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ABSTRACT: The processes of aggregation and subsequent grain growth of highly 1. Initial aggregation

twinned, surfactant stabilized gold nanoparticles have been followed in real time using
synchrotron X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS). This gives
insight into the overall coalescence mechanism of metal nanocrystals. First, the capping
ligands melt or desorb, which enables the nanocrystals to aggregate and join together. At

% 2. Final aggregation

% %@ graﬁ growth

scale of the grain growth process is significantly longer than that of the particle

longer times, grain growth is observed, and the stacking fault densities decrease. The time Q Q

aggregation. We contrast the behavior we observe to that of other nanoparticles and

discuss the implications of our results on device fabrication.

Time (not to scale)
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B INTRODUCTION

The coalescence of metallic nanoparticles is one method of
bottom-up fabrication of micro- and nanosized electrical devices.
Crystal defects such as stacking faults and grain boundaries
greatly affect the electrical properties of these coalesced struc-
tures. Therefore an understanding of the mechanism of the
coalescence in metal nanostructures is needed. Coalescence is
key to the application of nanoparticles in electrical devices in
terms of both stability and robustness. Once in contact, a pair, or
group of nanoparticles will coalesce to reduce their surface
energy, as confirmed by in situ observations' ~* and by molecular
dynamics simulations.*”” Typically, the nanoparticles will initially
form a neck, followed by relaxation to a quasi-spherical shape.'
Below the melting temperature, surface diffusion is expected to
be the dominant mass transport mechanism for the coalescence
of nanoparticles,® and thus surface processes will control
coalescence.

It has been recognized for some time that in nanoscale
systems, grain boundaries act as electron scatterers and increase
the resistivity of thin films and nanowires.”'* Crystallite size in
nanograined Au thin films has been shown to have a strong effect
on film resistivity, independent of film thickness, and annealing
improved the films’ electrical conductivity.” The presence of
grain boundaries has been shown to dominate the scatterin(g of
conduction electrons more than surfaces in nanoscale systems."***
This is particularly the case where the size of the grains is com-
parable to the electron mean free path length (10—100 nm for
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certain metals'*'*). Molecular dynamics simulations have also
shown that macroscopic sintering theory does not necessarily
apply to the coalescence of nanoparticles and that the faceted
nature of these particles may be a critical factor in the kinetics of
their coalescence.” Nonetheless, the electrical resistivity of a
nanowire or other such structure is a bulk property (the com-
bined effect of many grains). The effect of grain boundaries, and
their removal through annealing processes, is an important
aspect to understand the bottom-up fabrication of electrical
devices and their subsequent performance.

Clear definitions of the processes discussed in this manuscript
are required. We use the term coalescence to refer to the overall
particle growth, where the initial stages comprise the aggregation
of separate particles (without necessarily adopting the same
crystal orientation), followed by subsequent grain growth.

In this article, we report on a real-time in situ observation of
the coalescence of gold nanoparticles, which have been synthe-
sized in solution in a Fischer—Porter bottle reaction.'®™'* We
demonstrate the aggregation and subsequent grain growth of Au
nanoparticles using synchrotron small-angle X-ray scattering
(SAXS) and X-ray diffraction (XRD). These complementary
methods enable us to follow the initial process of nano-
particles joining together, followed by subsequent grain growth.
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Figure 1. Selected SAXS time series data (colored lines) and fits
(dashed lines) for a sample heated at 250 °C.

This enables a more complete description of nanocrystal coalescence
and shows that for optimal film formation, care must be taken in
the choice of annealing temperature and time.

B EXPERIMENTAL SECTION

Au nanoparticles were synthesized via a solution method in a
Fischer—Porter bottle as reported previously.'® The particles are capped
with oleylamine as a surfactant and suspended in toluene, and are highly
monodisperse with a diameter of 10 nm.

