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Substrate controlled thermal transport governs
coalescence, disordering, and liquid-like
transitions in gold nanoparticles

Abid Zulfiqar,a Mari Honkanen,b Minnamari Vippola*a,b and Nonappa *a

Gold nanoparticles (AuNPs) exhibit dynamic structural evolution under external stimuli, yet how substrate-

mediated heat dissipation governs inter-particle interactions and phase behaviour during electron beam

irradiation remains not fully understood. Here, we combine in situ transmission electron microscopy with

COMSOL Multiphysics simulations to elucidate the roles of substrate thickness and surface chemistry in

regulating the nanoscale sintering dynamics of a pair of AuNPs on silicon nitride (SiN) substrates. We show

that electron beam-induced heating drives a competition between diffusion-mediated coalescence,

structural disordering, and transition from a crystalline state to a highly disordered state exhibiting charac-

teristics consistent with a melting-like transformation, dictated by substrate-controlled thermal transport.

On thin (10 nm) SiN substrates, efficient heat dissipation stabilizes the crystalline phases of nanoparticles,

promoting gradual neck formation, lattice reconstruction and the emergence of multi-twinned, rod-like

structures with a delayed melting-like transformation. In contrast, thicker SiN (40–50 nm) substrates

enhance local heat accumulation, accelerating coalescence while simultaneously inducing structural dis-

order and phase transitions. Plasma treatment further modulates interfacial thermal resistance, thereby

governing local thermal transport and affecting nanoparticle transformation. COMSOL Multiphysics simu-

lations reveal that increasing SiN thickness suppresses plasmonic near-field enhancement while amplify-

ing beam-induced thermal deposition. On the other hand, thinner substrates favour localized energy dis-

sipation and structural stability. Overall, these results suggest that substrate thermal properties and heat

transport at particle–substrate interfaces are key parameters governing electron beam irradiation-driven

nanoparticle dynamics.

1. Introduction

Gold nanoparticles (AuNPs) represent one of the most
widely studied nanomaterials due to their chemical stability,
biocompatibility, and size- and shape-dependent opto-
electronic properties.1–5 Because of their high surface-to-
volume ratio and tunable plasmonic response, AuNPs have
emerged as important candidates in catalysis, nanoelectro-
nics, sensing, imaging, photothermal therapy and energy
harvesting.6–10 However, the performance of NPs is deter-
mined not only by their initial size and shape, but also how
their structure evolves dynamically under given environ-
mental conditions.2,11–18 Importantly, AuNPs undergo
atomic diffusion, coalescence, repulsion, surface reconstruc-
tion, structural transformation, phase transition and
melting when exposed to external stimuli such as thermal

activation, mechanical stress, reactive gas or liquid, and
electron beam irradiation.15,19–21 Such nanoscale dynamics
play an important role in determining the efficacy and stabi-
lity of AuNPs, thereby directly influencing their perform-
ances. More importantly, when two NPs are placed in proxi-
mity, their dynamics become even more complex compared
to that of isolated NPs as inter-particle interactions couple
the local structure to heat and mass transport.
Understanding these dynamics in real-time is crucial for
optimizing the nanoparticle structure for applications in
nanotechnology and advanced materials.

Transmission electron microscopy (TEM), especially in situ
TEM, provides a unique opportunity to monitor such nano-
scale dynamics and structural transformations in real time
with high spatial and temporal resolution.16,18,22–25 At the
same time, in TEM, a high energy electron beam undergoes
elastic and inelastic scattering upon interacting with NPs,
resulting in charging, ionization, and atomic displace-
ment.16,26–28 These events cause energy deposition, structural
transformation, atomic structure defects and disorders.16,21,28–30

Coalescence is one of the most frequently observed processes
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between neighbouring metal NPs under electron beam
irradiation and thermal heating.15,24,31–35 Coalescence is a
thermally activated process, driven by the reduction of the
surface and interfacial energy of neighbouring NPs due to
their higher surface area-to-volume ratio.36 However, in solid
state coalescence, mass transport is typically dominated by
surface and interfacial diffusion depending on the inter-par-
ticle distance, electron beam dose rate, interfacial adhesion,
chemical nature of the support material, and surrounding
medium.15,35,37,38 During continuous irradiation of the elec-
tron beam, inelastic scattering leads to an increase in local
temperature which further enhances atomic vibrations and
mobility in the coalesced structure, consequently promoting
structure reconstruction, surface disorder and defects or phase
transition.21,39 At sufficiently high local energy input, the same
irradiation conditions that promote sintering can also destabi-
lize the particle structure and drive melting-like transform-
ation.40–42 This results in a competition between two linked
processes, one tending toward particle merger and interfacial
energy reduction, and the other toward structural softening,
disordering and phase instability. Understanding how this
competition evolves in real time is crucial for interpreting elec-
tron beam irradiation driven nanoscale dynamics in NPs. The
outcome of this competition depends strongly on the support-
ing substrates in TEM grids on which the NPs are deposited.

For nanoparticles deposited on TEM grids, the substrate
regulates adhesion, interfacial mass transport and, impor-
tantly, the dissipation of beam-deposited energy. The steady-
state temperature reached upon irradiation of nanoparticles is
therefore not an intrinsic property of the nanoparticles alone,
but a combination of the electron beam dose rate, particle geo-
metry, nanoparticle–substrate contact and the thermal pro-
perties of the substrate.21 Furthermore, the surface chemistry
and thickness of the substrate are critical as they determine
interfacial thermal resistance and the efficiency with which
heat is dissipated from the nanoparticle. The impact of local
heating is usually disregarded when considering a conductive
solid support in TEM. However, the influence of non-conduc-
tive substrates such as silicon nitride (SiN) is more significant
under electron beam irradiation-induced local heating vari-
ations due to restricted heat dissipation. SiN is a common
support membrane for microelectromechanical systems
(MEMS) chip-based in situ heating experiments and liquid-cell
TEM imaging.43,44 Although SiN is widely used because of its
mechanical robustness, thermal stability and chemical resis-
tance,45 it has limited thermal conductivity compared with
conductive supports such as carbon. Therefore, the SiN sub-
strate can substantially modify local beam-induced heating
and thereby regulate or alter nanoscale transformation path-
ways. It is, therefore, crucial to observe the influence of the
SiN substrate on the nanoscale dynamics of NPs placed in
proximity under electron beam irradiation.

Several experimental and theoretical studies have shown
that electron beam irradiation can produce substantial local
heating depending on the dose rate, beam energy, nano-
particle size, substrate properties and nanoparticle–substrate

contact. For example, parallel-beam electron diffraction has
been used to monitor sample temperature in TEM,46 while
temperature increases have also been inferred from phase
transitions such as melting of indium47 and AuCu ordering.48

Furthermore, thermally induced lattice expansion in silver NPs
has been reported using selected-area electron diffraction
measurement.49 Zhang et al. investigated the decomposition
of silver nitride particles on graphitic carbon nitride under a
300 keV electron beam and estimated a temperature increase
of more than 100 K using experiments and semiquantitative
analysis.50 Liu et al. used a similar approach and reported a
temperature of approximately 340 °C in cadmium sulfide
(CdS) nanocrystals under 1.2 MeV irradiation at a current
density of 4000 A m�2 and a beam radius of 6 µm.51 In free-
standing single-crystalline Si nanowires, a highly focused TEM
beam can raise the temperature to 1000 K at current densities
of 105–106 A m�2, leading to Si atom vaporization.52 Gryaznov
et al. also evaluated beam-induced temperature rise by consid-
ering parameters such as nanoparticle size, beam intensity
and NP–substrate contact area, concluding that nanoparticle
temperatures may increase by several hundred degrees.42

Asoro et al. further assessed the actual temperature of individ-
ual AgNPs under electron beam heating using sublimation
kinetics from isothermal experiments.23 Monte Carlo simu-
lations by Lee et al. showed that an incident electron transfers
an average of 12.9 eV every 2 ns to free-standing 7 nm AuNPs
at 300 keV.39 Kryshtal et al. reported a linear increase in temp-
erature in Au–Ge on SiN with current density, reaching 25 K at
1.8 × 106 A m�2,41 while aluminium–silicon alloy NPs were
found to reach 190 °C at 200 keV under a current density of
17.6 × 104 A m�2.40 These studies collectively show that beam-
induced heating depends strongly on substrate conductivity
and NP–substrate contact area. For example, the temperature
of Au on the carbon substrate can approach the bulk melting
point at interfacial thermal conductance values of 1 and 0.35
MW m�2 K�1.39 Egerton et al. further noted that even low
beam current densities may melt materials with low thermal
conductivity (0.2–2 W m�1 K�1).16

Previously, we reported the effect of prolonged electron
beam irradiation on the sintering behaviour of AuNPs with
varying particle sizes on the carbon substrate.15 We have
shown that, depending on the particle size, inter-particle dis-
tance and electron beam dose rate, the AuNPs underwent
coalescence, structural transformation, repulsion and sequen-
tial attraction–repulsion. More recently, we have reported the
impact of electron beam-induced heating on individual AuNPs
in relation to the SiN substrate thickness and surface treat-
ment.21 We have demonstrated that variation in substrate
thickness and plasma treatment of the substrate significantly
modified effective thermal resistance, leading to substantial
differences in nanoparticle structural stability and phase tran-
sition under identical electron beam conditions. Continuous
irradiation at 1.2 × 105 e� Å�2 s�1 and 200 keV can raise the
temperature of isolated crystalline AuNPs on SiN by several
hundred degrees, thereby transforming them into a highly dis-
ordered state via a melting-like transformation. Our previous
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work established the influence of substrate properties under
electron beam irradiation-induced loss of crystalline order and
local energy dissipation using combined in situ TEM obser-
vations and thermal simulations. However, the isolated-par-
ticle geometry did not permit investigation of inter-particle
interactions and coalescence processes. In contrast, the
present study focuses on paired AuNPs, enabling direct exam-
ination of how substrate-mediated energy dissipation influ-
ences nanoparticle coalescence, structural evolution and elec-
tron beam irradiation-induced transformations. Furthermore,
by combining in situ TEM observations with electromagnetic
coupling simulations, we reveal the role of inter-particle
spacing on local field localization and the formation of rod-
like multi-twinned structures during coalescence. These fea-
tures represent the primary distinctions and advances beyond
our previous report on the dynamics of isolated gold
nanoparticles.

