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Supplementary Fig. 1| The schematic diagram

of double-electrolyte electrochemical etching method.

A pure tungsten wire passes through a NaOH lamella into saturated NaCl, with etching driven by a DC

source at the NaOH lamella.

Au plate anode(+) 1000 - : (733
. _ 800 50
E I d=15nm E 600 440 <
. ¥ o400 [ 10 =
20
200 410
5 L 40
W nanotip 0 | | 1 10
- cathode(-) 0 4000 8000 12000

Sampling points

treatment

treatment

— —/——

I.e=const, At min

v t (min)

observation

HRTEM images

1000 I Field emission

800 - I-V curves

7\ L L L L
0 10 20 30 40 50
viv]




19

20

21

22

23

24

25

26

27

Supplementary Fig. 2| The experimental process for tracking deformation behaviors. The morphology
evolution experiment of pure tungsten nanotips is composed of two periods, the treatment period and the
observation period. The treatment period maintains a constant field emission current to induce morphology
changes. During the observation period, TEM imaging and field emission measurements characterize the

evolved nanotip.
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Supplementary Fig. 3| The TEM images of the initial tungsten nanotips with different apex radii (R
=3 nm, S nm and 9 nm) and the corresponding post-processed selected area electron diffraction

(SAED) results. (a) R=3 nm. (b) R=5nm. (¢c) R=9 nm.
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Supplementary Fig. 4| The corresponding Fourier-filtered images (to Fig. 1) of a <110>-oriented
tungsten nanotip with an apex radius of 3 nm depict the evolution of dislocations, with the edge
dislocations of different polarities marked by magenta and yellow ‘L’ symbols, respectively. (a) =0

min. (b) =5 min. (¢) = 10 min. (d) = 15 min. (e) ¢t = 20 min. (f) = 25 min. (g) ¢ = 30 min. (h) =40

min.
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Supplementary Fig. 5| Field emission /- curves of tungsten nanotips. (a) R = 3 nm. (b) R = 5 nm.

Source data are provided as a Source Data file.
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Supplementary Fig. 6] The deformation behaviors of tungsten nanotip with an apex radius of 9 nm.
(a) The initial TEM image of tungsten nanotip. (b) The TEM image of this tungsten nanotip after field
emission treatment with /rg = 1000 nA and A¢ = 4 h. The applied voltages required to achieve a field

emission current of 2 nA (d = 15 nm) are provided.

Supplementary Note 1: The simulated electric field distribution for atomistic models

Based on the established model (a typical example is shown in Supplementary Fig. 7), the
atomically mapped field distributions of spherical and polyhedral nanotips with apex radii of 3 nm,
5 nm, and 9 nm are shown in Supplementary Figs. 8-10. It can be seen that the electric field is
stronger at the edge atoms, and the polyhedral nanotips exhibit only a slight increase in field

strength compared with the spherical ones.
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52 Supplementary Fig. 7| The typical nanotip model in FEcMD simulation. (a) The nanotip model. (b)

53 The finite element mesh.
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55  Supplementary Fig. 8| The electric field distribution for the atomistic spherical nanotip and the
56  polyhedral nanotip with a 3 nm apex radius. (a) The spherical nanotip. (b) The polyhedral nanotip. On
57  the left side of the figure, the applied voltage across the gap, the resulting field emission current, and the

58 field enhancement factor obtained from the simulation are shown.
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Supplementary Fig. 9| The electric field distribution for the atomistic spherical nanotip and the
polyhedral nanotip with a 5 nm apex radius. (a) The spherical nanotip. (b) The polyhedral nanotip. On
the left side of the figure, the applied voltage across the gap, the resulting field emission current, and the

field enhancement factor obtained from the simulation are shown.
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Supplementary Fig. 10| The electric field distribution for the atomistic spherical nanotip with a 9 nm

apex radius. Side and top views of the field distribution are shown. On the left side of the figure, the applied
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voltage across the gap, the resulting field emission current, and the field enhancement factor obtained from

the simulation are shown.