Synchrotron experiments were conducted at the Stanford Synchro-
tron Radiation Lightsource. The samples were prepared by placing S
drops of the colloidal Au nanoparticle suspension (22 g/L) on a
substrate (mica for SAXS and silicon wafer for XRD) and allowing the
solvent to evaporate in between each drop. This results in an average
coverage of approximately 200 layers of particles. SAXS was performed
at beamline 1—4 with an X-ray wavelength of 1.488 A and a sample—
detector distance of 2 m. The samples were measured in transmission
using a CCD detector, with collection times of 1 —2 min at the start of an
experiment, lengthening to S—10 min at the later stages. A custom built
furnace was used to heat each sample to a temperature between 150 and
350 °C (maximum heating rate ~40 °C min~ '), which was then held
constant while data were collected. SAXS data were fitted using
SAXSFit.***' XRD experiments were conducted at beamline 7—2 with
an X-ray wavelength of 0.775 A and a Vortex detector with 1 mrad Soller
slits for collimation of the diffracted beam (i.e., instrument resolution
~0.06° in 26). The samples were heated to 250 or 350 °C using an
Anton-Parr DS-950 heating stage (maximum heating rate ~40 °C
min~'). The measurements were conducted using a grazing incidence
(o0 = 0.2°) asymmetric Bragg geometry to increase the scattering
volume. Typical scan times were 8—9 min. Transmission electron
microscopy (TEM) was performed using a JEOL 2011 microscope with
a LaBg filament operated at 200 kV. Samples were prepared by putting
one drop of the toluene nanoparticle suspension onto a supported-
carbon TEM grid and allowing the solvent to evaporate under ambient
conditions.

B RESULTS AND DISCUSSION

Figure 1 shows SAXS data for a sample heated at 250 °C for
8 h. The initial SAXS pattern of the as-deposited nanoparticulate
film exhibits a sharp correlation peak at g = 0.45 nm ™. This
corresponds to a close packed arrangement of the highly mono-
disperse Au particles, shown by TEM in Figure 2. The average

Figure 2. TEM image of the as-prepared Au nanoparticles, showing a
close-packed arrangement.

particle spacing can be estimated from the peak position (277/qpea)
to be 14 nm. This is slightly larger than the size of the gold nano-
particles shown in the TEM image (Figure 2), which is consistent
with the presence of a surfactant shell around the particles
(10—12 nm in diameter).

As the film is heated, the initial peak moves to a slightly higher
g of 0.5 nm™" and broadens. Additionally a there is a rapid
development of a broad feature at lower g values. This corre-
sponds with aggregation of the particles.

The initial shift of the peak from 0.45 nm ™' to 0.5 nm ™'
corresponds to a decrease in the interparticle distance from 14 to
12 nm (the particle size without the surfactant). Melting or
desorption of the oleylamine exposes the surfaces of the particles,
and since they are closely packed, they quickly begin to interact
and aggregate. This process does not happen below 150 °C, as
evidenced by monitoring one sample for over 10 h at 150 °C and
observing no change in the shape, intensity, or position of the
correlation peak. Indeed, thermogravimetric analysis (Figure S1,
Supporting Information) shows that the oleylamine surfactant is
removed at temperatures above 165 °C.

The low Q, broader feature in SAXS was fitted using a local
monodisperse approximation hard sphere model,”® implemented
in the SAXSFit fitting program,”"** to obtain the mean aggregate
size as a function of time. This is shown in Figure 4a. The initial
increase in the aggregate size is rapid but slows over time as the
surface diffusion (driven by a reduction in nanoparticle
curvature) slows down. Satisfactory fits to the SAXS data could
only be obtained for later times, after the initial correlation peak
had disappeared. Once the local nanoparticle ordering is broken,
the local monodisperse approximation is valid for the coalescing
particle system.

SAXS has previously been used to study particle size changes
in Pt and Pt—Cu catalytic nanoparticles under electrochemical
conditions®>** with an average size resolution of less than 0.1 nm
in the average particle size. Thus, SAXS is a robust technique for
determining the average size of a nanoparticle ensemble.