More specifically, in this work, we investigated the nano-
scale sintering dynamics of closely spaced AuNPs on SiN sub-
strates with thicknesses of 10, 40 and 50 nm. We show that
prolonged electron beam irradiation, through local heating
and thermal transport, accelerates sintering, structural trans-
formation and phase transition in closely placed AuNPs sup-
ported on SiN. Our observations further reveal that thicker SiN
enhances heat deposition around the NPs, whereas plasma-
treated SiN (P-SiN) improves heat dissipation, offering routes
to control structural transformation and nanoscale dynamics.
Our results show that beam-induced dynamic behaviour,
including structural transition, can be regulated through sub-
strate thickness and surface chemistry. Complementary
COMSOL Multiphysics simulations indicate that thicker SiN
reduces near-field enhancement owing to its greater scattering
and absorption of plasmonic energy, while simultaneously
increasing electron beam-induced heat deposition and pro-
moting nanoparticle destabilization. In contrast, thinner SiN
amplifies near-field enhancement because of reduced electro-
magnetic field confinement and facilitates localized heat dissi-
pation, thereby hindering structural transition.

2. Experimental section
2.1 General methods and materials

The aqueous dispersion of citrate capped AuNPs (d �12.8 ±
2.0 nm) with a concentration of 6 × 1012 particles per mL and
an optical density of 1.0 was purchased from Sigma Aldrich.
TEM grids with SiN support films of thicknesses 10 and 50 nm
for in situ TEM imaging were acquired from Micro to Nano.
For in situ thermal heating experiments, MEMS chips with
40 nm thick SiN support films were obtained from Protochips.

2.2 Specimen preparation

The original solutions of citrate stabilized AuNPs were diluted
with Milli-Q Type I water in a 1 : 1 (v/v) ratio followed by ultra-
sonication for 30 min. The plasma treatment of the substrates
was performed under an argon atmosphere by subjecting to

glow discharge for 2 min at a 10 mA current and 50 mm
working distance under vacuum using a Leica electron micro-
scope ACE600 sputter coater. Accordingly, the plasma treated
SiN substrates were denoted as P-SiN and non-treated SiN as
non-P-SiN. The specimens for TEM imaging were prepared by
drop casting 2.0 �L of diluted AuNP solution onto the TEM
grids followed by drying in the dark under ambient conditions
for 24 h.

2.3 In situ TEM imaging and data analyses

In situ dynamics of AuNPs were studied using a JEOL
JEM-F200 scanning/TEM equipped with a Gatan OneView
camera system at 200 kV. The single-tilt holder from JEOL was
used for TEM imaging using 10 and 50 nm thick SiN sub-
strates. The Fusion heating holder from Protochips was uti-
lized for 40 nm thick SiN heating chips. The electron dose rate
was controlled by adjusting the beam current using the spot
size and condenser lens aperture. The electron dose rate was
calculated using our previous approach,15 where the electron
beam current was measured using a Faraday cup connected to
the TEM column. In situ TEM images with 2k resolution were
acquired using Gatan DigitalMicrograph (DM), and the screen
movies were recorded using Faststone Capture with 5 frames
per second. The data were analysed using ImageJ and Gatan
DM software including contrast adjustment and noise
reduction in ImageJ.

2.4 COMSOL Multiphysics simulations

COMSOL Multiphysics based simulations were implemented
to study plasmon coupling for near-field enhancement in
normal incidence and 2-D temperature distribution in closely
placed 10 nm AuNPs on the SiN substrate with varying thick-
nesses. For plasmon coupling, a finite element modeling
framework was used to numerically solve Maxwell’s frequency
dependent electromagnetic wave equation. For the full-field
solution, an infinite 2-D array was approximated by introdu-
cing periodic boundary conditions and a perfectly matched
layer on the top and bottom boundaries, with the electromag-
netic inlet wave at the top and the exit at the bottom part of
the unit cell. A detailed description of the simulation geome-
try, optical parameters, boundary conditions, and mesh set-
tings is provided in the SI. For 2-D temperature distribution
analyses, the simulations were performed as established in our
previous study.21 A comprehensive description of the COMSOL
simulation methodology, including the model geometry, gov-
erning equations, boundary conditions, volumetric heat
source calculations, material parameters, optical constants,
interfacial thermal assumptions, and mesh convergence ana-
lysis is provided in the SI.

3. Results and discussion

We have used AuNPs stabilized in citrate buffer with an
average size of 12.8 ± 2.0 nm, measured using Gaussian distri-
bution analysis with a bin width of 0.8 nm (Fig. S1a and b).
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The high-resolution TEM images reveal a face-centred cubic
(FCC) structure in AuNPs, with the lattice spacing d �0.23 nm
(Fig. S1c and d). In situ nanoscale dynamics of AuNPs were
studied under continuous electron beam irradiation on amor-
phous P-SiN and non-P-SiN support membranes with thick-
nesses of 10, 40 and 50 nm. In our previous study, electron
beam-induced morphological changes and phase transition in
isolated AuNPs showed strong dependence on the substrate
thickness and surface treatment of SiN substrates.21 We
hypothesized that the observed dynamic behaviour can also
affect the sintering and structural dynamics between neigh-
boring or coalesced AuNPs. Accordingly, we investigated
the dynamic behaviour in closely placed pairs of AuNPs on
P-SiN and non-P-SiN substrates of varying thicknesses
under continuous electron beam irradiation at a dose rate of
6.6 × 104 e� Å�2 s�1.

3.1 Dynamics of AuNPs on 10 nm P-SiN substrates

First, we discuss the dynamic behaviour of crystalline AuNPs
on a 10 nm thick P-SiN substrate (Fig. 1). Under electron beam
irradiation, a pair of spherical AuNPs (diameter d �10.8 nm)

separated by an inter-particle (edge-to-edge) distance of 2.1 nm
underwent atomic diffusion-mediated attraction and partial
coalescence without any transition to a melting-like transform-
ation state (Fig. 1a). At the beginning (�1 min), both AuNPs
displayed multi-twinned structures and strong surface
adhesion. After �52 min, NPs transformed into faceted struc-
tures because of atomic redistribution driven by radiation-
induced stresses and lattice shear.15,39 At the same time, elec-
tron beam interactions reduced the inter-particle distance to
0.9 nm due to diffusion-assisted attractive interaction between
NPs driven by charges generated on the nanoparticle surfaces
during elastic and inelastic interactions (Fig. S2a). With an
additional �2 min exposure, enhanced atomic diffusion from
particle 1 (bottom) to particle 2 (top) became evident as high-
lighted using the corresponding inverse fast Fourier transform
(IFFT) pattern. The diffusion of the NPs is attributed to their
coupled plasmon modes, which can localize and enhance the
electromagnetic field at the inter-particle junction through the
hybridization of the individual particles’ plasmon mode.53 It is
governed by the chemical potential difference, resulting in
neck formation through (111) lattice planes to minimize the

Fig. 1 Selected snapshots from TEM images showing coalescence and repulsion of AuNPs deposited on a 10 nm thick P-SiN substrate under con-
tinuous electron beam irradiation with an electron dose rate of 6.6 × 104 e� Å�2 s�1. Coalescence of a pair of AuNPs with an approximately spherical
shape at an inter-particle distance of (a) �2.1 nm showing a rod-like coalesced structure in �70 min, and (b) �0.4 nm showing an approximately
spherical coalesced structure in �62 min. (c) Attraction–repulsion of two AuNPs at inter-particle distances of �2.4 and �0.3 nm at 0 and 16 min,
respectively. Insets in (a–c) highlight the (111) planes at the interface with IFFT patterns of the corresponding regions, respectively. The yellow and
white arrows show amorphous edges and holes in the 10 nm thick P-SiN substrate, respectively. Black dotted lines display the inter-particle distance.
The scale bars in (a–c) correspond to 5 nm.
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chemical potential based on the Gibbs–Thomson effect, result-
ing in reduced surface energy.54,55 Initially, during the atomic
diffusion, chains of Au atoms exhibited �12.49° inter-particle
lattice plane mismatch with a twin boundary at the particle 2
surface due to the lack of sufficient long-range ordering forces
(Fig. S2b). Further irradiation for 12 s increased the lattice mis-
match to �42.58° with particle 2, indicating additional contri-
butions from atomic diffusion and redistribution at the inter-
face region which resulted in neck growth. Consequently, the
neck widened to �4.5 nm within the next �15 s. As coalesc-
ence progressed, the neck reconstruction further increased the
lattice mismatch to �44.4° at the interface twin boundary
between the neck and particle 2 (Fig. S2c). The atomic redistri-
bution due to the thermodynamic and kinetic effects of struc-
ture reconstruction transformed the nascent twin boundaries
in the coalesced structure into a five-fold twinned structure
within further �9 min of irradiation, highlighting the structure
growth mechanism. By 70 min, the structure further evolved
into a rod-like shape with multi-twinned boundaries. The for-
mation of a rod-like, incomplete coalesced structure is gov-
erned by the reduction of surface energy via atomic diffusion
across the interface.

