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Transmission ElectronMicroscopy (TEM) Liquid Cell.We characterized
the topography and the surface potential of freestanding Si3N4

membrane window prior and postglow discharge using commer-
cial atomic force microscope (X-120; Park Systems) to match the
surface properties of our conditions. The cleaning and glow dis-
charge was similar to those of actual membranes used for study as
described above. The topography in Fig. S1 B and C shows that
plasma treatment does not affect surface topography of Si3N4

membrane and the rms roughness for untreated and glow dis-
charged surface of freestanding Si3N4 membrane is about 0.5 nm.
Scanning kelvin probe microscopy revealed that the surface po-
tential of freestanding Si3N4 membrane postglow discharge is
uniform and about 300 mV.

Droplet Formation. Water loaded into liquid cell is sandwiched
between the two Si3N4 membranes. Exposing this water layer
to intense electron flux (greater than 100 electron∕ðÅ2·sÞ) causes
water to rapidly retract under the beam, leaving a thin water film
(approximately 5–20 nm) behind. Recent macroscopic observa-
tions show that a small volume of water can be pushed by an elec-
tric field leaving water film behind (1), and we suspect that similar
phenomenon is occurring here when water is exposed to an elec-
tron beam. The thin layer of water in our liquid cell then slowly
recedes under intense electron flux as captured by series of mi-
crographs, shown in Fig. S2. The receding water film leaves nan-
ometer size droplets on the surface of the membrane window.

Change in the Surface Potential of the Si3N4 Membrane Window Due
to the 120-keV Electron Beam.We measured the change in the sur-
face potential of Si3N4 membrane prior and postelectron beam
irradiation under the similar conditions used in our experiments
(approximately 60 e∕Å2·s for approximately 4 min). Several
measurements were performed within 1–2 h of irradiation. These
measurements clearly indicate that the membrane potential is
slightly offset (approximately 130 mV) (Fig. S3) when irradiated
by electron beam. However, we do not attribute the liquid move-
ment during dewetting to this surface modification because water
starts flowing back within a few minutes and wetting the film once
the beam intensity is reduced or turned off while the surface
clearly remains charged, as shown in Movie S1. Therefore, we
think it is the interaction between electron beam and the liquid
film (possibly the voltage gradient at the edges of the film and not
just a uniform offset of the membrane potential) that causes
dewetting of Si3N4 membrane window.

Thickness Estimates. We can roughly estimate the thickness of the
nanodroplet using the relative intensity of the transmitted elec-
trons (electron count) through the droplet (Ndrop) and through
the droplet free area of the image (N1) using

Ndrop

N1

≈ expð−tdrop∕lwaterÞ;

where tdrop is the thickness of the nanodroplet and ldrop is the
mean free path for electron passing through water. The thickness
is then

tdrop ≈ −lwater ln
N1

Ndrop
:

The images in Fig. S4 illustrate the thickness estimates of a
stationary droplet and as droplet readies to take a step. The high-
er contrast relative to the substrate represents the thicker liquids.

It is unlikely that the change in image contrast within the dro-
plet as it prepares to step is from nanobubbles, because liquid
droplet of almost the same volume has been recovered in the fol-
lowing process. In addition, no other configurations have been
observed, although the nucleation of a bubble within the center
of the droplet is not energetically more favorable compared to the
edges or off centers.

Comparison Between 30- and 60-nm Droplets. See Fig. S5.

On the Heating of the Nanodroplet Due to the Electron Beam. Droplet
temperature.We would like to consider the possible effect of elec-
tron beam-induced heating of water nanodroplets because they
may have an effect on dynamics of water. The energy is delivered
to droplet in the form of the electron energy loss as electrons un-
dergo inelastic scattering in water. The electron energy loss can
be estimated using Bethe function (2):

dE
dx

¼ −
2πe4NAZρ

AE
ln
�
αE
I

�
; [S1]

where E is the incident electron energy, x is distance traveled
through the medium, I is estimated ionization energy,Z is atomic
number of the material, e is electron charge, NA is Avogadro’s
number, ρ is density of the material, A is atomic mass of the ma-
terial, and the relativistic factor constant at 120 keV is α ¼ 1.16.
Using Eq. S1, electron energy loss of 120 keVelectrons transmit-
ting through water and Si3N4 is calculated to be dE∕dx ¼
0.21 eV∕nm and dE∕dx ¼ 0.2 eV∕nm, respectively.

