2,
deposited using thermal ALD at 150 °C, and found that as-
deposited Al2O3 was unstable under neutral (DI H2O), acidic
(1 M H2SO4), as well as alkaline (1 M KOH) conditions. The
TiO2 films fared far better under the same set of conditions.
Singh et al.46 on the other hand studied the stability of Al2O3,
HfO2, TiO2 and ZrO2, deposited using plasma enhanced ALD
(PEALD) at 100 °C, upon immersion in either 3.5% NaCl
(aq), seawater, HCl (aq, pH 4), or H2SO4 (aq, pH 4). The
Al2O3 was completely removed in all solutions while the other
oxides were more or less stable under the acidic conditions.
HfO2 suffered from a type of pitting corrosion in 3.5%
NaCl(aq) and seawater while TiO2 and ZrO2 exhibited no
degradation in any of the solutions. However, it is unclear how
the findings in these studies translate into the applicability of
the ALD oxides for use in AAAP, considering that the long-
term stability was measured in terms of days while our
SMNPG protocol is completed within a few minutes.
Furthermore, it is debatable if the stability of a thicker film
is representative of that of the deposition obtained after one or
two ALD cycles. Nevertheless, in the context of BCP
lithography, performing this type of adhesion enhancement
after seed formation rather than on the clean substrate can be
the more attractive option. For example, additional processing
of the substrate prior to the BCP application can introduce
particles on the surface which lowers the fidelity of the spin-
coating and self-assembly step. Further, certain BCPs require
the substrate to be modified by the application of a brush layer
in order to mitigate preferential block-substrate interactions
and obtain the desired BCP morphology and/or orientation. A
popular approach is to graft the brush layer to the substrate
and even a few ALD cycles of a different material can interfere
with the grafting yield.
All SEM images presented up until this point were acquired

close to the center of the samples. Another interesting
observation was, however, made by comparing the center
and the extreme edge (<50 μm from the actual edge) of
samples for which forced agitation (via a PTFE-clad magnetic
stirring bar) of the growth medium was used during the
SMNPG. An extensive difference in particle size is seen, with
larger particles near the edge (Figure 7). The size gradient
decays rapidly away from the edge, suggesting a mass-transport
limitation of Au(III) of the growth process on the main central
area of the substrate. Although such a size gradient is
undesirable, the considerable growth near the edge indicates
the potential of this SMNPG protocol as these particles remain
“quasi-circular” despite being grown almost to the point of
touching but nonetheless (with few exceptions) remain clearly
separated.

■ CONCLUSIONS
First and foremost, our results demonstrate the successful use
of a relatively benign reaction system consisting of HAuCl4,
H2O2, and citrate for the seeded growth of substrate supported
Au NP arrays. Arrays of NPs with quasi-circular top-view cross
sections (“quasi-circular”) are obtained in a wide range of
H2O2 concentrations, of at least 0.25 to 5 M. This is in contrast
to the colloidal solution case where a minimum concentration

Figure 6. Effect of a few cycles of ALD-deposited oxides on the
adhesion and seeded growth of Au NPs supported on a Si surface.
The SMNPG was performed under identical conditions with (a) no
AAAP, (b) 1 ALD cycle of HfO2, (c) 2 ALD cycles of HfO2, (d) 5
ALD cycles of HfO2, and (e) 5 ALD cycles of Al2O3. Images a−e were
acquired using SEM and the scale bar equals 100 nm.
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of 5 M was found to be a prerequisite for maintaining a narrow
size and shape distribution. Increasing the size of “quasi-
circular” NPs is not as straightforward as increasing the
concentration of HAuCl4, as this also tends to yield a high
fraction of faceted and rod-shaped particles. However,
increasing the citrate concentration appears to have a
mitigating effect on this tendency. A proportional up-scaling
of a base recipe, yielding “quasi-circular” NPs, may thus
provide an alternative approach to size control; other than
performing a more tedious series of multiple sequential growth
steps. The use of citrate can be omitted for growing uncapped
particles on substrates offering poor adhesion toward Au, e.g.
Si with native oxide, although these NPs will likely then be
more diverse in shape. However, deposition of as little as a
single ALD cycle of HfO2 (or potentially Al2O3) on the seed-
decorated sample prior to the growth procedure is shown to
effectively immobilize the particles−thereby enabling the use
of citrate even for Au NPs seated on Si. Up to two ALD cycles
do not have a noticeable impact on the SMNPG outcome, but
for five cycles of HfO2 or Al2O3 some NP shape irregularities
become evident; suggesting a partially blocked access of the
reagents to the surface of the NPs. As a means of
immobilization, the postseed application of this type of ALD
adhesion layers is an attractive option as it is highly controlled,
can be done quickly, requires no exotic processing equipment
and is likely more substrate independent than the use of for
example grafted silanes, which further can require extended
grafting procedures.
An observed difference in deposition level between the

sample center and extreme edge suggests an Au(III) mass-
transport limited reaction for most of the sample area. Parasitic
secondary nucleation (or possibly unintentionally introduced
Au aggregates from the HAuCl4 stock solution) in the growth
medium needs to be addressed for improved prediction power
over the extent of the deposition and for curtailing precursor
waste. A more rigorous and extensive study of the useful
parameter space for this reaction system and application is
underway. This will furthermore investigate secondary
nucleation and quantitatively characterize the resultant NPs
in terms of size and shape as well as their optical response.
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