During the exposure of the focused electron beam, surface
roughening at the edges of the coalesced structure was observed
(as shown using yellow arrows in Fig. 1a and S2a). This suggests
a surface transition to a highly disordered state consistent with
a melting-like transformation without propagating into the core
of the particles. The length of the structure reduced from 21.1
to 18.7 nm after �16 min of coalescence initiation. During this
time the surface transition into a crystalline phase was associ-
ated with the structure reconstruction due to atomic diffusion.
The absence of the liquid-like phase in the entire coalesced
structure can be attributed to the large inter-particle distance,
coalescence, structure growth and reconstruction, retaining the
crystallinity of the coalesced structure under prolonged
irradiation. When the inter-particle distance is large enough, a
significant portion of the energy provided by the electron beam
is used for the diffusion of NPs across the surface by creating
induced charges and attractive forces, thereby overcoming the
inter-particle distance and enabling coalescence. Additionally,
the rod-like structure is more stable than individual particles
due to its large size and thin carbon layer around it, which
further contributes to its structural stability and resistance to
complete deformation or phase transformation.56 The pro-
longed electron beam exposure may eventually induce a highly
disordered melting-like transformation in a crystalline coa-
lesced structure. However, the elastic interactions of the elec-
trons with the substrate led to beam-induced sputtering of the
thin SiN substrate, limiting prolonged observation of the tran-
sition dynamics in the coalesced structure (white arrows in
Fig. 1a indicate the sputtering of SiN).

To avoid the sputtering in the thin SiN substrate within the
observed time, we studied the coalescence of a pair of AuNPs
at a shorter inter-particle distance (�0.4 nm) with d values of
�10.6 (left) and 11.5 nm (right) deposited on a 10 nm thick
P-SiN substrate (Fig. 1b). Two AuNPs displayed a connection

with (111) planes at the interface region within �2.5 min
because of the atomic diffusion from particle 1 (right) to par-
ticle 2 (left). The irradiation for further �1.5 min resulted in a
6 nm neck width and formation of a twin boundary with par-
ticle 2 due to its multi-twinned structure. The coalesced struc-
ture attained a rod-shaped morphology within �9 min by
growing through a formation of a five-fold twinned structure
(Fig. S2d). The reconstruction of the coalesced structure with a
five-fold twin axis at the onset of surface transition was
observed for �49 min. This behaviour is attributed to atomic
diffusion to reduce surface energy, resulting in material loss
due to inelastic collisions with the electron beam.50 After
�62 min, the coalesced structure further transformed into a
nearly spherical particle, still retaining a five-fold twin struc-
ture. Coalescence in coupled AuNPs at a shorter distance effec-
tively utilizes the transferred energy from the electron beam to
coalesce and reconstruct the structure, whereas at a larger
inter-particle distance, a part of the energy is consumed in par-
ticle structure transformation and in overcoming the inter-par-
ticle distance caused by the diffusion of particles. At a shorter
inter-particle distance, the rotation, reconstruction, and the
decrease in the size of the coalesced structure are more promi-
nent compared to those at a longer inter-particle distance,
resulting in reconstruction and surface transition with the
amorphous edges (highlighted with yellow arrows in Fig. 1b).

In another example, we present sequential attractive and
repulsive forces on a 10 nm thick P-SiN substrate between a
pair of AuNPs with d �12 (left) and 10.5 nm (right) (Fig. 1c). At
the beginning, the AuNPs at an inter-particle distance of
�2.4 nm showed multi-twinned structures. After �9 min, elec-
tron beam irradiation triggered lattice plane alignment due to
atomic redistribution near the interface region following an
oriented attachment mechanism. The inset shows a perfect
alignment of the (111) lattice planes between the particles at
an inter-particle distance of 1.2 nm, contributing to the domi-
nant attractive forces between the NPs. Further irradiation for
�7 min initiated morphological changes due to induced struc-
tural defects. Furthermore, the atomic redistribution during
the structural transition under the electron beam irradiation
caused a (111) lattice plane mismatch at an inter-particle dis-
tance of 0.3 nm, as shown in the corresponding IFFT patterns.
Structural defects and lattice mismatch dominated the repul-
sive forces between the NPs. This is attributed to electron dose
rate, initial inter-particle distance, particle sizes and struc-
tures, and charge dynamics under prolonged electron beam
irradiation. During the repulsive phase of electrostatic forces,
the inter-particle distance was increased from 0.3 nm to
5.1 nm within further �55 min at �0.09 nm min�1 rate of
repulsion, which is in good agreement with our earlier obser-
vations for approximately the same size of particles at a com-
parable electron dose rate on a 30 nm thick amorphous
carbon substrate.15 Additionally, structure transformation in
both particles to twinned decahedral with amorphous edges,
shape perturbations, twin boundaries, and rotation of individ-
ual NPs were observed on a 10 nm thick P-SiN substrate,
associated with structural transition dynamics.15,39
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3.2 E�ect of P-SiN substrate thickness on nanoscale dynamics

To evaluate the effect of substrate thickness, we investigated
structural and phase transition dynamic behaviour in closely
spaced AuNPs on P-SiN substrates with varying thicknesses
under continuous electron beam irradiation at a dose rate of
6.6 × 104 e� Å�2 s�1 (Fig. 2). First, we studied a pair of AuNPs

on a 10 nm-thick P-SiN substrate, separated by an inter-particle
distance of 1.1 nm, which showed structural changes and
phase-transition dynamics without coalescence or repulsion
(Fig. 2a, b and Movie S1), likely due to strong surface adhesion
and differences in particle shapes and structures. Under elec-
tron beam irradiation conditions, the left particle (d
�10.7 nm) was spherical, whereas the right particle (d

Fig. 2 Selected snapshots of TEM images and corresponding FFT patterns showing coalescence and structural transition dynamics of AuNPs on
P-SiN substrates with varying thicknesses under a continuous electron beam dose rate of 6.6 × 104 e� Å�2 s�1 at di�erent time intervals. (a and b)
Structural transition behaviour and corresponding FFT patterns of two approximately spherical (left) and faceted (right) particles at 0.8 min on a
10 nm thick P-SiN substrate. By 23.3 min, the surface transition in the right particle continues around the edges and propagates toward the core
region. Within 31.1 min, the right particle transforms to a partial liquid state, which completely transforms into a liquid form in 55.3 min, along with
surface roughness at the edges in the left particle at this stage. By 73.3 min, a partial liquid state is also reached in the left particle with a solid core
and a liquid shell. (c and d) Coalescence and structural transition behaviour with the corresponding FFT patterns of two approximately spherical par-
ticles on a 40 nm thick P-SiN substrate. By 3 min, the particles undergo coalescence through (111) plane formation at the neck region. Within
18.8 min, the non-uniform surface transition into a liquid state initiates at the edges of the coalesced structure, which further propagates toward the
centre of the structure, resulting in a solid–liquid phase in 43.3 min. By 51.5 min, the structure retains the solid core with {111} lattice planes on the
left side. The boxes and yellow arrows show selected FFT patterns and amorphous regions at the edges, respectively. The scale bars in (a and c)
correspond to 5 nm.
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�12.2 nm) revealed prominent {110}, {100}, and {111} facets at
�1 min. Within 6 min, the inelastic collision of the electron
beam with the right particle initiated a surface transition at
energetically unfavourable facets such as {110} and {100},
thereby promoting a structural transformation into a twinned
structure (Fig. S3a). Before the onset of surface transition in
the right particle, the inter-particle distance remained
unchanged due to structural and morphological differences
between the particles which prevented coalescence despite
their proximity. The non-uniform surface transition into a
highly disordered state with melting-like characteristics in the
right particle was more pronounced upon irradiation for an
additional �17 min. The transition included edges that under-
went substantial amorphization, which progressively extended
toward the core region. During this stage, the surface tran-
sition in the right particle further restricted the particle
diffusion and coalescence. At �31 min, the solid structure in
the right particle revealed a transition to a solid to liquid-like
phase, highlighting {111} planes in the core region and a
liquid shell around it. The same particle at �51 min showed a
complete transition into a highly disordered state with
melting-like characteristics (Fig. S3b). The prior structural
transition in the right particle emphasizes the impact of
surface facets toward the particle instability. Rather interest-
ingly, the left particle adopted morphological changes, with no
significant transition from the solid to liquid-like state until
�51 min. By �55 min, the localized heating induced amor-
phous edges in the left particle, emphasizing the transform-
ation into a solid to highly disordered structure. Further
exposure for �18 min propagated the amorphous phase
toward the core region, revealing a solid to liquid-like state
with {220}, {200}, and {111} planes at the core region sur-
rounded by an amorphous liquid-like shell. The complete tran-
sition of the left particle into a liquid state was observed at
�74 min (Fig. S3c). This observation describes the non-
uniform electron beam-induced structural and phase tran-
sition dynamics in closely placed AuNPs on a 10 nm thick
P-SiN substrate in relation to surface facets, thermal gradients,
and structural disparities. The distinct phase transition behav-
iour of NPs emphasizes the complexity of particle–particle
interactions and the mechanisms governing transition
dynamics in NPs. Furthermore, the complete transition into a
liquid state in both NPs indicated that the transferred energy
by the electron beam was effectively used for the nanoparticle
phase transition.