Supplementary Note 2: The maxwell stress induced by electric fields
The most significant effect of an external electric field on a metal surface is that it exerts an a

tensile stress to the material surface, i.e. the Maxwell stress o

oc=22F?
2

Where F is the electric field strength at a surface point and & is the vacuum permittivity. The
Supplementary Fig. 11 shows the relationship between the Maxwell stress ¢ and the electric fields.
The field enhacenment factor is defined as y= Fimax/Favg, Where Fave = V/d is applied electric field,
and Fmax 1s the maximum electric field. Based on the atomistic electric field distribution obtained
from FEcMD simulations (Supplementary Figs. 8-10), the field enhancement factor yis about 4.0
for the spherical tip and 4.1 for the polyhedral tip with a 3 nm apex radius at a 15 nm gap, and yis
about 3.15 for the spherical tip and 3.24 for the polyhedral tip with a 5 nm apex radius at a 15 nm
gap. Thus, the maximum electric fields Fiax in our experiments are near 10 V/nm, corresponding
to a Maxwell stress o of less than 0.5 GPa. This value is significantly lower than the yield strength
of tungsten along the <110> direction, which is 19.2 GPa'. Therefore, the deformation cannot be

attributed to the plastic deformation induced by the applied electric fields.
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Supplementary Fig. 11| Maxwell stress induced by different electric field strengths. Source data are

provided as a Source Data file.

Supplementary Note 3: The thermal effects caused by field emission

To determine the temperature of the nanotips during field emission and assess whether thermal
effects significantly influence their deformation behaviors, we simulated the temperature
distribution for all three nanotips under a field emission current of 1000 nA. The simulated results,
including field emission current, maximum electron and phonon temperature, electric field
distribution, as well as electron and phonon temperature distribution, are shown in Supplementary
Figs. 12-14. When the electron and phonon temperatures stabilize and converge, this temperature
can be considered the steady-state value. The simulations reveal that for all three nanotips, both
electron and phonon temperatures remain around 300 K, indicating that the field emission current

of about 1000 nA in the experiments does not cause a significant temperature rise.
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Supplementary Fig. 12| Thermal effects of a tungsten nanotip with an apex radius of 3 nm during
field emission treatment. (a) Field emission current. (b) Maximum electron temperature and phonon
temperature under field emission. (c) The electric field distribution. (d) The electron temperature

distribution and the electric field lines. (e) The phonon temperature distribution and the electric field lines.

Source data are provided as a Source Data file.
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Supplementary Fig. 13| Thermal effects of a tungsten nanotip with an apex radius of 5 nm during
field emission treatment. (a) Field emission current. (b) Maximum electron temperature and phonon
temperature under field emission. (c) The electric field distribution. (d) The electron temperature
distribution and the electric field lines. (e) The phonon temperature distribution and the electric field lines.

Source data are provided as a Source Data file.
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Supplementary Fig. 14| Thermal effects of a tungsten nanotip with an apex radius of 9 nm during
field emission treatment. (a) Field emission current. (b) Maximum electron temperature and phonon
temperature under field emission. (c) The electric field distribution. (d) The electron temperature
distribution and the electric field lines. (¢) The phonon temperature distribution and the electric field lines.

Source data are provided as a Source Data file.

Supplementary Note 4: The electric field effects for the deformation behaviors of tungsten

nanotips
To decouple the electric field effects from field emission, we conducted the reverse polarity

experiments on tungsten nanotips with radii of 2 nm and 5 nm. The corresponding TEM images

12



125  and post-processed SAED results are shown in Supplementary Fig. 15a and Supplementary Fig.
126 16a, which reveal a surface devoid of contaminants, a round and smooth apex, a neatly arranged
127  lattice with few internal defects and a <110> crystallographic direction aligned with the emitter
128  axis. The field emission /-V curves and the reverse polarity /-} curves are shown in Supplementary
129  Fig. 15b and Supplementary Fig. 16b. It can be seen that the current during reverse polarity
130  measurements is approximately 4 nA under the same electric field value, which is significantly
131  lower than 1000 nA observed during field emission measurements, indicating successful
132 decoupling of electric field effects from field emission. The representative voltage and current
133 curves during reverse polarity treatment periods are shown in Supplementary Fig. 15¢ and

134  Supplementary Fig. 16c¢.
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137  Supplementary Fig. 15| Reverse polarity experiment of a tungsten nanotip with an apex radius of 2
138  nm. (a) The TEM images of this tungsten nanotip and the corresponding post-processed SAED result. (b)

139 -V curves for field emission characteristics (tungsten nanotip as cathode) and reverse polarity (tungsten
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nanotip as anode). (c) Representative voltage and current curves during reverse polarity treatment periods.