Korgel et al.>® have also used SAXS to study the ordering of Ag
nanoparticle arrays as a function of temperature. In the initial
stages, distinct peaks are observed in the SAXS pattern corre-
sponding to face-centered cubic packing of the particles. As the
array is heated, changes are observed in the position and intensity
of these peaks, from which a mechanism for the melting
(disordering) of the array and subsequent coalescence of the
particles was inferred (although the development of the overall
aggregate size was not reported). Since we only observe one
correlation peak in our SAXS data (corresponding to the nearest

3313 dx.doi.org/10.1021/cm200354d |Chem. Mater. 2011, 23, 3312-3317



Chemistry of Materials

0.7

o
o

o
o

Normalised Intensity
o o o
G

o
-

o
o

26 [deg]

Figure 3. XRD time series for a sample heated at 250 °C.

particle—particle distance), our particles do not form arrays as
regular as those of Korgel et al.

As the gold nanoparticles are heated, the following processes
are expected to occur. First, stacking faults will anneal out of
individual nanoparticles; second (and possibly concurrently), the
nanoparticles will aggregate, and these aggregates will eventually
become single-grained particles. To follow these processes, XRD
patterns of the gold nanoparticles were recorded during heating,

The XRD data shown in Figure 3 represent a time series
collected while the sample was held at a temperature of 250 °C
for approximately 4 h. The Au (111) and (200) peaks were
monitored and were seen to start off as small broad peaks that
became sharper over time. Diffraction peaks are broadened by
finite crystallite size, lattice deformations (inhomogeneous
strain), and planar lattice defects. The most significant of these
in nanoparticles are usually crystallite size and planar defects.
Stacking faults are common planar defects in face-centered cubic
(fcc) metals and occur where the ABCABC packing of the atomic
layers is interrupted. Here A, B, and C are (111) atomic planes.
Deformation faults occur where one of the packing layers is
missing (e.g, ABCBCABC). Twin faults occur where there is a
reversal in the packing sequence (e.g., ABCBA). (Note that these
are referring to the arrangement of atoms within the individual
particles/grains, not the arrangement of the particles.) The
coherence length (the size of the coherently diffracting region)
is therefore limited by not only the crystallite size, but also the
number of crystal planes between faults (1/fault density). The
two effects can be deconvoluted by comparing multiple peaks
because deformation faults also cause the peak positions to be
shifted slightly depending on their hkl-index, and twin faults
cause certain peaks to be broadened more than others. The
contribution to the peak width from the fault densities can thus
be deconvoluted and the crystallite size obtained.

The effective coherence length, D.g is calculated using the
Scherrer equation®®

D — 17 (1)
4= fwhm(20)cos 0

where ¢ is a shape correction factor, normally 0.94 for cubic

crystals, A is the X-ray wavelength, fwhm(26) is the full-width-at-

half-maximum in radians, and 26 is the scattering angle. The
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Figure 4. Comparison of results obtained from the SAXS and XRD

experiments: (a) mean aggregate size, (b) deformation and twin fault
densities, and (c) crystallite size.

(26) over the course of annealing. The deformation fault density
ais calculated from Warren®® as follows:

—90+/30
A(20590 —260111)° = V3 <

72 2 4

tan 9200 + tan 0111) (2)
where A(20,00 — 26,,,)° is the difference in peak separation
compared to that expected for no faulting, and 20y is the
scattering angle for the (hkl) peak.

The deconvolution of D g was obtained from

2
% _ % . (1.50.2+ B) o 3)
off a

where a is the cubic lattice parameter, D is the crystallite size, and
B is the twin fault density. Cyyq is a numeric factor determined
from the reflection index (hkl), and has values (3(*/))/4 for the
(111) reflection and 1 for the (200) reflection. By considering the
(111) and (200) reflections together, and using o obtained from

eq 2, D and 3 can be obtained.

For systems following a Poisson size distribution, it is appro-
priate to use a simple linear deconvolution method to extract
D and f3, as given by Warren.”® However, for monodisperse
nanoscale systems such as that considered here, the linear
method yields erroneously high values for D.

Instead of considering a sum of linear components, we
considered summing the squares of each component; this is
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appropriate for systems with monodisperse crystallite size dis-
tributions. Thus, the two equations being deconvoluted become

1 1 3 (1sa+p)” 1
_— = — 4 —
Dyy>  D* 16 a Defr(200)*
1 (Lsa+p)’
B A

This yielded satisfactory values for both D and .

