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The unrevealed 3D morphological evolution of
annealed nanoporous thin films†
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Nanoporous materials (sub-10 nm in diameter) have potential applications in chips, biosensors, thermo-

electrics, desalination and other fields due to their large surface-to-volume ratio. Thermal annealing is a

preferred technique to precisely control the ultra-fine nanopore size. Here, the 3D morphological evol-

ution of a membrane with periodic nanopores by thermal annealing is studied. It is found that the evol-

ution is determined by the combination of the membrane thickness, the initial nanopore radius and the

periodic length of the porous pattern, rather than the previously suggested ratio between the membrane

thickness and pore radius. High-temperature annealing experiments and molecular dynamics simulations

are performed to confirm the rationality of the newly proposed model. Energy analysis demonstrates that

surface energy minimization is the driving force of the morphological evolution. The local minimum of

energy in the new model provides the possibility of thermal stability of nanoporous silicon as a thermo-

electric material. This study provides guidance for the mass production of nanoporous membranes with

high-temperature annealing.

1. Introduction

Nanoporous materials have significant applications in chips,1

biosensors,2 thermoelectrics,3 desalination,4 concentrating
solar power systems,5 micro/nano-electronics,6 data storage7

etc. These applications benefit from the large surface-to-
volume ratio and the unique transport and mechanical pro-
perties of nanoporous structures. Regarding biosensors, the
charged biomolecules driven by an electric field pass through
the nanopore one by one.8 Their highly sensitive detection
originates from the structure of the pore, i.e., nanoscale pore
sizes not too much larger than that of the detected bio-
molecule.9 The diameter of a deoxyribonucleic acid (DNA)
chain is about 2 nm, and the size of protein molecules ranges
from a few nanometers to tens of nanometers.10,11 As a selec-
tive membrane used for water desalination, pores with a dia-
meter less than 2 nm can retain salt ions while allowing rapid
water transport.12 The expansion of the pore size will result in

an order of magnitude reduction in selectivity.4 The good per-
formance of the thermoelectric material is also determined by
periodic nanopores with a small neck width between the adja-
cent nanopores.13–15

Various fabrication techniques have been studied by
researchers to achieve nanopores with sub-10 nm diameters
and nanometer precision.16–20 Among them, a focused elec-
tron beam in a transmission electron microscope (TEM)19 and
a focused ion beam (FIB)18 are two popular nanopore fabrica-
tion methods. Sub-10 nm or even atomic-sized pores can be
fabricated across ultra-thin membranes or atomic-thick
materials.21 For mass production, traditional dry etching or
wet etching is often employed for nanopore fabrication but the
required dimension is hard to achieve.22 For these nanopore-
fabrication techniques, the smallest nanopore diameter d is
restricted by the film thickness t, with an aspect ratio t/d < 3.23

To achieve a high aspect ratio, heated nanoparticles as etching
agents can be used.24

Another approach to overcome this difficulty is to reduce
the pore size by post-annealing, during which the membrane
is softened and deformed to a lower surface free energy.25

With its fine resolution and direct visual feedback during the
process, annealing under a TEM would reduce the pore to any
size, with single-nanometer precision.19 Direct thermal
heating results in the shrinking of silicon dioxide nanopores
with a similar mechanism.16 Many pores can be processed in
one step while keeping the surrounding surface composition
the same.26,27 And high-temperature annealing is a common
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technique for the preparation of nanostructures, which has an
important effect on the surface morphological and optical
properties.28–30

The surface tension of the softened silicon causes the mor-
phological change, shrinking or expansion, of nanopores.
Based on the experimental observation for the same silicon
membrane, the small pores would shrink and eventually disap-
pear, while the large pores expand.16,19 These different mor-
phological changes are determined by the radius–thickness
ratio according to a classical model considering the surface
energy variation with pore-size changes. The structure will
deform to a structure with a lower surface free energy, mani-
fested as the shrinking or expansion of nanopores. Similar
physics of shrinking or expansion has also been observed in
gold sheets with nanopores31 and in mercury films of
micrometer-scale.32