Next, we assume that all the electron energy loss transfers into
heat and that the heat dissipation is only possible via two-dimen-
sional thermal conduction through the thin Si3N4 membrane (3).
Then, the temperature increase of the thin membrane can be cal-
culated using a two-dimensional heat conduction equation and
ignoring the heat loss through other mechanisms. At steady state,
the two-dimensional heat conduction equation in cylindrical
coordinates can be expressed as

−κmemb

�
d2T
dr2

þ 1

r
dT
dr

�
¼ J; [S2]

where κmemb is thermal conductivity of Si3N4 membrane, T is
temperature, r is the distance to the center of heat source,
and J is the heat density flux. Heat flows from the electron beam
irradiated area of radius Rb to the heat sink at the edge of mem-
brane window (Si frame of the chip at r ¼ Rw ≈ 10 μm−
window radius) where we assume the heat sink temperature to
be at ambient temperature, T ¼ T0. Outside the irradiated area
(Rb ≤ r ≤ Rw) there is no net heat flux (J ¼ 0) and the boundary
conditions are TðRwÞ ¼ T0 and dTðRbÞ∕dr ¼ Q∕ð2πRbtκmembÞ,
whereQ is the net heat power input and t is the membrane thick-
ness. The solution to Eq. S2 results in the temperature expression

T ¼ T0 þ
Q

2πκmembt
lnðRw∕rÞ: [S3]

At the boundary between the irradiated and nonirradiated
area (r ¼ Rb) we get
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Tb ¼ TðRbÞ ¼ T0 þ
Q

2πκmembt
lnðRw∕RbÞ: [S4]

However, within the irradiated area (r ≤ Rb), the heat flux den-
sity is J ¼ Q∕ðπR2

b tmembÞ ¼ nðdE∕dxÞ, where n is the electron
flux (i.e., number of electrons arriving per unit area per unit time)
and tmemb is the membrane thickness. In this case, the solution to
Eq. S2 yields the temperature at the illuminated area to be

T ¼ Tb þ
1

4κmemb
JmembðRb

2 − r2Þ: [S5]

Now let us consider the droplet residing on a surface of Si3N4

membrane and assume that it is in the center of the irradiated
area (Fig. S6) at (r ¼ 0) where the membrane temperature is

Tmemb ¼ T0 þ
Q

2πκmembt
lnðRw∕RbÞ þ

Rs
2

4κmemb
Jmemb: [S6]

Next, we consider the droplet residing on top of this Si3N4 mem-
brane (where Rdrop ≪ Rb). As illustrated in Fig. S6, we make an
assumption that heat flows through a thin contact interface layer
of thickness l0 as drop temperature reaches Tdrop due to heat
power input, Q, from electron beam. Then, the one-dimensional
heat transfer equation is given by

−κdrop
d2T
dz2

¼ 0 [S7]

with the simple solution

Tdrop ¼
Q

κdropA
zþ Tmemb; [S8]

where, if we assume that droplet transfers heat across the contact
(with height of tdrop and area of πRdrop

2) to a membrane, and that
total power delivered to droplet is Q ≈ JdropπRdrop

2tdroplet, we
arrive at final expression that defines the temperature in terms
of membrane, droplet properties, and beam conditions. The final
expression for drop temperature is then

Tdrop ¼ T0 þ
JmembRb

2

2κmemb
lnðRw∕RbÞ þ

JmembRb
2

4κmemb
þ Jdroptdropl0

κdrop
:

[S9]

Fig. S7 plots the temperature change of the nanodroplet with
respect to the ambient temperature (ΔT ¼ Tdrop − T0) as a func-
tion of electron beam flux for our experimental conditions
[T0 ¼ 293 K, Rw ≈ 10 μm, Rb ≈ 5 μm, κmemb ≈ 4.9 W∕ðm·KÞ,
ref. 4, κwater ≈ 0.6 W∕ðm·KÞ, Rdrop ≈ 30 nm, tdroplet ≈ 10 nm,
l0 ≈ 0.37 nm]. Therefore, TEM imaging doesn’t result in substan-
tial heating of the nanodroplets.

Convective flow of water. Based on our temperature estimates at
the length scales of our nanodroplets, we will not have convective
movement of water because the Rayleigh number defined as (5)

Ra ¼ αgΔTl3

ϑμ
≈ 2 × 10−17 [S10]

is extremely small and we rule out the possibility of convection
redistribution of water (Ra > 103 needed for convective flow to
occur). Here, α ¼ 2 × 10−5 K−1 is the thermal expansion coeffi-
cient of water, g ¼ 9.8 m∕s2 is the gravitational acceleration,
ΔT ¼ 0.1 K is the possible temperature difference across the
drop, l ¼ 50 nm is the droplet length scale, ν ¼ 1.4 × 10−7 m2∕s

is the thermal diffusivity of water, and μ ¼ 9 × 10−4 Pa·s is the
water viscosity.