To further evaluate the impact of substrate thickness, we
studied the dynamics of AuNPs with d �12.0 (left) and
10.9 nm (right) at an inter-particle distance of �0.4 nm de-
posited on a 40 nm thick P-SiN substrate (Fig. 2c, d and Movie
S2). The AuNPs underwent coalescence through a neck for-
mation within 40 s of electron beam irradiation. At the begin-
ning of coalescence (�3 min), the neck grew to 6.5 nm in
width, creating a connection between multi-twinned NPs. The
corresponding FFT pattern acquired from the neck region
exhibited multiple reflections, including the Au{111} plane,
which is consistent with its involvement in the attachment

process. The observed additional reflections likely originated
from neighboring crystalline domains within the coalesced
multi-twinned particle. The neck further developed to 8.5 nm
in �9 min by forming a rod-like structure with incomplete
coalescence, suggesting the diffusion of surface atoms toward
the interface region (Fig. S3d). Within �19 min, the edges of
the coalesced structure turned amorphous, highlighting the
structural transition. By �43 min, the non-uniform phase tran-
sition propagated toward the core region and transformed
from a solid to a highly disordered phase, where the right side
of the structure entirely transformed into an amorphous-like
phase. Additionally, during this time, the phase transition at
the neck region of the structure was also observed. The non-
uniform surface roughening and phase transition throughout
the structure emphasizes the limited atomic redistribution
and structural reconstruction. Furthermore, a solid core along
the {111} atomic planes on the left side of the structure
remained intact with the amorphous surface. With the
additional exposure of �8 min, the {111} atomic planes per-
sisted on the left side of the structure, as shown in the corres-
ponding FFT pattern. By 53 min, the entire coalesced structure
underwent a phase transition, developing highly disordered
melting-like characteristics, with the complete loss of the
atomic lattice pattern (Fig. S3e). The sequential transformation
of a solid coalesced structure into a liquid state in a shorter
time emphasizes the influence of higher substrate thickness
due to enhanced localized heating in comparison with that for
a 10 nm thick P-SiN substrate, with the phase transition
initiated at the structure’s edges and progressing to the crystal-
line core.

In another experiment, we studied a pair of AuNPs with d
�10.7 nm at an inter-particle distance of �1.8 nm on a 50 nm
thick P-SiN substrate (Fig. S4 and Movie S3). It has previously
been reported that similar particle sizes may coalesce under
continuous electron beam irradiation even at a longer inter-
particle distance with a comparable electron dose rate, i.e.,
3.4 nm when observed on a carbon substrate.15 Initially at
�1 min, both AuNPs showed crystalline edges and cores,
corresponding to the {111} lattice planes. After �11 min, the
electron beam initiated the loss of the atomic structure at the
edges of both NPs without affecting the inter-particle distance,
indicating a surface transition and lack of coalescence. The
particle surface transitions extended progressively from the
edges toward the core until 42 min, coinciding with the loss of
the atomic structure. However, the particle cores remained
solid surrounded by amorphous shells due to the short experi-
mental time (42 min). Furthermore, rotation of both particles
induced periodic reorientation of the core region, switching
the crystal plane from {111} to {200} and vice versa at different
time intervals, as evidenced by the corresponding FFT pat-
terns. The highly disordered matrix in both particles interacted
due to its diffusion over the substrate around their vicinity,
noticeable between and around the particles with a change in
the image contrast within 42 min. Based on our observations,
we suggest that exposure of both particles for a few more
minutes may have led to complete transformation into liquid-
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like states. The observed decrease in time from 74 to 53 min
when increasing the thickness from 10 to 40 nm or a higher
difference when considering a 50 nm thick SiN substrate was
also impacted by the structural disparity of the particles. This
difference in time for the structural transition is apparently
due to enhanced localized heat accumulation, which destabi-
lizes NPs on thick substrates. On the other hand, thin sub-
strates delay structural transitions due to more efficient heat
dissipation.

It is well known that the radiation damage of the material
also depends on the electron beam dose rate.16 To establish a
relationship between the electron dose rate and closely placed
AuNPs’ sintering and phase transition, we evaluated the dynamic
variations in a pair of AuNPs on a 40 nm thick P-SiN substrate at
a relatively low electron dose rate of 7.6 × 103 e� Å�2 s�1 (Fig. S5).
Both AuNPs underwent coalescence accompanied by {111}
neck formation, structural reconstruction and growth without
substantial permanent structural transition or amorphization.
The coalesced structure retains its crystalline integrity, with
minimal atomic diffusion leading to well-defined interfaces
and limited atomic redistribution in the overall morphology.
This behaviour suggests that the dose rate of the electron
beam significantly impacts structural transition dynamics. At
higher dose rates, the energy deposition per unit time is
higher, resulting in rapid localized heating and rapid struc-
tural transition onset. This intense energy input reduces the
particle’s ability to dissipate heat, leading to faster propagation
of the molten phase. However, at lower dose rates, the energy
input is more gradual, allowing for partial heat dissipation
and slower structural changes. This also highlights the stabi-
lity of the coalesced structure under low thermally induced
stresses, where the thermal energy input is sufficient for struc-
tural rearrangement but insufficient to induce extensive struc-
tural transition or amorphization during the observed time
interval.

3.3 Dynamic behaviour of AuNPs on non-P-SiN substrates

Plasma treatment modifies the surface by introducing reac-
tive functional groups, which change its chemistry, rough-
ness, and energy.57 This increases contact with the deposited
NPs, improves interfacial adhesion, and enhances heat dissi-
pation through the substrate, resulting in low electron beam-
induced temperature on the surface of nanoparticles. In con-
trast, pristine non-P-SiN provides weaker thermal coupling
with NPs, leading to faster dynamics changes and phase
transitions due to surface hotspot formation. Understanding
how surface chemistry affects nearby NPs under continuous
electron beam irradiation is therefore essential for assessing
heat generation at nanoparticle surfaces and between par-
ticles. These comparisons provide the key role of substrate
treatment in controlling particle behaviour for applications
in catalysis, electron microscopy, and materials science.
Accordingly, we studied the dynamic behaviour of a pair of
AuNPs with d �10.4 (left) and �13.1 nm (right) on a 10 nm
thick non-P-SiN substrate separated with an inter-particle
distance of 0.7 nm under an electron beam dose rate of

6.6 × 104 e� Å�2 s�1 (Fig. 3a, b and Movie S4). By �4 min, the
particles underwent coalescence through a bridge structure
formed by Au atoms at the interface with {111} twin bound-
aries due to enhanced atomic diffusion under electron beam
irradiation. The IFFT pattern of the neck region at the inter-
face revealed the twin boundary structure. Within �8 min,
the neck region further developed accompanied by detwin-
ning at the interface, resulting in a more stabilized interface.
By �19 min, the surface transition became prominent
around the coalesced structure, with the solid to liquid-like
transition initiating at the surface (Fig. S6a). This suggests
the incomplete coalescence due to electron beam induced
structural transition during coalescence, as the phase tran-
sition predominantly occurred in regions with localized
atomic configuration variations. By �28 min, the highly dis-
ordered amorphous state propagated toward the core
regions, resulting in the coexistence of solid and liquid-like
states with decreased length of the coalesced structure.
Eventually, by �40 min, the left side of the structure fully
transformed into a highly disordered amorphous phase and
the right side retained some crystalline features. The electron
beam sputtering prevented further observation of the struc-
tural transition into a fully liquid phase. These observations
demonstrate the dynamic progression from coalescence to
structural transition in closely spaced particles, influenced
by the substrate thickness, atomic diffusion, particle size,
inter-particle distance, structural reconstruction, and loca-
lized heating.

To evaluate the effect of substrate thickness, we monitored
the structural dynamics of a pair of AuNPs on a 40 nm thick
non-P-SiN substrate (Fig. 3c, d and Movie S5). Initially, the par-
ticles showed an inter-particle distance of 1 nm and an average
d of �12.6 nm at 0.8 min. The bottom particle exhibited an ico-
sahedral structure, while the top particle displayed a twinned
structure with the {111} and {200} planes. By �7 min, the par-
ticles retained their respective structures, with the top particle
undergoing noticeable rotation (Fig. S6b). Despite their proxi-
mity, no coalescence was observed, suggesting that the struc-
tural and crystallographic disparities along with the limited
atomic redistribution prevented the particles from merging. By
�24 min, both particles showed rotation and retained their
structures, exhibiting surface transition at the edges. By
�30 min, the liquid-like transformation propagated further
toward core regions in both particles, following a gradual
shrinkage in particle sizes and increasing distortion of the
initially observed Au(111) lattice fringes. At �35 min, the
upper particle completely transformed into a highly dis-
ordered amorphous phase due to limited structural recon-
struction. In contrast, the bottom particle remained in a solid–

liquid coexisting state, highlighting the stability of the icosahe-
dral structure. Finally, fully amorphous states in both particles
were observed within �40 min, with the loss of complete
crystal patterns. This behaviour demonstrates that despite the
small inter-particle distance, structural and crystallographic
disparities between the particles prevented coalescence. The
prolonged solid-to-liquid-like phase transition highlights the
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influence of the particle structure, orientation, and localized
thermal transport under electron beam irradiation.

