Nanoscale glass cold welding
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SUMMARY

Bottom-up assembly and joining of silica nanoparticles to form complicated
geometries up to three-dimensional (3D) glass structures are attractive for
nanoscale optical, optoelectronics, etc. Most existing silica 3D printing techniques
can only achieve submicron-level precision due to the optical limit of vat
photopolymerization, which presents critical challenges for sub-100 nm printing.
In this context, we introduce an electron beam-assisted cold welding technique for
nanoscale glass, that is capable of achieving precision at the tens-of-nanometers
scale. This method enables the direct fusion of two amorphous silica nanospheres
within a few seconds while keeping the diameter smaller than 100 nm. Meanwhile,
the strength, composition, and structure of the as-welded junctions appear the
same as the pristine silica. Our approach would potentially allow ultrahigh-
resolution 3D bottom-up assembly and printing of silica nanostructures with
ultimate resolution subject to the nanoparticle size only, which offers a new

approach for additive manufacturing of nanoscale glass devices.

INTRODUCTION

Amorphous SiOz (Silica glass) possesses excellent optical transparency, thermal
stability, chemical stability, and good mechanical properties, making it one of
the most important materials in modern engineering applications.! With its wide
application in areas such as micro-optics, nanofluidics, nanophotonics, and
other nanoelectromechanical systems,”” there is a growing demand for the
processing of nano-sized glass. Although various glass processing techniques
such as 2D mask lithography, thermal oxidation, three-dimensional lithography,
direct ink writing, and digital light processing have been developed,® these
processes are hard to achieve a resolution of below 200 nm.®®* The main reason
is that the traditional technology relies on the melting of the precursor,” '’ which
inevitably cause the serious agglomeration of silica, and greatly reduces the
precision of welding. To avoid these drawbacks, achieving rapid cold welding
of nano-sized silica is a good choice for 3D printing amorphous glass technology,
however, this is a significant challenge to date.’ Herein, facile cold welding of
ceramic amorphous silica was achieved in the advanced Cs image-corrected

environmental transmission electron microscope (ETEM). Under the electron beam (e-
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beam) irradiation, an ultra-clean surface was obtained. Meanwhile, the ductility of silica
is enhanced. As a result, two contacted amorphous silica nanospheres can be firmly
welded together in several seconds, based on this basic operation, even a complex

structure can be assembled.

RESULTS AND DISCUSSION
In situ e-beam assisted cold welding of silica nanospheres in an ETEM

The welding process of silica nanospheres was performed by using a TEM-scanning
tunneling microscope (TEM-STM, Pico-Femto) platform in a Cs-corrected FEI Titan
ETEM G2 (Figure S1A). The silica nanospheres with an average diameter of 100 nm
were bought from Guangdong Meigu Chemical Co., Ltd (Metasil ML-100) (Figure S2).
The welding process is shown schematically in Figure 1A. Many silica nanospheres
were firmly attached to the edge of a copper mesh through the electrostatic force (Figure
S1B). The tungsten (W) tip prepared for welding the silicananosphere was obtained by
a typical electrochemical corrosion method (Figure S3). Prior to the experiment, we
pre-coated a layer of silica (20 nm) onto the surface of the W tip by using a physical
vapor deposition (PVD) technique. After that treatment, the cold welding of W tip with
the first silica becomes quite easy. In the experiment, the W tip was slowly moved to

touch the surface of silica nanosphere (Figures 1B-1D). And then, we then magnified

the weld junction to 620x kx, resulting in a high dose of e-beam (~6.94 A/cm?)
showering on the weld junction. After 10 s, the W tip and silica nanosphere were welded
together. After that, we immediately reduced the magnification to 34x kx. Meanwhile,
the e-beam intensity was sharply reduced to ~3.02x102 A/cm?, after which the 1%
welding was established (Video S1).

After the 1% welding, we pulled the W tip backward and found that the silica
nanosphere already welded to the W tip could be separated from the loose silica
nanosphere on the left side (Figure 1D). After the first welding, there is no influence on
the material, and the welded silica can continue to be welded. Thus, another silica
nanosphere was welded onto the first one by using the same technique (2" welding;
Figures 1E and 1F). When the 2" welding process was finished, we also quickly pulled
the W tip backward. It was found that the first and second nanosphere were firmly
welded together, and they could be separated from the other unwelded nanospheres
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(Figure 1F), this indicating the good strength of the weld junction. Following the same
welding procedure, the 3, 40, 5% 6 and 7" were welded, forming a silica nanosphere

chain (Figures 1G-1K and S4; Video S2).