Temperature gradient. The temperature gradient is reported to
induce the movement of the droplet (6). If we assume typical ima-
ging conditions n ¼ 100 e∕ðA2·sÞ and that we are imaging at
most halfway between the center of the beam and its edge
(0 < r < Rb∕2) of Eq. S5, we find the temperature radiant of
a substrate with the nanodroplet

dT
dr

¼ −
Jmembr
2κmemb

< 1.6 × 10−5 K∕nm: [S11]

In order for a temperature gradient to induce a droplet move-
ment, the contact angle hysteresis for a droplet movement on that
surface, Δθ ¼ θadv − θrec, should satisfy the following condition
(6):

Δθ < Rdropθc
1

γ
dγ
dT

dT
dr

: [S12]

From a quick estimate for water (surface tension, γ ¼ 72 mN∕m;
surface tension gradient, dγ∕dT ≈ 0.2 mN∕ðm·KÞ; droplet
radius, Rdrop ¼ 25 nm; critical angle, θc ∼ 0.3 rad) we find that
contact angle hysteresis is Δθ < 3.4 × 10−6 rad ≈ 2 × 10−4°. This
condition is practically impossible to satisfy even in recently
fabricated ultralow contact angle hysteresis surfaces (Δθ > 1°)
(7, 8). Therefore, we safely rule out the possibility of temperature
gradient induced movement of nanodroplets.

Nonuniform electron beam profile may potentially be a
source for temperature gradient, but our beam is considerably
uniform (Fig. S8).

Possible Role of Electron Beam-Induced Radiation Pressure on Droplet
Deformation. To consider the effect of the radiation pressure ex-
erted by electron beam on a specimen that is being imaged due to
electron scattering, we need to consider only the fraction of the
electrons that are scattered, which is given by

Nscat

Ntot
¼ 1 − expð−t∕λÞ; [S13]

where Nscat is the number of scattered electrons, Ntot is total
number of electrons impacting the sample, t is specimen thick-
ness, and λ is mean free path of the 120-keV energy electron
in water.

The momentum change, Δp, of each scattered electron during
the time interval,Δt, when an electron interacts with the sample is
Δp ¼ pð1 − cos θÞ ¼ ð2meEÞ1∕2ð1 − cos θÞ, where we have ne-
glected relativistic effects for simplicity. This momentum change
exerts a force and therefore a pressure on a sample area of A:

P ¼ F
A

¼ 1

A
NscatΔp

Δt
¼ Nscat

AΔt
ffiffiffiffiffiffiffiffiffiffiffiffi
2meE

p
ð1 − cos θÞ

¼ Ntot

AΔt
ð1 − expð−t∕λÞÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
2meE

p
ð1 − cos θÞ; [S14]

where θ is the scattering angle (usually a few degrees),me ¼ 9.1 ×
10−31 kg is the mass of the electron, and E ¼ 120 keV is the
energy of the electron. If we assume that electrons undergo com-
plete backward scattering (θ ¼ 180°) which yields the maximum
possible pressure, we calculate a pressure of 0.31 Pa, which is neg-
ligible compared to Laplace pressure inside the nanodroplet:

P ¼ γ
R

¼ 2.9 MPa:
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Here we used known values of γ ¼ 0.072 N∕m, me ¼ 9.1 ×
10−31 kg, E ¼ 120 keV, ðNtot

AΔtÞ ¼ 100 electrons∕ðA2·sÞ − typical
experimental values, t ≈ 20 nm, λ ¼ 232 nm (9), R ¼ 25 nm.
Therefore, we conclude that it is unlikely that radiation pressure
will induce any noticeable deformation of the nanodroplet.