The deformation fault density o, twin fault density /3, and the
crystallite size D are plotted against time in Figure 4b and ¢,
respectively.

The deformation fault density o has an initial value of approxi-
mately 0.02 and decreases over time to a value of approximately
0.00S. The twin fault density 8 has an initial value of approxi-
mately 0.06S. Both o and /3 start to drop at about the same time
that the crystallite size starts to increase (see Figure 4).

The initial values of &t and 3 are consistent with literature
values for the stacking fault density expected for 10 nm multiply
twinned particles. Icosahedra and decahedra, both common
morphologies for small nanoparticles, are formed by arranging
triangular and/or square pyramids. Stacking faults occur at
boundaries between two triangular or two square pyramids,
whereas no fault occurs at the boundary between a triangular
and square pyramid.”” An icosahedron consists of 20 triangular
pyramids, with 12 vertices and 30 boundaries. A decahedron
consists of 10 triangular pyramids, with 7 vertices and 185 triangular—
triangular boundaries resulting in stacking faults. Therefore, the
icosahedron has twice the stacking fault density or probability of
a decahedron of the same size. For a 10 nm icosahedron, the
deformation fault density is reported as being 0.05.”® Experi-
ments on fcc Pd (particle diameter ~4 nm) yield values for
B between 0.12 and 0.15 (0 was assumed to be zero).*’
Experiments on annealed Au samples (S nm diameter particles)
give a value for (1.5a + f3) of 0.036,>° which is comparable with
our results. Therefore, the experimental values obtained are
consistent with the initial particles being heavily twinned, per-
haps decahedral, with these deformations mostly annealed out
over time. TEM shows evidence for at least some of the particles
being decahedral,'® but one must remember that TEM is a
localized observation, while XRD measures an ensemble average.

As can be seen by the different time dependencies of mean
aggregate size, fault densities and crystallite size (Figure 4), there are
different processes occurring with different rates. For example, the
two mean aggregate size curves at 300 and 320 °C approach a
plateau after approximately 150 and S0 min, respectively. However,
at a higher temperature (350 °C), the plots obtained from the XRD
measurements show that changes in the fault densities and the
crystallite size continue to evolve at longer times, up to 200 min.
Therefore, at the same temperature, the grains continue to grow
long after the aggregation of the particles is complete.

From the combined XRD, TEM, and SAXS data, it is possible
to build up a picture of the processes occurring in the gold
nanoparticles as they are heated. The mechanism of aggregation
and subsequent grain growth is shown schematically in Figure S.
In the initial stage, the particles form a close packed arrangement,
with the oleylamine surfactant acting as a spacer keeping the
particles apart.

Step 1: as the temperature rises above 165 °C, the oleylamine
capping molecules melt or desorb, and the particles begin to
aggregate as shown from the change in the SAXS data.

1. Initial aggregation
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Figure 5. Schematic diagram showing the mechanisms of coalescence.

Step 2 (between 15 and 100 min at 250 °C): the nanoparticles
begin to join together as shown by the change of the peak
position in the SAXS data. This likely begins with the formation
of necks between the particles and is driven by surface atom
diffusion to minimize the surface area.'”>" As aggregate growth
stops, the aggregate still consists of multiple grains. After this
time, the SAXS data change very little since the SAXS arises from
the total aggregate size. However, both the deformation and twin
fault densities start to decrease.

Step 3 (between 200 and 500 min at 250 °C): grain growth
continues, as observed in XRD from the changes in the Au (111)
and (200) peak widths and relative positions. The deformation
and twin fault densities continue to decrease.

The mechanism of overall particle aggregation (steps 1 and
2 above) agrees with Moon et al.*” Our results yield additional
insight into the grain growth behavior in addition to the particle
growth behavior, highlighting the fact that the grain growth stage
takes significantly longer than the particle aggregation stage.
Since it is the grain boundaries that affect electrical conduction,
this difference in annealing times required is important to take
into consideration when assembling nanoscale devices through
thermal annealing.