Source data are provided as a Source Data file.
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Supplementary Fig. 16| Reverse polarity experiment of a tungsten nanotip with an apex radius of 5

nm. (a) The TEM images of this tungsten nanotip and the corresponding post-processed SAED result. (b)

I-V curves for field emission characteristics (tungsten nanotip as cathode) and reverse polarity (tungsten

nanotip as anode). (c) Representative voltage and current curves during reverse polarity treatment periods.

Source data are provided as a Source Data file.
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Supplementary Fig. 17| The corresponding Fourier-filtered images (to Fig. 3) of a <110>-oriented

tungsten nanotip with an apex radius of 2 nm depict the evolution of dislocations, with the edge

dislocations of different polarities marked by magenta and yellow ‘L’ symbols, respectively. (a) =0

min. (b) =5 min. (¢) =15 min. (d) = 25 min. (e) = 35 min. (f) = 40 min.
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Supplementary Fig. 18| The electric field distribution for the atomistic spherical nanotip and the
polyhedral nanotip with a 2 nm apex radius. (a) The spherical nanotip. (b) The polyhedral nanotip. On
the left side of the figure, the applied voltage across the gap, the resulting field emission current, and the

field enhancement factor obtained from the simulation are shown.

Supplementary Note 5: Multislice image simulation

The TEM images are simulated using QSTEM software with the multislice method®. Two 5 nm
tungsten sphere atomistic models are constructed, without or with dislocations, with the ideal zone
axis along <100>, as shown in Supplementary Fig. 19a and Supplementary Fig. 20a-b. In practice,
however, the TEM holder is a single-tilt TEM holder, making it difficult to perfectly align with
the zone axis, resulting in a few degrees of deviation. In our simulations, the imaging direction is
set with a 7° tilt from the <100> zone axis. The probe array is set to 500 x 500 pixels, with an
imaging resolution of 0.274 x 0.246 A. In the slicing, the number of slices per sub-slab is 200. The
microscope parameters are: high voltage 200 kV, defocus 50 nm, and spherical aberration C3 = 3
mm and 0 mm. The simulated results are shown in Supplementary Fig. 19b-c and Supplementary
Fig. 20c-d. As shown, for the model without dislocations, the simulated images are consistent with
the FFT-filtered image in Supplementary Fig. 19d (Fig. 2a), and the spherical aberration values do
not significantly affect the imaging. For the model with dislocations, the simulated images are
consistent with the FFT-filtered images with dislocations in Supplementary Fig. 20e (Fig. 2b), and
the spherical aberration values also do not significantly affect the imaging. Although the number
of dislocations observed from the FFT-filtered images is lower than the actual number in the

nanotip, this does not affect our main conclusions.
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Supplementary Fig. 19| Multislice simulation results of a 5 nm tungsten sphere without dislocations.

(a) The atomistic model. (b) Simulated TEM image under spherical aberration with C3

3 mm. (¢)
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Simulated TEM image under spherical aberration with C3 = 0 mm. (d) TEM image of a 5 nm tungsten
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Supplementary Fig. 20| Multislice simulation results of a 5 nm tungsten sphere with dislocations. (a)
The atomistic model. (b) The dislocations in the model. (¢) Simulated TEM image under spherical
aberration with C; =3 mm. (d) Simulated TEM image under spherical aberration with C; = 0 mm. (¢) TEM

image of a 5 nm tungsten nanotip with dislocations, along with the corresponding Fourier-filtered image.