For each welding procedure, when the two silica nanospheres come into contact,
their surfaces rapidly adhere and extend, this process is completed in about 222 s

(Figures 2A-2D). Dependent on the stacking order of silica nanospheres, many
complex three-dimensional (3D) shapes and device can be constructed (Figures 1L-10

and S5), which confirms the feasibility of this method. Even without applying any extra
stress, we observed that the silica nanospheres could also be automatically welded
together (Figure S6), indicating its potential application in 3D printing. The mechanism
was believed to be associated with surface-diffusion-mediated pseudoelastic
deformation at room temperature, which was driven by the extra driving force from

capillary-energy minimization.*!

The corresponding Fast Fourier Transform (FFT) image indicates that the welding

junction area and the original silica were both in an amorphous state (Figures S7A—

S7E), Electron energy loss spectroscopy (EELS) analysis also confirms the welding
junction still maintained the same as the pristine silica (Figures S7F and S8), and there
were no changes in valence state or composition during the welding process.*? To
evaluate the mechanical properties of this weld junction, a self-assembled in situ TEM-
atomic force microscopy (AFM) device is set up,*® as illustrated in Figures 2E and 2F.
Firstly, several silica nanospheres were welded onto the tip of a silicon substrate, and
then we welded the top silica nanosphere onto the AFM cantilever. As the initial
welding completed, the diameters of the fused silica nanospheres will become more and
more uniform, and eventually become a solid rod structure. Under the tensile force, the
welded silica nanospheres move downwards, meanwhile the AFM cantilever was bent
(Figure 2E). After stretching 370 nm, the welded silica nanospheres broke in the medial

and the fracture surface displayed a brittle fracture characteristic (Figures 2G-2J and

Video S3). According to the formula: F=K'AX, P=F/S, S=nd*/4, where F is the force,
K is the force constant, AX is the displacement of the AFM cantilever, and S is the
fracture area of the silica nanorod, d is the diameter of the fracture surface. In Figures
2E-J, K=6 N/m, AX=370 nm, d=114 nm. As a result, we can calculate that the tensile
strength of the weld junction reached as high as 217 MPa. To ensure the reliability of
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the data, we re-tested several tensile mechanical properties of the welded silica. It was
found that the calculated average tensile strength of the weld junction falls in the range
of 185~217 MPa, which is equivalent to the tensile strength of macroscopic silica

materials.*

Control of welding process via surface modification

As we know, welding is closely related to the surface state of the material. There are
different gases (including no gas, CHF3-SFs-O2, and H») introduced into the ETEM
chamber, and the corresponding welding speeds (it is defined by the increase in contact
area and time between two silica nanospheres) were measured, and they are plotted in

Figures 3A-3C. In no gas environment, as shown in Figure 3A, the two silica

nanospheres were welded together in a short time (154 s), and the welding speed of
silica spheres is 0.16 nm/s. Under the CHF3-SF¢-O2 environment (Figure 3B), it was
found that the silica sample displayed a much higher welding speed (2.64 nm/s). In
previous study, it has been reported that the CHF3-SF6-O2 gas is a typical etching gas
for etching the silica.'*'® CHF3 and SFs were activated into F*, and silica was corroded
under high-energy e-beam irradiation (Figure S9). Due to the generation of F*, the
passivation layer located on the surface of silica could be removed. In comparison, the
silica sample under H2 environment displayed the slowest welding speed (0.04 nm/s)

(Figure 3C and Video S4).

To rationalize this result, first-principle calculations (Computational method for
interaction stress) were performed. It is found that when two silica nanospheres with
different surface terminated states are gradually approaching each other, significantly
different interaction stresses are produced between them (Figure 3D). For the silica
without any hydrogen passivation on the surface, many dangling bonds exist. When
these two silica nanospheres are gradually connected, their interaction stress is
attractive (the red line in Figure 3D). With the decrease in their distance, their attractive
stress increases as well. When the distance is less than 1 A, the attractive stress can
reach 10.4 GPa, this huge attracting stress between the silica surfaces can spontaneously
achieve welding. While for the silica with a full hydrogen passivation surface, the
interaction stress is quite different. When the two silica nanospheres approach each
other, their interaction stress is repulsive (the black line in Figure 3D). When the

distance is less than 0.5 A, the repulsive stress can reach 2.0 GPa, which means that it



becomes extremely difficult for the materials to be welded (Figure S10 and Table S1).