In another study, we used a pair of AuNPs with an inter-par-
ticle distance of 0.9 nm on a 50 nm thick non-P-SiN substrate
(Fig. S7 and Movie S6). Initially, particles with d �10.6 (left)
and �9.7 nm (right), exhibited icosahedral and multi-twinned

structures, respectively. By �1 min, coalescence between par-
ticles occurred through the formation of a (111) bridged struc-
ture. The initial coalescence phase formed a neck between the
NPs due to atomic diffusion toward the interface, leading to
detwinning of the right particle. At 2.9 min, the right side of
the coalesced structure revealed four parallel twin boundaries,

Fig. 3 Selected snapshots of TEM images and corresponding FFT patterns showing coalescence and structural transition dynamics in closely
placed AuNPs on non-P-SiN substrates with varying thicknesses under a continuous electron beam dose rate of 6.6 × 104 e� Å�2 s�1 at di�erent time
intervals. (a and b) Coalescence, structural transition and corresponding FFT patterns of closely placed AuNPs with an inter-particle distance of
�0.7 nm at 0.5 min on a 10 nm thick non-P-SiN substrate. By 4.5 min, the particles undergo coalescence and are connected by a bridge structure,
showing twin boundaries. Within 7.5 min, the growth of the neck leads to detwinning of the coalesced structure at the interface. By 28.5 min,
surface roughness at the edges and interface region in the coalesced structure results in a decrease in the coalesced structure with continuous
atomic redistribution, which further transforms the coalesced structure into a solid–liquid phase in 39.6 min. (c and d) Structural transition dynamics
and corresponding FFT patterns of closely placed AuNPs with an icosahedral structure in the bottom particle and a twinned structure in the top par-
ticle at an inter-particle distance of �0.8 nm on a 40 nm thick P-SiN substrate. By 23.5 min, particles undergo structural transition without showing
coalescence, leading to a decrease in particle sizes. In 30.3 min, the liquid phase propagates toward the core regions, leading to transition of the
upper particle into a fully liquid state and the lower particle into a solid–liquid phase in 35.2 min. Further radiation for 4.6 min entirely transformed
both particles into liquid states. Insets in (a) show IFFT patterns of the corresponding regions. The boxes and yellow arrows show selected FFT pat-
terns and amorphous regions at the edges, respectively. The scale bars in (a and c) correspond to 5 nm.
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while the left side displayed a surface transition to a liquid-
like state. This asymmetry suggests limited atomic redistribu-
tion within the coalesced structure, with structural differences
persisting between the two sides. As irradiation continued,
structural reconstruction occurred in the coalesced structure.
By �9 min, the left side showed a solid–liquid phase coexis-
tence with pronounced surface transition, while the right side
underwent surface reconstruction (Fig. S6c). During the
coalescence, the neck showed no significant growth, resulting
in incomplete coalescence with limited atomic diffusion
within the coalesced structure due to the large particle sizes
and structural variations. At �13 min, further detwinning
resulted in the right side having two parallel twin boundaries,
leading to structure relaxation. Simultaneously, the left side
retained a solid–liquid state, with continued liquid propa-
gation and insignificant structural reconstruction. The struc-
tural asymmetry in phase transition behaviour highlights the
influence of residual structural differences and the twin
boundaries’ detwinning mechanism on thermal stability. By
�22 min, the entire coalesced structure reached a liquid state.
These observations suggest the complex interplay between
coalescence, limited structural reconstruction, and structural
transition dynamics in closely placed AuNPs.

3.4 Melting dynamics of AuNPs on SiN substrates

The dynamic behaviour of the coalesced AuNPs under in situ
thermal heating provides valuable insights into the coalescence
mechanism, growth of the coalesced structure and melting
behaviour at elevated temperatures, complementing the obser-
vations made under electron beam irradiation at ambient temp-
erature. However, the controlled, gradual heating in thermal
experiments contrast with the rapid, and localized energy input
from electron beam irradiation. Nevertheless, it provides a
better understanding of the role of temperature in driving
coalescence, structural growth, structural rearrangement, and
structural transition dynamics in the coalesced AuNPs. We
studied the melting dynamics of coalesced AuNPs connected
via {111} twinned lattice planes on a 40 nm thick P-SiN sub-
strate under in situ thermal heating at elevated temperatures
without continuous electron beam exposure with a heating rate
of 100 °C min�1 (Fig. 4a and b; for the heating ramp see
Fig. S8a). Upon heating to 200 °C for �3 min, the neck structure
developed to 5.3 nm in width, forming a dumbbell-like struc-
ture. Further heating to 700 °C promoted the structure relax-
ation, reducing structural defects at the interface and on the
right side of the structure due to thermal effects and atomic
diffusion, associated with a decrease in the surface energy.
Around 900 °C, the new {111} lattice planes emerged at the
interface and on the left side of the coalesced structure within
6.5 min, aligning with the same orientation as those on the
right side by changing the reorientation of the coalesced struc-
ture, a process referred to as coincidence site lattices.58 At this
stage, with the detwinning of the coalesced structure the amor-
phous state at the edges was also observed. The non-uniform
melting persisted across the edges, creating the defects and
transforming the coalesced structure into a solid-to-liquid-like

phase at 1100 °C. This observation reveals that incomplete
melting of the coalesced structure during controlled heating at
elevated temperatures emphasizes the improved radial heat dis-
tribution achieved with plasma treatment of the SiN substrate,
resulting in better heat dissipation from the coalesced structure
to the substrate. The non-uniform melting starting at the edges
and neck region further suggests the role of the coalesced struc-
ture size, structural variations, and defects, resulting in a non-
uniform heat distribution.

To further evaluate the effect of the non-plasma treated sub-
strate, the melting dynamics of the coalesced AuNPs were
studied using a 40 nm thick non-P-SiN substrate without con-
tinuous electron beam exposure with a heating rate of 100 °C
min�1 (Fig. 4c and d; for the heating ramp see Fig. S8b). At
room temperature, AuNPs showed a coalesced structure
through mismatched lattice planes. By increasing the tempera-
ture to 300 °C, the left non-spherical particle appeared with
the round corner within �2 min due to the high mobility of
unstable atoms at the corners, resulting in a spherical shape.
This suggests that the structure can undergo reconstruction
under thermal heating to attain a uniform curvature by redu-
cing surface energy (Fig. S8c and d). At 700 °C, the incomplete
coalescence persisted with the altered structural and morpho-
logical characteristics. Increasing the temperature to 800 °C
resulted in an amorphous state at the edges within �2 min,
with the {111} and {200} lattice planes on the left and right
sides of the coalesced structure, respectively. An amorphous
transition to a liquid-like state was observed at the edges and
the neck region. This behaviour suggests that structural
instabilities at the edges initiate melting, potentially caused by
surface energy minimization. At 900 °C, the non-uniform
melting resulted in a transformation of the left side into a fully
highly disordered amorphous state within 2 min, with the
solid structure at the core of the right side surrounded by a
liquid-like shell which is associated with the presence of a
solid–liquid state. The corresponding TEM image and FFT
pattern showed the presence of a single set of {200} planes at
the core region on the right side of the coalesced structure.
Finally, the coalesced structure completely melted and trans-
formed into a liquid state at 1000 °C within �6 min, as evi-
denced by the complete loss of crystallinity without a signifi-
cant change in the length of the coalesced structure. These
observations suggest the limited atomic redistribution, with
the melting initiating at the structurally weaker regions, edges
and interface, and propagating toward the core of the coa-
lesced structure. The non-uniform melting highlights the
influence of the localized energy distribution on the coalesced
structure due to the presence of twin boundaries, and vari-
ations in crystallographic patterns and morphologies.

The observed coalescence mechanism, non-uniform
melting and phase transition during thermal heating are con-
sistent with the observations made under the electron beam
irradiation, where localized heating similarly initiates non-
uniform structural transition at the edges and neck regions
during the incomplete coalescence. This correlation highlights
the roles of thermal gradients and structural heterogeneity in
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dictating structural transition dynamics across different energy
input approaches.

3.5. Mechanistic insights of nanoscale dynamics on SiN
substrates

3.5.1 Nanoscale sintering and structural transition. Our
experimental results show that coalescence, repulsion, struc-
tural transformation and transition to a highly disordered
amorphous state are observed when a pair of AuNPs is irra-
diated with an electron beam. The observed dynamics
depends on the particle size, shape, inter-particle distance,

electron dose rate, temperature at the particle surfaces, and
interfacial adhesion between the nanoparticle and the sub-
strate. Fig. 5 shows a schematic illustration of electron beam-
induced sintering and structural transition in coupled AuNPs,
illustrating coalescence, structural growth, and subsequent
melting-like transformation. Other interaction scenarios,
including attraction–repulsion behaviour and suppressed
coalescence, were also observed but are not explicitly rep-
resented in the schematic.