Supplementary Note 6: The electron beam effects of TEM on the deformation behavior of
nanotip

Under TEM, the electron beam may induce various effects in the electrodes, such as electron-beam
sputtering, beam-induced heating, elastic displacement interactions, and beam-induced
hydrocarbon contamination®, which also need to be carefully considered and evaluated. In our
experiments, the TEM was operated at an accelerating voltage of 200 kV (incident electron energy
of 200 keV). During real-time observation of morphological evolution, the electron beam was
spread to achieve a low current density (dose rate) of ~4 pA/cm?, measured on a 160 mm-diameter
screen. (1) For electron-beam sputtering of tungsten, the threshold incident electron energy is about
500 keV, and thus it can be neglected under our experimental conditions (~200 keV). (ii) For
beam-induced heating, the temperature rise caused by electron beam at a dose rate of ~4 pA/cm?
is minimal (<1 K)**. (iii) For elastic displacement interactions, the surface diffusion energy Esq of
tungsten is about 0.8 eV®, which is typically lower than the adsorption energy E.q by a factor of
three or more’. This Esq value corresponds to a threshold incident electron energy of approximately
220 keV. In our experiments, the electron energy is 200 keV, which is close to this threshold,
suggesting that beam-induced surface diffusion may occur. To further assess the contribution of
beam-induced effects, we estimated the beam-induced surface-displacement rate (see Eq. 10 in
Ref. 7), which is proportional to the beam current density. Given Esq = 0.8 eV, J =4 pA/cm?, and

the atomic number of tungsten Z = 74 (see Fig. 4 in Ref. 7), we obtain the displacement rate to be
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on the order of 107 s! 7. In our experiments, although the nanotip surface contains atomic steps
where atoms may preferentially diffuse along step edges due to lower Esq (~0.58 V)%, a one-order-
of-magnitude difference (see Fig. 4 in Ref. 7) in the displacement rate is insufficient to produce
significant beam-induced knock-on displacement to contribute surface atom diffusion’. This low
rate is also insufficient to generate the point-defect density needed to nucleate dislocations or to
drive the migration of pre-existing ones. This is confirmed by the clear difference in the TEM
images obtained for the same nanotip in both polarities of the applied field. As we can see, although
the beam energy is close to the threshold incident electron energy for surface diffusion, the very
low beam current density (far below the field emission densities ~10°® A/cm?) ensures that knock-
on displacement can be neglected. (iv) It is also known that the beam-induced hydrocarbon
contamination may occur during the TEM imaging®, however, no obvious amorphous carbon layer
was observed during several hours of morphological evolution (~10 Pa vacuum level in TEM)
(Fig. 2 and Fig. 4), in contrast to our earlier SEM observations at high magnification
(Supplementary Fig. 21), where pronounced amorphous carbon deposition occurred within
seconds. Moreover, during field emission, the field-emission characteristics remained relatively
stable, without noticeable fluctuations (see Supplementary Fig. 2 and Supplementary Fig. 5),
unlike our previous observation of fluctuating field-emission behavior in a carbon-coated tungsten
nanotip®. Since the tungsten tip acts as an electron source during field emission, the high current
density can even help to clean the tip surface” '°. Therefore, we can state with the confidence that
the effects of the imaging electron beam are insignificant for the morphology evolution observed

in our experiments.
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Supplementary Fig. 21| The tungsten nanotip covered by an amorphous carbon layer. (a) The tungsten
nanotip (prepared by the double-electrolyte electrochemical etching method) in SEM covered by an
amorphous carbon layer formed via beam-induced hydrocarbon contamination. (b) The corresponding EDS

line scan along the axis of representative nanotip covered by an amorphous carbon layer.
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Supplementary Fig. 22| The 5 nm tip morphology before and after 10 nA field emission current

treatment. (a) = 0 min (before field emission current treatment). (b) = 10 min (after 10 nA field emission

current treatment).

a b

Supplementary Fig. 23| The 9 nm tip morphology before and after 10 nA field emission current

treatment. (a) = 0 min (before field emission current treatment). (b) = 10 min (after 10 nA field emission

current treatment).
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