Both experimental and computational results confirm that it is indeed hydrogen
passivation that leads to the difficulty of welding. The hydrogen passivation level may
determine the welding difficulty. To rationalize this idea, the surface energies for silica
with different hydrogen coverage levels are calculated by using the first-principle
method (Computational method for surface energy), which are plotted in Figure 3E.
When the silica surface is completely terminated by hydrogen atoms (full hydrogen
passivation), their surface energy is 1.22 J/m? When the hydrogen coverage rate
decreases to 2/3, 1/3, the calculated surface energies of silica increase to 2.10 and 2.84
J/m?, respectively. When the surface of silica is free of hydrogen coverage, resulting in
a further increase in the surface energy of silica to 3.23 J/m? (Table S2). High surface
energy means high surface tension and high chemical reactivity. It indicates that the
silica after CHF3-SF6-O2 treatment possesses an ultra-clean surface, which has a high
chemical reactivity and provides a high driving force to lower the energy barrier for
plastic deformation, and this is beneficial for the welding process. These results indicate
that the cold welding speed of ceramic silica can be easily adjusted by controlling the

gas, which is crucial for future 3D printing.

The e-beam assisted cold welding mechanism

The deformation ability of ceramic materials is closely related to the concentration of
defects, which has a close relationship with the intensity of e-beam irradiation.'” Thus,
the mechanical properties of silica nanosphere under e-beam on/off conditions are
explored respectively. Electrons have much greater penetration depths compared to
heavier particles and ions, so they can generate uniform damage and structural changes
throughout a material. The principle of the in situ mechanical testing technique is to
compress individual silica nanosphere between a flat diamond punch and a flat silicon
substrate while simultaneously observing the deformation process. Figure 4A shows a
typical stress-strain response of amorphous silica nanospheres in compression tests
inside the ETEM by using a Hysitron Picoindenter (PI 95). Figure 4A chart the load-
displacement curves and deformation behavior of the silica nanospheres before (inset)
and after the experiments with beam-off and beam-on conditions. When the e-beam
was off, the maximum average contact pressure on the sphere was approximately 97
uN just after ~50% compression. Alternatively, the effective stress on the nanospherical

shell can be defined as the load divided by the initial maximal cross-sectional area of
6



the nanospherical shell.'® This results in an effective yield strength of 9.26 GPa. In
contrast, a much easier flow was observed when the e-beam was on during the in situ
deformation experiments (Figure 4A). It yields an approximate effective yield strength
at only 4.78 GPa. This unusual strength decrease enables the silica nanosphere to

exhibit considerable plastic deformation to failure.

The electron-beam-induced defects including vacancies, and dangling bonds are
interpreted as the direct reason for the observed soften effect.'® Thus, the e-beam
density plays a significant role for influence the welding speed of silica nanospheres
(Figure S11). Under high-energy e-beam irradiation, the welding speed is 2.13 nm/s.
Under moderate intensity e-beam irradiation, the welding speed is 1.64 nm/s. Under a
low intensity e-beam irradiation, the welding speed is 0.26 nm/s. It indicates that the
higher the e-beam dose, the faster the welding speed. However, the dose rate of the e-
beam during welding process is not sufficient to cause a sharp increase in the sample
temperature.'’*° For a welding process, two steps are needed, the first step is the contact
of welding interfaces, and the next step is the bonding between interface atoms. For the
first step, the contact of welding interfaces needs large geometry changes or
deformation, and this deformation is carried by atomic diffusion with the aid of vacancy.
For the second step, the atoms on the interfaces have an unsaturated dangling bond,
when two Si and O atoms with an unsaturated dangling bond reach a critical distance,
these two atoms can be bonded. The broken/suspended bonds interacted with other
neighboring atoms, accompanying the rotation and migration of the atomic clusters are
also involved.?* The repetition and accumulation of such bond-switching events cause
plastic flow in the silica, healing incipient voids before their coalescence and giving

rise to the observed ductility.

To further clarify this deformation mechanism, the welding time to reach constant
silica nanospheres’ contact width as a function of the reciprocal of temperature is
summarized in Figure 4B. With increasing the temperature, the welding speed is
enhanced as well, indicating that the deformation of silica is primarily driven by thermal
activation. Usually, the strain rate/welding speed R in a thermal activation deformation

process can be well described by Arrhenius equation?
R = Aexp (—G/kT), (1)

where A is a preexponential factor, and it is proportional to the concentration of the
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deformation carrier (such as vacancy point defect); k is the Boltzmann constant; T is

the temperature; G is the thermal activation energy barrier.