Initially (stage-I), a pair of AuNPs exhibits an octahedral
morphology with well-defined crystalline structures and mis-

Fig. 4 Selected snapshots of TEM images showing melting of coalesced AuNPs under in situ thermal heating. (a and b) Melting dynamics and
corresponding FFT patterns of closely placed coalesced AuNPs on a 40 nm thick P-SiN substrate. TEM images at high temperatures (25–1100 °C),
showing structure growth and an amorphous surface at the edges of the structure starting at 900 °C. (c and d) Melting dynamics and corresponding
FFT patterns of closely placed coalesced AuNPs on a 40 nm thick non-P-SiN substrate. TEM images at high temperatures (25–1000 °C), showing a
loss of the atomic structure with surface amorphization starting at 800 °C under a similar heating ramp. The yellow arrows highlight the surface
melting. The inset shows FFT patterns of the corresponding areas presenting the liquid phase regions. The temperature and the corresponding
holding time are speci�ed in the top-right and left corners of each TEM image, respectively. The scale bars in (a and c) correspond to 5 nm.
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matched lattice planes. Upon electron beam irradiation (stage-
II), both AuNPs rotate to align their lattice planes along the
common {111} plane, establishing a neck connection via the
oriented attachment route. In the next stage (stage-III), stron-
ger coalescence is observed, accompanied by a decrease in
length. This is attributed to surface atom diffusion toward the
neck region, with the atomic redistribution and structure
reconstruction to minimize surface energy. Furthermore, the
accumulated energy from electron beam irradiation initiates
surface roughness at the edges of the coalesced structure
(stage-IV). The low coordination number and high surface
energy of the surface atoms result in non-uniform surface tran-
sition into a liquid state at the edges, which further propagates
toward the centre of the coalesced structure. During the final
phase (stage-V), the structure completely transforms into a
liquid-like state, resulting in permanent structural disorder
and complete loss of the crystalline pattern. These obser-
vations suggest the interplay between external energy transfer
and nanoscale stability, providing insights into the dynamic
behaviour of metallic NPs in governing coalescence, atomic
redistribution and most importantly phase transition under
electron beam irradiation.

The disappearance of lattice fringes and the emergence of
diffuse FFT features in TEM images indicate a substantial loss
of crystalline order during electron beam irradiation. Although
these observations are consistent with a melting-like trans-
formation, they do not uniquely establish the existence of a
liquid phase. Alternative interpretations, including beam-
induced amorphization, rapid surface restructuring, dynamic
atomic disorder occurring faster than the image acquisition
time, and crystal/domain reorientation, may produce similar
image and diffraction characteristics. Based on the available
TEM data, these mechanisms cannot be entirely excluded.
Therefore, the transformed NPs are more conservatively
described as existing in an amorphous or highly disordered
state. Nevertheless, the transformation is accompanied by sig-
nificant morphological evolution and material redistribution
beyond the original nanoparticle dimensions, indicating
enhanced atomic mobility during irradiation. Together with
the similarity between the electron beam-induced transform-
ations and those observed during in situ heating, these obser-

vations suggest that melting-like processes may contribute to
the observed structural evolution.

Our results show that upon sintering, a pair of AuNPs
undergoes coalescence on SiN substrates, followed by surface
amorphization or a phase transition. Interestingly, we have
also observed that some of the closely placed pairs of AuNPs
resisted coalescence and remained immobilized due to strong
adherence to the surface despite the shorter inter-particle dis-
tance (�1 nm) under similar experimental conditions (Fig. 2a,
b and 3c, d). These observations suggest that plasmon coup-
ling between neighbouring AuNPs along with additional
factors govern the coalescence between closely located NPs
under the electron beam irradiation. Regardless of proximity,
the suppression of sintering to initiate neck formation
suggests that strong particle–substrate adhesion, along with
morphology, shape and facet discrepancies in NPs, may
prevent atomic diffusion, particle migration, and fusion. The
dynamic behaviour of AuNPs in Fig. 3c and d with the twinned
and icosahedral structures further suggests that the crystallo-
graphic misorientation between adjacent NPs may further con-
tribute to creating high interfacial energy barriers, hindering
coalescence and limiting significant diffusion of NPs.

Furthermore, with continuous electron beam irradiation, a
pair of AuNPs with a shorter inter-particle distance or coalesced
structures underwent surface roughening followed by a phase
transformation to a solid-to-highly disordered amorphous state.
Elastic and inelastic interactions of the electron beam with the
material26,41,51 enhance atomic vibrations and induce localized
electronic excitation, creating atomic disorder in the structure
that triggers the structural transition. The elastic interactions of
high energy electrons in the electron beam cause atomic displa-
cement by transferring energy to atomic nuclei, resulting in
knock-on damage. The transferred energy E from the electron
to the atomic nucleus is governed by momentum conservation
and given by the following equation.16,59

E …
2ME0ðE0 þ 2mc2Þ

ðM þ mÞ2c2 þ 2ME0
sin2 �

2

� �
ð1Þ

where, E0 is the kinetic energy of the incident electron, M is
the mass of the atomic nucleus, m is the mass of the electron,

Fig. 5 Schematic illustration (not to scale) of a representative evolution pathway for a pair of AuNPs under prolonged electron beam irradiation. The
schematic highlights coalescence, structural growth, and melting-like transformation and is not intended to represent all interaction pathways
observed in this study. Stage-I shows two coupled AuNPs without physical contact at 0 min. Stage-II demonstrates the coalescence process initiat-
ing with structure rotations and {111} neck formation using an oriented attachment route. Stage-III presents the growth of the coalesced structure
with atomic di�usion toward the neck region. Stage-IV highlights structural transition with the surface being amorphous at the edge. Stage-V exhi-
bits the transformation of a solid crystalline coalesced structure into a fully liquid phase.
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c is the speed of light, and � is the scattering angle of the inci-
dent electron. The above equation shows that the transferred
energy increases on increasing the electron beam energy and
scattering angle, and decreasing the atomic number. The high
angle elastic interactions of electrons with surface atoms
cause a sputtering effect by moving the surface atoms from
the cluster into vacuum, which are comparatively at low
energy (0.5–0.2 of the corresponding threshold energy for
direct atomic displacement) due to the low coordination
number.16,60 Fig. S9a shows the transferred energy at 200 keV
from the incident electron to the Au nucleus as a function of
the scattering angle, with a maximum transferred energy in
backscattering (�2.7 eV) at 180°. Additionally, during a head-
on collision the maximum transferred energy for SiN is 26.2
eV, which is greater than the atomic displacement energy of
the nitrogen atom (25 eV) in a thin SiN film,61 resulting in
sputtering of the thin SiN substrate (Fig. 1a and 3a). The calcu-
lated maximum transferred energy for silicon is 18.7 eV which
is greater than its sublimation energy (4.7 eV).62 Liu et al. have
reported approximately the same maximum transferred energy
for Au (�2.7 eV) and 4.86 eV for silver nuclei at a 200 keV elec-
tron beam energy.63 Similarly, Hu et al. have calculated the
maximum transferred energy for tantalum and oxygen as 2.9
and 33 eV, respectively.31

In the current observations, inelastic electron–phonon scat-
tering dominates the energy transfer mechanism to Au atoms,
which governs the structural transition dynamics. The inelastic
scattering events involving the creation of phonons and plas-
mons, excitation and ionization of atoms, secondary electrons,
electron–hole pairs, and excitons, and Auger decay by transfer-
ring the energy to atomic lattices. The finite element analysis
(FEA) revealed that the transferred energy during inelastic col-
lision can influence localized particle heating and raise the
particle’s temperature to its melting point,39 highlighting elec-
tron beam-induced thermal behaviour in NPs. Phonon
vibrations involve transferring the deposited energy within the
material to the substrate by converting it into the internal
energy of the system, influenced by the thermal conductivities
of the particle and the substrate. At a 200 keV electron beam
energy, the average energy loss by an electron during the
inelastic interactions with 10 nm AuNPs is approximately 27.3
eV.64 Under the electron beam irradiation, the continuous de-
posited energy must be dissipated away from the nanoparticle
through substrate thermal conductivity. Still this mechanism
is restricted by the low thermal conductivity of the substrate
and the high interfacial thermal resistance triggered by
phonon mismatch between the particle and substrate,21,65

resulting in an increase in particle temperature due to loca-
lized heat accumulation within the particle. A semi-quantitat-
ive calculation approach has previously been used to evaluate
the electron beam induced-temperature increment in CdS
quantum dots dispersed on glass. The calculated temperature
exceeded above 320 °C within 10 s of electron beam irradiation
at a current density of 8000 A m�2 and a beam radius of
4 µm.51 Similarly, Zhang et al. estimated more than 100 K
temperature increase for silver nitride particles on the graphite

carbon nitride film at a 16 000 A m�2 current density.50 Using
the same models, we have calculated the temperature increase
of �700 K in AuNPs, using a thermal conductivity of 0.35
W m�1 K�1 for the SiN substrate at 1000 s of irradiation time
(Fig. S9b). We used a relatively low thermal conductivity value
because this model does not consider correctly the experimental
conditions. The semi-quantitative temperature estimate
(Fig. S9b) is intended only to provide an order-of-magnitude
assessment of beam-induced heating. Because the simplified
model does not account for experimentally relevant factors such
as nanoparticle–substrate thermal contact, finite substrate
thickness, surface chemistry, and localized heat-transfer effects,
it should not be interpreted as a quantitative prediction of the
nanoparticle surface temperature. Accordingly, the estimated
temperature of �700 K should be regarded as a sanity check. A
more realistic evaluation of the temperature distribution, incor-
porating the actual geometry, substrate properties, and heat-
transfer conditions, is provided by the COMSOL simulations
discussed in section 3.6. Nevertheless, both approaches indicate
substantial local heating under electron beam irradiation.
Additionally, the role of SiN substrate thickness in the structural
transition of AuNPs is significant, as it influences atomic
diffusion, and structural reconstruction during the phase trans-
formation. We have shown the rapid electron beam-induced
structural transition in AuNPs on a thick SiN substrate (40 or
50 nm) which is attributed to the larger substrate volume avail-
able for inelastic scattering with incident electrons. When
passing through 10 and 50 nm thick SiN substrates, the average
energy loss by an electron is �5.2 and �25.7 eV,64 respectively,
resulting in a further increase in the particle temperature by
creating a localized heating reservoir near the particle surface.
This behaviour further promotes localized energy accumulation
and limits heat transfer from the particle to the substrate
imposed by higher thermal resistance Rt due to increased thick-
ness with the following relationship:66,67

Rt …
t

keff
ð2Þ

where, t is the substrate thickness and keff is the effective
thermal conductivity of the material.