These results have implications for determining appropriate
temperature—time annealing profiles in the fabrication of nano-
scale devices from nanoparticles, in cases where a low-tempera-
ture (<<Tm,bu]k) thermal annealing process is used to induce
coalescence.'~>*? The results are also significant for indicating
the range of the thermal stabili?f of any devices made from nano-
crystals such as solar cells**** and magnetic storage media,*®
where the coalescence of particles is undesirable. Devices relying
on the properties of discrete nanoparticles need to be kept below
the temperature at which step 1 occurs. Some devices need to
operate with nanoparticles touching; in this case, they need to be
taken to step 2. However if step 3 starts to occur, then the
nanograin properties (i.e., quantum confinement) will be lost.
The exact temperatures will depend strongly on the metal
system, the surfactant system (if any), the substrate, and the
particle size. For example, 9—13 nm Co particles start to coalesce
between 100 and 200 °C, as evidenced by a drop in film
resistivity;>” Fe particles 19 nm in size start to coalesce above
277 °C (550 K);*® nanocrystalline Ni with 20 nm crystallites
exhibits an increase in crystallite size above 327 °C (600 K).* It
is also possible to induce the coalescence of small particles by
removing the surfactant through evaporation of the solvent,
rather than thermal desorption of the surfactant. This has been
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reported at room temperature for Ag particles 11 nm*’ and

16 nm™*! in size (with both studies showing dramatic drops in film
resistivity consistent with coalescence) and at solution tempera-
tures of 50 °C for Au particles 5—8 nm in size.”

Previous work on thermally induced coalescence of Au
nanoparticles generally relies on electron microscopy to obtain
information about particle size distributions.*”** Turba et al.**
studied Au nanoparticles deposited on GaN nanowires using
SEM and obtained an Arrhenius relationship for the nanoparticle
growth rate as a function of temperature. Meli and Green™
studied the thermal annealing behavior of S nm Au particles in
polymer films using TEM and inferred that particle growth at
150 °C progressed initially by Ostwald ripening and aggregation
(which they term coalescence), followed by aggregation. We do
not see any evidence for Ostwald ripening. In Ostwald ripening
the adatoms would be expected to adopt the same orientation as
the particle to which they attach, thus increasing the crystallite
size. However, in this work the crystallite size is constant during
steps 1—2 and only increases once the particles have mostly
coalesced. This may be due to the environment the particles are
in: our surfactant-coated particles are likely to be more mobile
than particles embedded in a polymer film, and therefore,
aggregation is the preferred mechanism in our case.

Coalescence in Au nanoparticles as a result of heating by the
electron beam has also been reported.**** Chen et al.**
reported a TEM study of Au particles of varying sizes (2.8—
4.8 nm diameter) and concluded that the coalescence me-
chanism was dominated by surface diffusion of atoms as
opposed to Ostwald ripening. They also noted differences
based on the surfactant system used. Ristau et al.** reported a
TEM study of particles that were subjected to both thermal
heating and electron beam heating to induce coalescence.
They concluded that while the two processes were similar, the
heating rate used in the thermal study had a significant effect
on the sintering behavior (coarsening vs densification). One
conclusion that can be drawn from these studies is that
extreme care is needed when performing in situ TEM, or
indeed, even when capturing images, since only low electron
doses can result in coalescence.

B CONCLUSIONS

In summary, the processes of aggregation of surfactant stabi-
lized, highly twinned gold nanoparticles and the subsequent grain
growth have been followed in real time using synchrotron XRD
and SAXS. Through the use of these complementary techniques,
our work has elucidated a more complete picture of the
coalescence mechanism of metal nanocrystals by following both
the particle and crystallite size dynamics. SAXS data show that
initial heating of the nanocrystals causes them to aggregate and
join together as capping ligands melt or desorb. In later stages at
higher temperature and longer times, crystal grain growth and a
reduction in the fault densities are observed by XRD. These
results are of critical importance for the use of thermally
coalesced metal nanocrystals in micro- and nanosized electrical
devices: the time scales required for the crystallite sizes to nearly
equilibrate are considerably longer than those required for the
initial aggregation of the particles. This suggests that when
annealing these nanoparticles, there will be a conductivity onset
after the initial aggregation (the beginning of step 1 in Figure S)
but that the conductivity will continue to increase until grain
growth slows (Figure S, step 2).
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