By linear fitting the logarithm of welding time as a function of the reciprocal of
temperature (Figure 4B), the thermal activation energy barrier for this welding process
can be obtained. For different welding progress, their thermal activation energy barriers
are almost the same, which is in the range of 0.043~0.046 eV (according to equation 1;
Table S3). For amorphous silica, its plastic deformation is dominated by atomic
diffusion, hence their thermal activation energy barriers correspond to the atomic
diffusion barrier. Under no external applied stress condition, the atomic diffusion
barrier usually is in the range of 0.4~0.6 eV.?® This result implies that the micro
mechanism of our welding process is a stress-derived atomic diffusion process, and the
surface tension force played the role of external applied stress to drive the atomic
diffusion process. This surface tension is originated from the spherical structure of silica,

which is closely related to its diameter.

In our cold welding process, the deformation carrier is mainly vacancy point
defects (it is proportional to the A in Eq. 1), and it may be caused by e-beam
irradiation.'”?»?® As shown in Eq.1, the increase in the concentration of defect A can
accelerate the welding speed, this explains why the amorphous silica under e-beam
irradiation displays a lower strength than that without irradiation. Based on the above
analysis, the welding mechanism of ceramic silica can be concluded as a combined
thermal and mechanical activation mechanism, and this mechanism to overcome the

energy barrier for a plastic deformation process is schematically illustrated in Figure
4C.

CONCLUSIONS

In this study, a silica cold welding technology with an accuracy at the tens-of-
nanometers scale is achieved under e-beam irradiation. A clean surface and high plastic
deformation ability are two critical factors for achieving room temperature welding of
silica. When the hydrogen passivation layer is cleaned up, more newly formed free
bindings are likely to be accumulated on the surface, resulting in the easier welding of
silica at room-temperature. Not only alters the surface state, e-beam irradiation created

plenty of defects through ionization and excitation of atoms inside the silica, which
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significantly improved its plastic deformation ability. Therefore, we can control the

welding speed of silica by controlling the electron beam and atmosphere environment.

Although cold welding is a well-known phenomenon in metal, its occurrence in
ceramic material under an ambient atmosphere is unexpected. Moreover, the welding
process is automatically carried out without needing any extra stress. From a scientific
perspective, the current study not only spatiotemporally tracks the cold welding process
of ceramic material, but also provides direct evidence that hydrogen passivation layer
can significantly influence the welding speed. In application wise, this unique glass
cold welding technique has many characteristics including flexibly control, low
temperature, and strong welding strength, maximally retaining the excellent properties
of silica itself but without disturbing its nano scale resolution (even down to sub-10 nm
depending on the nanoparticle sizes). This method demonstrated silica can be facilely
processed with an ultra-high resolution below 100 nm, revealing the potential to build
passive and active integrated nanophotonic chips and glass devices via direct 3D

nanoprinting.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and data should be directed to
and will be fulfilled by the lead contact, Yang Lu (ylul@hku.hk).

Materials availability

This study did not generate new unique reagents.

Data and code availability
All the necessary data supporting the main findings of the paper are available within
the main paper and its supplemental information files and from the lead contact upon

reasonable request.

The setup of the cold welding



The welding processes of silica nanospheres were carried out in a Cs-corrected FEI
Titan ETEM G2 by using a TEM scanning tunneling microscope platform (PicoFemto,
STM-TEM holder).**? The three-dimensional motion of the STM probe is driven by
the piezoelectric head of the stent. Prior to the experiment, a semicircular copper mesh
was swept back and forth through the silica nanosphere powder. As a result, some silica
nanospheres are adsorbed on the string of the semicircular copper mesh through an
electrostatic force. And then, we use blowgun to remove excess loosely samples from
the copper mesh. In this study, the in situ TEM characterization is carried out at room
temperature. A slow scan CCD camera is used to record images and movies. The
welding behavior of silica nanospheres is monitored under controlled electron

irradiation and usual imaging conditions.