The thick SiN substrates create strong thermal hotspots
around NPs, increasing local temperature and limiting the
atomic redistribution and diffusion. This drives NPs toward
phase transition with minimal structural rearrangements, pro-
moting the faster structural transition under prolonged beam
exposure. In contrast, thin SiN substrates dissipate heat more
efficiently due to lower thermal resistance, reducing localized
heating around the nanoparticle. This allows greater atomic
redistribution and structural reconstruction, delaying the
onset of structural transition. In the case of coalescence, NPs
on thin substrates show higher atomic diffusion at the inter-
face, enabling more effective merging and neck formation.
This increased atomic mobility on thin substrates facilitates
more extensive particle diffusion and leads to more dynamic
structural adaptation. Thus, substrate thickness is also a criti-
cal factor in controlling the thermal hotspots, and therefore,
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the electron beam-induced structural transition. These trans-
formations depend on a combination of particle–substrate
interactions, nanoparticle structure, substrate properties, and
beam effects, with the shorter inter-particle distance further
increasing local heating through collective plasmonic
responses. Recent studies on atomically precise metal nano-
clusters have demonstrated that structural evolution at the
nanoscale can be governed by atomic rearrangement, surface
dynamics, and inter-particle fusion processes.68–70 For
example, the stepwise assembly of Au4 tetrahedral units
during the growth of Au25 nanoclusters has revealed atomically
resolved structural evolution pathways,68 while dynamic
surface motif rearrangements and inter-particle linker for-
mation have been shown to direct nanocluster assembly into
ordered superstructures.69 In addition, ligand dissociation has
been reported to induce site-specific structural transform-
ations while preserving the overall cluster framework.70

Although atomically precise nanoclusters differ significantly
from the larger AuNPs investigated in the present work, these
studies emphasize the importance of dynamic structural reor-
ganization as a general feature of metallic nanomaterials. In
the present study, structural evolution occurs under continu-
ous electron beam irradiation and is further influenced by sub-
strate-dependent energy dissipation. The observed differences
in coalescence behaviour, structural stability, and melting-like
transformation between thin and thick SiN substrates suggest
that localized heat transport plays a critical role in governing
atomic mobility and structural rearrangement during nano-
particle evolution.

The nanoparticle structure also strongly influences tran-
sition behaviour. Decahedral particles, which are relatively
stable due to five-fold twinning, undergo transitions with
limited structural changes.21 In contrast, metastable icosahe-
dral particles may exhibit a transition to decahedral structures
prior to structural transition to reduce surface energy.12,15

Similarly, particles with multiple twin structures show rapid
structural transition because these regions are energetically
unstable and prone to beam-induced disruption (Fig. 3c and
d). Additionally, faceted particles tend to undergo structural
transition earlier (Fig. 2a), with phase transition initiating at
high-energy facets such as {110}. These facets are structurally
less stable and serve as nucleation sites for surface transition,
eventually leading to complete particle amorphization.71,72

Together, these observations highlight how the intrinsic par-
ticle structure governs atomic redistribution and structural
transition of NPs under electron irradiation.

Although the present study focuses on the structural evol-
ution of AuNPs under electron beam irradiation, the observed
transformations are expected to influence their physical and
chemical properties. Prolonged irradiation induces structural
reconstruction, coalescence, defect evolution, and melting-like
disordering, leading to significant modifications in the nano-
particle morphology, crystallinity, and surface atomic arrange-
ment. Such structural changes are expected to alter surface
energy, surface reactivity, adsorption behaviour, thermal trans-
port, and optical properties.73 In particular, the progressive

increase in structural disorder and loss of crystallinity may
generate new surface configurations and defect sites with
chemical and physical properties distinct from those of the
initial crystalline NPs. A detailed investigation of these prop-
erty changes is beyond the scope of the present work but rep-
resents an interesting direction for future studies.

3.5.2 E�ects of surface treatment on transition dynamics.
The effect of substrate surface treatment on the coalescence
and structural transition of AuNPs was studied by comparing
their thermal response on P-SiN and non-P-SiN substrates.
While the initial coalescence process followed a similar growth
mechanism under controlled heating, the subsequent struc-
tural transition exhibited markedly different dynamics depend-
ing on the substrate. Under controlled heating, on P-SiN sub-
strates, coalesced NPs evolved into rod-like structures,
suggesting enhanced atomic diffusion. These structures
remained largely stable, retaining crystalline features at their
edges up to 800 °C, with surface roughening appearing at
900 °C. Upon further heating to 1100 °C, the structure transi-
tioned into a solid-to-liquid state, indicating melting before
eventually becoming fully liquid. In contrast, on non-P-SiN
substrates, the coalesced NPs maintained a dumbbell-like
morphology throughout heating, highlighting restricted
atomic mobility and limited structural reconstruction. Melting
also occurred earlier and rapidly, initiating at 800 °C and pro-
gressing to a fully liquid state by 1000 °C within �6 minutes.
The observed differences suggest that plasma treatment mod-
ifies both the surface chemistry and thermal behaviour of the
substrate. By improving thermal contact and adhesion
between the NPs and the substrate, it facilitates more efficient
heat dissipation and mitigates localized overheating.42

More importantly, similar observations to those of in situ
thermal heating were made under electron beam irradiation.
Coalesced structures on non-P-SiN showed limited atomic
diffusion and underwent rapid structural transition, whereas
those on P-SiN exhibited more gradual and stable evolution.
The consistency of these behaviours across both thermal and
irradiation conditions highlights the critical role of surface
treatment in governing nanoparticle stability and phase tran-
sition dynamics. The rapid transition observed on untreated
substrates can be attributed to inefficient heat dissipation,
weak interfacial adhesion, and restricted atomic redistribu-
tion. In contrast, plasma treatment enhances adhesion
through the introduction of active surface species, improving
thermal coupling and reducing thermal gradients. This stabil-
izes the coalesced structures and allows more controlled struc-
tural evolution. Overall, surface modification using plasma
treatment allows controlled nanoparticle stability and tran-
sition behaviour. Such control is particularly important in
applications like catalysis, nanofabrication, and beam-sensi-
tive systems, where maintaining structural integrity under
thermal or irradiation conditions is essential.

3.6 COMSOL Multiphysics simulations of AuNPs

3.6.1 Near-field coupling e�ects. Our experimental results
suggest that several factors influence the sintering behaviour

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2026



of AuNPs under electron beam irradiation, including
the particle morphology, inter-particle spacing, interfacial
adhesion, substrate properties, and thickness. To further
understand the role of these parameters in nanoparticle
sintering, electromagnetic simulations were performed using
COMSOL Multiphysics (Fig. S10). Specifically, we investigated
plasmonic coupling and near-field enhancement between a
pair of closely spaced AuNPs under normal incidence. We
employed a finite element method (FEM) framework to
numerically solve Maxwell’s frequency-dependent electromag-
netic wave equation:

� � �r
�1ð� � EÞ � k0

2 �r �
j�

��0

� �
E … 0 ð3Þ

where µr is the relative permeability, �r is the real part of the
complex relative permittivity, � is the electrical conductivity, k0

is the wavenumber, � is the imaginary part of the complex rela-
tive permittivity, �0 the permittivity of free space and E the
scattered electric field. Fig. 6 reveals a strong dependence of
the electric field enhancement as a function of the inter-par-
ticle distance (1–4 nm) between a pair of coupled AuNPs on 10
and 50 nm thick dielectric substrates with a refractive index n
= 2 and surrounded by an external medium with n = 1. The
simulated plasmon bands at 540 nm show a red shift from
their respective localized surface plasmon resonance positions
at 530 nm when isolated (Fig. S11). It is shown that, with a
decrease in the inter-particle distance, the magnitude of the

localized electric field increases significantly, resulting in
stronger near-field enhancement, and confining to a smaller
inter-particle region (Fig. 6a and Movies S7, S8). This enhance-
ment arises from stronger electromagnetic coupling between
adjacent surface plasmons. When bringing two AuNPs closer,
plasmonic hotspots are generated within the nanoscale gap
due to the hybridization of their individual plasmon oscil-
lations. On the other hand, the increase in the inter-particle
distance reduces electromagnetic interactions between adja-
cent AuNPs, resulting in weaker coupling that spreads the field
around the individual particle surfaces (Fig. 6b–d and Movies
S9–S14). This trend was consistent across both substrate
thicknesses.