Possible Role of Electrostatic Forces in Deformation of the Nanodro-
plet. Electrostatic effects may also deform the nanodroplets. We
can model the nanodroplet of radiusR to be a spherical capacitor
with the capacitance of C ¼ 4πε0R that charges up with charge q
when exposed to energetic electron beam as a result of ionization
(ε0 ¼ 8.85 × 10−12 F∕m). The energy stored in this nanodroplet
capacitor is thenE ¼ q2∕2C. In order for the electrostatic energy
to induce a deformation, it should be comparable to the surface
energy of the nanodroplet, E ¼ γA ¼ 4γπR2, where A ¼ πR2 is
the surface area of the sphere. Setting electrostatic energy equal

to the surface energy of the nanodroplet (R ¼ 25 nm), we obtain
total charge necessary to induce the deformation of

q ¼ 4πð2ε0γR3Þ1∕2 ¼ 350e:

Nanodroplet with a radius of 25 nm contains about 2.2 × 107

water molecules. Such ionization of a very small fraction of water
molecules (350∕2.2 × 107 ¼ 0.0016%) can lead to internal elec-
trostatic repulsive force that results in toroidal shape as water is
pushed toward the rims of the nanodroplet, leading to an increase
in contact angle until the advancing contact angle is reached. As
the droplet steps forward it may lose some outward charge diffu-
sion (to membrane and air interface) and because of the enlarged
total area, which will reduce the overall charge of the droplet as it
comes to rest and this cycle repeats, forcing the nanodroplet to
undergo stick-slip movement.
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A B

Fig. S1. The liquid cell. (A) Si3N4 membrane windows both on top and bottom frame are aligned and attached together with indium spacer providing a gap
for liquid to be loaded from two large openings at the top of the chip. Once liquid is loaded, the chip is sealed by a copper gasket that prevents the liquid from
being exposed to vacuum of TEM. Surface topography of Si3N4 membrane window (B) before and (C) after glow discharge.

Fig. S2. Water nanodroplet formation. TEM micrograph showing the droplet formation as thin water film recedes when exposed to an electron beam with
flux of >120 e∕ðA2 ·sÞ.
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B

Fig. S3. Influence of electron beam on the surface potential of the membrane obtained by scanning kelvin probe microscopy. (A) Prior to an electron beam
exposure. (B) After the exposure to an electron beam (approximately 60 e∕Å2·s for duration of approximately 4 min; measured approximately 60 min after
electron beam exposure). (C) Histogram of voltage distribution of Si3N4 before (blue) and after (red) the electron beam exposure obtained from
512 × 512 pixel scanning kelvin probe micrographs.

A C

B D

Fig. S4. Estimating the rough thickness of a nanodroplet. (A) Thickness of a stationary 30-nmwater droplet. (B) Thickness as 30-nm droplet prepares to step by
forming a torus structure. (C) Thickness of a stationary 60-nm water droplet. (D) Thickness as 60-nm droplet prepares to step by forming a torus.
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Fig. S5. Nanodroplet parameters. (A) Droplet 1 and droplet 2. (B) Coordinates x-y of two droplets. (C) Instantaneous velocities of the droplet 1 (blue) and
droplet 2 (green). (D) Area of the droplet 1 (blue) and droplet 2 (green).

Fig. S6. Schematic of droplet under e-beam. Electron beam (yellow region) interacts both with the substrate and freestanding Si3N4 membrane. Absorbed
energy from droplet dissipates into themembrane, while the energy input intomembrane dissipates to thick Si frame of the chip, which is in direct contact with
the specimen holder.

A B

Fig. S7. Estimated temperature dependence on electron dose. (A) Temperature difference between the membrane and the ambient environment due to the
electron beam. (B) The difference between the nanodroplet and the membrane temperature in the presence of the 120 keV electron beam.
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Fig. S8. Typical beam profile used during imaging of droplet movement recorded by camera appears to be considerably flat (within 5% of incident beam
intensity).

Movie S1. Movie of water film flowing back and rewetting the membrane surface after beam was turned off for a few minutes.

Movie S1 (MOV)

Movie S2. Movie of a approximately 50-nm nanodroplet (red outline) executing stick-slip movement on a flat Si3N4 film imaged with electron flux of
52 e∕ðÅ2·sÞ.
Movie S2 (MOV)
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Movie S3. Movie of an approximately 30-nm nanodroplet executing stick-slip movement on a flat Si3N4 film imaged with electron flux of 95 e∕ðÅ2·sÞ.
Movie S3 (MOV)

Movie S4. Movie of an approximately 60-nm nanodroplet executing stick-slip movement on a flat Si3N4 film imaged with electron flux of 95 e∕ðÅ2·sÞ.
Movie S4 (AVI)

Movie S5. Movie of an approximately 15-nm nanodroplet executing attempting stick-slip movement on a flat Si3N4 film imaged with electron flux of
95 e∕ðÅ2·sÞ. However, the droplet remains pinned to the surface and immobile.

Movie S5 (MOV)
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