Description of the in situ tensile experiment

In order to quantitatively measure the tensile properties of the weld junction, we
inserted a silicon atomic force microscopy (AFM) cantilever beam (k = 0.1~40 N/m)
into one end of the environmental transmission electron microscopy — AFM (ETEM-
AFM) holder. Silica nanospheres were used to connect the Si substrate tip to the
cantilever under electron beam irradiation. In this welding process, we choose Si
substrate instead of W because Si is a brittle material, and the plastic deformation will
not occur during the stretching process, which ensures the reliability of the experiment.
Because the deflection of the cantilever (< 5 um) was much smaller than its beam length
(520 um), a linear relationship between AX (displacement of the AFM tip, which is
equal to the cantilever deflection) and P (force applied on the target silica sample) was
assumed. During the experiment, a beam stopper was inserted into the field of view as
the reference for displacement measurements. The compression strength was calculated
from the engineering stress. The stress calculation was accurate by measuring cantilever

deflections in high-magnification TEM images.

Tuning the surface conditions on the welding process

Numerous works in literatures have reported that there are dangling bonds on the

27-29

surface of any materials, it affects the surface state of silica. A typical phenomenon

is called hydrogen passivation.>*! In the experiment, the two contacted silica
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nanospheres could not be welded together under H2 atmosphere.

The CHF3-SF6-O2 gas is a typical etching gas widely used in the semiconductor
industry, especially for etching the silica.'">'® As already reported in a previous
study,®3® the chemical reaction between silica and CHF3-SFe-O2 is the reaction
between silica and reactive fluorine generates volatile SiFx. Firstly, CHF3 was activated
into F* and the gas became extremely active under electronic irradiation. The chemical
reactions between silica and F* caused the breaking of chemical bonds.** As a result,
the impurity atoms located on the surface of silica could be removed, and an ultra-clean

silica surface was formed after CHF3-SFe6-O2 gas treatment.

In comparison, the silica sample under H2 environment is expected to own a full
hydrogen-terminated surface. In the experiment, the surface of the pristine silica
nanosphere was first cleaned up by using CHF3-SFs-O2 gas, resulting in exposing more
dangling bonds. After that, the CHF3-SF¢-O2 gas was pumped out from the ETEM
chamber. Subsequently, 0.01 mbar Hz (99.999% purity) was introduced into the
chamber. Under e-beam irradiation, H2 gas molecules were easily ionized. A large
number of free hydrogen atoms or ions were generated at this time, which could easily
terminate the dangling bonds on the fresh silica nanosphere surface and form a full

hydrogen-terminated surface.

Parameter setup for first principle calculation
For both enthalpies of formation and surface energy calculations, their first-principles
energy calculations are performed by using the Vienna ab initio simulation package
(VASP) based on density functional theory (DFT).*>-*° Based on the models built above,
they are relaxed firstly, and then the corresponding total energy be obtained by first-
principles energy calculation. In this work, the required elements are calculated by
137

using projector augmented wave (PAW) pseudopotentia

approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE).*® The cut-off

The generalized gradient

energy of plane-wave is set at 500 eV, and only one k-point of Gamma is used.

Computational method for interaction stress
To study the welding mechanism, the interaction stresses of two amorphous silica

surfaces are studied by using first-principle method. To simulate this situation, a serial
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of slab structure models with different vacuum layers thickness are established, as
shown in Figure S10. Because it is a slab model, the vacuum layers thickness can
represent the contact distance L. In these slab models, 55 silicon atoms and 110 oxygen
atoms are contained, and there exist two types of surfaces, one is the surface without
any hydrogen passivation, and the other one is the surface with a full hydrogen-
terminated.

The enthalpies of formation as a function of contact distance L is calculated by

using the following formula:

AH(L) = 1/2(HL - Hy,), (1)
where HL is the system enthalpy when the contact distance is L, and H. is the enthalpy
value at infinity, in this work, the H.. is take as the system enthalpy value at the contact

distance L = 15 A. After that, the enthalpy of formation is differentiated by the contact
distance and further divided by the contact area, and it is the interaction stress, and they

are listed in Table S1.

Computational method for surface energy
To study the surface state of amorphous silica surface, the surface energy of amorphous
silica is calculated by using first-principle method. For calculating, a serial of slab
structure models are established, and their vacuum layers thickness is selected as 15 A
to ensure two surfaces no interaction. In these slab models, 55 silicon atoms and 110
oxygen atoms are contained, and their surface are terminated with different coverage
of hydrogen to simulate different experimentally treated surfaces. The hydrogen
coverage rates are 0, 1/3, 2/3, and 1 respectively, as shown in Table S2.