Moreover, when coupled AuNPs are supported on a thin
10 nm thick dielectric substrate, the magnitude of the
maximum electric field was approximately twice that of a
50 nm thick dielectric substrate across all inter-particle dis-
tances. This electric field enhancement on a thin substrate can
be attributed to its low electromagnetic field confinement,
which permits a greater portion of the plasmonic field to
extend into the surrounding medium rather than being
absorbed by the substrate, resulting in stronger plasmonic
interactions and a concentrated electric field at the inter-par-
ticle junction. In contrast, the thick dielectric substrate led to
less efficient electric field enhancement at the inter-particle
region due to its greater efficiency of scattering, absorption
and dissipation of plasmon energy, thereby reducing the near-
field coupling between the AuNPs. COMSOL simulation

Fig. 6 Near-�eld enhancement with respect to the incident �eld (E/Einc) for horizontal polarization in closely placed AuNPs with 10 nm diameters
on 10 and 50 nm thick dielectric substrates in air at inter-particle distances of (a) 1 nm, (b) 2 nm, (c) 3 nm and (d) 4 nm. The top and bottom plasmon
bands in (a–d) show near-�eld enhancement in closely placed AuNPs on 10 and 50 nm dielectric substrates at a 540 nm wavelength, respectively.
The geometric con�gurations in (a–d) are not to scale. The color legends in (a–d) show E/Einc.
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studies suggest that decreasing the inter-particle distance and
the dielectric substrate thickness leads to stronger near-field
coupling and higher electric field enhancement between the
AuNPs, thereby increasing the NPs’ sintering probability.

It should be noted that the electromagnetic simulations
shown in Fig. 6 are not intended to directly reproduce the exci-
tation conditions of the 200 keV electron beam used during the
in situ TEM experiments. Rather, the simulations provide a
qualitative assessment of how inter-particle separation and
dielectric substrate thickness influence the electromagnetic
coupling between closely spaced AuNPs. Although the simu-
lations employ optical excitation, both optical illumination and
fast-electron irradiation are capable of exciting localized surface
plasmon modes in metallic nanostructures. However, the under-
lying excitation mechanisms differ, as optical excitation primar-
ily couples to optically allowed plasmon modes, whereas a fast
electron acts as a localized broadband source that can addition-
ally excite dark and higher-order modes. Consequently, the
simulated near-field enhancement should be interpreted as a
qualitative indicator of the relative strength of plasmonic coup-
ling and field localization within the nanoparticle pair rather
than a direct quantitative predictor of electron beam-induced
coalescence. Nevertheless, the simulations demonstrate that
variations in nanoparticle spacing and substrate geometry can
significantly modify the local electromagnetic environment,
which may influence energy localization during irradiation.

The results from the simulations are qualitatively consistent
with our experimental findings where a pair of AuNPs at an
inter-particle distance of 2.1 nm on a 10 nm thick P-SiN under-
went coalescence with the prediction of stronger plasmon
coupling and localized near-field enhancement (Fig. 1a and
b). On the other hand, a pair of AuNPs at an inter-particle dis-
tance of 1.8 nm on a 50 nm thick P-SiN restricted coalescence
due to weak coupling plasmon interactions (Fig. S4).

3.6.2 Temperature distribution at an inter-particle region.
To further complement our experimental findings for electron
beam-induced structural transition in coalesced or closely
placed AuNPs on SiN substrates, we simulated and examined
the temperature distribution at the inter-particle junction
between two coupled AuNPs. The geometry configuration
involved two AuNPs each with a 10 nm diameter on 10 and
50 nm thick SiN substrates (Fig. S12). The inter-particle distance
was varied between 1 and 4 nm for a point contact between the
NPs and substrates (Fig. 7 and Movies S15–S22). The obser-
vations show that both the inter-particle distance and substrate
thickness significantly influence the temperature distribution in
the inter-particle region under irradiation. Time dependent
simulation studies revealed a linear temperature rise at the
inter-particle junction, followed by a steady state which showed
consistency across all inter-particle distances. At the smallest
inter-particle distance of 0.5 nm, the two-dimensional (2-D)
map shows that the localized temperature increased to �838 on
a 10 nm thick SiN substrate and �1120 K on a 50 nm thick SiN
substrate at 1000 ps (Fig. 7a and Movies S15, S16), presenting
stronger thermal confinement with increasing substrate thick-
ness. With the inter-particle distance of 1 nm, the maximum

localized temperature slightly reduced to 834 K (10 nm thick
SiN) and 1115 K (50 nm thick SiN) (Fig. 7b and Movies S17,
S18). Increasing the inter-particle distance to 2 nm further
reduced the temperature to 824 K (10 nm thick SiN) and 1103 K
(50 nm thick SiN) (Fig. 7c and Movies S19, S20). A further
increase in the inter-particle distance to 4 nm decreased the
temperatures to 814 K and 1072 K, respectively (Fig. 7d and
Movies S21, S22). The change in the temperature is also signifi-
cant when compared to that with the isolated AuNP, with the
maximum surface temperature of 774 K on a 10 nm thick SiN
substrate and 930 K on a 50 nm thick SiN substrate (Fig. S13).
Additionally, our earlier study showed that increasing the par-
ticle thermal contact with the SiN substrate reduces the temp-
erature at the particle surface, which is consistent with thick
and thin SiN substrates.21 This behaviour correlates with the
improved particle adhesion upon surface treatment, resulting in
electron beam-induced structural transition delay. 2-D tempera-
ture distributions showed significantly lower temperature for
the thin SiN at inter-particle regions due to better heat dissipa-
tion efficiency. However, the higher thermal resistance in the
thick substrate resulted in elevated temperature due to limited
radial heat dissipation and thermal hotspot formation across
the AuNPs by acting as localized heat reservoirs, which further
promotes rapid energy accumulation and accelerates edge-struc-
tural transition initiation and propagation. This behaviour illus-
trates the impact of substrate thermal properties on NPs’

heating dynamics. Furthermore, the increase in the inter-par-
ticle distance reduces near-field coupling and diminishes heat
localization, resulting in low energy concentration at the inter-
particle junction.

Recent studies have highlighted that heat dissipation from
AuNPs is governed not only by the thermal conductivity of the
surrounding medium but also by interfacial thermal transport
processes, including thermal boundary resistance and nano-
particle–substrate coupling.21,74 Thermal boundary resistance
can arise from imperfect vibrational coupling across the inter-
face, limiting the efficiency of heat transfer from the nano-
particle to the supporting substrate. Because Au and SiN
possess substantially different structural and thermal pro-
perties, interfacial heat transfer may contribute significantly to
the thermal response of the AuNP–SiN system. In our previous
study, COMSOL simulations demonstrated that increasing the
AuNP–SiN contact area enhanced heat dissipation and
reduced nanoparticle surface temperatures, which correlated
with a delayed onset of electron beam-induced structural
transformations.21 These observations are consistent with the
broader understanding that stronger interfacial coupling and
reduced thermal boundary resistance promote more efficient
energy transfer from NPs into the supporting substrate which
is in correlation with improved interfacial thermal transport in
a plasma-treated AuNP–SiN system. Furthermore, the AuNPs
investigated here were initially stabilized by citrate ligands,
which may contribute additional interfacial thermal resis-
tance. However, under prolonged 200 keV electron beam
irradiation, ligand degradation or desorption is expected to
occur, making their contribution during the later stages of the
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experiments uncertain. Therefore, the observed thermal behav-
iour is likely governed primarily by the evolving AuNP–SiN
interface together with the thermal transport properties of the
supporting substrate. The COMSOL simulations employ a con-
tinuum heat-transfer framework based on Fourier heat con-
duction and is intended to capture the relative temperature
trends associated with changes in substrate thickness, plasma
treatment, and nanoparticle coupling.

4. Conclusions

In summary, we have systematically studied how substrate thick-
ness and surface treatment govern electron beam-induced sinter-
ing and phase transition dynamics in closely placed pairs of
AuNPs. Our results demonstrate that the substrates in the TEM
grids actively participate in energy dissipation pathways, near-
field electromagnetic enhancement, and structural stability at
the nanoscale. We show that increasing the SiN substrate thick-
ness suppresses sintering by reducing near-field enhancement,

presumably due to enhanced plasmonic energy scattering, while
simultaneously increasing the local temperature through limited
heat dissipation, thereby promoting edge-driven structural phase
transitions. In contrast, thinner SiN substrates facilitate sintering
through stronger near-field coupling and delayed phase tran-
sitions by enabling more efficient thermal dissipation away from
the NPs. Surface treatment of substrates enhances nanoparticle
adhesion and interfacial heat transport, improving structural
stability under irradiation. In contrast, untreated surfaces
promote rapid localized overheating and accelerate structural
transitions due to poor thermal coupling. In addition, the nano-
particle morphology and electron dose rate critically influence
transformation pathways. Lower dose rates favour gradual,
diffusion-mediated sintering and structural evolution without
triggering rapid phase transitions, reflecting reduced energy
input and limited lattice destabilization. COMSOL Multiphysics-
based finite-element simulations corroborate these observations,
confirming that the substrate thickness strongly affects both
temperature profiles and sintering behaviour under electron
beam exposure. Together, these findings establish substrate

Fig. 7 Time dependent study for temperature distribution at the interface of closely placed AuNPs with 10 nm diameters on 10 and 50 nm thick SiN
substrates for point contacts at di�erent time intervals with inter-particle distances of (a) 0.5 nm, (b) 1 nm, (c) 2 nm and (d) 4 nm. Middle and bottom
rows in (a–d) present 2-D computational simulations for temperature distribution at 1000 ps on 10 and 50 nm thick SiN substrates, respectively. The
geometric con�gurations in (a–d) are not to scale. The color legends in (a–d) show temperature in K.
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engineering as a powerful strategy for controlling nanoparticle
transformations in situ, enabling precise tuning of geometry,
phase stability, and interfacial energetics under irradiation.
More broadly, this work reframes the substrate as an active com-
ponent in electron beam-driven nanoscale processes, with
important implications for the rational design of robust nano-
particle systems for advanced functional applications.
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