The surface energy as a function of hydrogen chemical potential is obtained by
using the following formula:

Esurface = (Eslab — N * Epuic — 1 % py) /24, (2)
where Esiab is the total energy of slab composed of N-layer bulks, Ebuik is the energy of
the bulk, A is the surface area of the slab, and n is the amount of surface terminated
hydrogen, s is the hydrogen chemical potential. pp=Ey, /2, Ey, is the total energy of
dissociating and isolating a hydrogen molecule at T=0 K.

Finally, the calculated Surface energy can be obtained, and they are listed in Table
S2.
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Figure captions

Figure 1. Schematics of the silica (SiO2) nano-welding setup and processes.

(A) Before the experiment, several silica nanospheres were first firmly attached to the edge of the
copper mesh through the electrostatic force. And then, the tungsten tip was manipulated to approach
silica nanosphere by using a STM holder.

(B-D) The first welding cycle was the process of welding a silica nanosphere to the W tip. Under
the combined effect of gas and e-beam irradiation, the welding of silica could be realized at room
temperature. In the first welding cycle, we can see that the W tip and silica nanosphere were welded
together.

(E-K) The 2", 31 4% 5% 6t and 7% welding cycle was subsequently finished by using the same
procedure.

(L-O) Silica nanospheres are welded to produce some complex 3D shapes.

Figure 2. The detailed cold welding process of silica nanospheres.

(A) Two silica nanospheres were brought into proximity before the welding.

(B-D) Under the e-beam irradiation in a no gas environment, the silica nanosphere welding process
started immediately and continues to expand outward.

(E) The schematic of a self-assembled in situ TEM-AFM device for the tensile test. The target
sample was first welded to the Si tip, and then welded to the tip of the AFM cantilever. We stretched
the Si tip, and the welded sample moved along the same direction, meanwhile the AFM cantilever
was bent. Through measuring the deflection of the AFM cantilever, we can calculate the tensile
strength of the sample.

(F) A real image of the experiment setup.

(G-J) The tensile test for a welded silica nanowire, and it displayed a typical brittle fracture.

Figure 3. Effects of different atmospheres on speeding up or suspending the welding process
of silica nanospheres.

(A) Under the e-beam irradiation in no gas environment, the silica nanosphere welding.

(B) Under the e-beam irradiation in a CHF3-SF¢-O- environment, the silica nanosphere welding.
(C) Under the e-beam irradiation in a Hy environment, the silica nanosphere welding. (A-C, The
silica nanospheres were welded under electron beam irradiation in no gas, CHF3-SFs-O, and H»
environments, respectively.)

(D) The enthalpies of formation of silica with a clean surface and silica after hydrogen passivation
varies with the thickness of the vacuum layer.

(E) Silica energy change with different hydrogen coverage.

Figure 4. Schematic of thermal and mechanical activation mechanism on the glass nano-
welding.

(A) The stress-strain curve of the load and compression of silica when the e-beam was turned off or
on.

(B) The relationship between temperature reciprocal and time logarithm for different contact widths
of silica nanospheres.

(C) The e-beam and surface tension effect on the thermal activation energy barrier. The e-beam
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irradiation can increase the concentration of defects and further makes the thermal activation more

important, and increasing surface tension force can decrease the thermal activation energy barrier.
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Captions for Supplementary Videos
Video S1.

The welding process of the silica nanospheres was achieved in the ETEM chamber
under e-beam irradiation. The video was recorded at 4 frames/second, and played at

25x% speed.
Video S2.

Characterizing the cold welding processes for multiple times in the ETEM chamber
under e-beam irradiation. The video was recorded at 4 frames/second, and played at

10> speed.
Video S3.

In situ TEM-atomic force microscopy (AFM) testing of the welded structures. Under
the tensile force, the welded silica nanospheres move downwards, while the AFM
cantilever was bent. According to the formula F = K-AX, we can obtain the tensile
strength of the weld junction. The video was recorded at 4 frames/second, and played

at 3xspeed.
Video S4.

A high magnification characterization on the weld junction in different environments
(including no gas, CHFs-SFe-O2, and Hz). When two fresh silica nanospheres come
into contact, they can be welded together. The welding speed in CHF3-SFe-O2
atmosphere is faster than in no gas condition. In comparison, in Hz2 environment, the
two contacted silica nanospheres could not be welded together. The video was

recorded at 4 frames/second, and played at 1>speed.
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