However, fewer works reveal the fundamental physics at the
atomic scale. As an atomistic modeling method, molecular
dynamics (MD) simulations can provide valuable insight into
the physics of the formation and variation of nanoparticles
and nanopores.33–37 For instance, realistic silica nanopores are
created for MD simulations by distinguishing nonbridging or
bridging oxygens and adding the hydroxyl groups.38 In
addition, the melting of silicon nanoparticles is in good agree-
ment with the experimental observation, such as the size
dependence of melting point obtained from simulations.39,40

In this work, the deformation processes of nanoporous
silicon membranes are investigated through both simulations

and experiments. The initial parameters of the nanoporous
membrane include the pore radius, membrane thickness and
the periodic length of the nanopore array. The results obtained
in the experiments and MD simulations are normalized to a
mathematical model to explain the morphological changes.
Besides, the simulated energy distribution and mean atomic
potential energy prove a decrease in surface free energy under
thermal annealing treatment. Furthermore, the temperature
dependence of nanopore deformation is also investigated.

2. Results and discussion
2.1. Theoretical model of evolution

The schematic figure of a periodic nanoporous silicon mem-
brane is shown in Fig. 1A, where r, h, and p are the nanopore
radius, membrane thickness and periodic length, respectively.
The simulation cell before relaxation is depicted in Fig. 1B,
where silicon atoms have a diamond crystal configuration.
After relaxation at elevated temperatures, the atoms at bound-
aries were re-organized to minimize the surface free energy.

The characteristic length of the theory is the size below
which the surface tension is dominant compared with the
gravity. The assumption of the proposed theoretical model is
that the size of the structure is smaller than the characteristic
length.

When the periodic length is much larger than the pore
radius, the film thickness is almost unchanged during the

Fig. 1 (A) Schematic of the nanoporous silicon membrane. (B) Schematic views of the simulation cell of the crystalline silicon structure with round
pores. The red atoms represent the surface atoms located on the sidewall of the nanopore. (C) The change of surface free energy (ΔF*) with the nor-
malized radius (r*) for the CVM, in comparison with the CTM. The dimensionless parameters are: ΔF* = ΔF/(2p2γ), V* = V/p3, h* = h/p, r* = r/p. It can
be seen that for the CVM, the surface free energy reaches the peak at rc and reaches the trough at rm, while for the CTM, the curve only has
maximum rh. (D) Comparison of the volume dependences obtained from the CVM. The color change from red to purple means that ΔF* is decreas-
ing, and parallel gray curves represent V* as different constants.
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expansion or shrinking process. Storm et al. described the
change in the free energy as19

ΔF ¼ γΔA ¼ 2γðp 2 � πr 2 þ πrhÞ; ð1aÞ
where γ is the surface tension of the viscous fluid and ΔA is
the change in the total surface area. It can be written in a nor-
malized form using ΔF* = ΔF/2p2γ, r* = r/p, h* = h/p:

ΔF� ¼ 1� πr �2 þ πr � h� ð1bÞ
The functional relationship between ΔF* and r* in eqn (1b)

is shown as the constant thickness model (CTM) in Fig. 1C.
When h* is constant, it can be inferred that nanopores with r
smaller (larger) than h/2 will shrink (expand) to reach a lower
surface free energy.

Instead of isolated pores, an array of nanopores is often
used in applications, such as phononic crystals.15,33,41–43 Due
to the narrow neck width between the adjacent nanopores, the
assumption in eqn (1b) becomes invalid. The change in the
local film thickness around pores, caused by the mass flow,
should be further addressed. As two extreme cases, amorphous
silicon and crystalline silicon have <3% divergence in the
density,44 so the volume of the membrane can be approxi-
mated as constant during high-temperature annealing. The
model with a constant volume can thus be proposed as:

ΔF¼γΔA¼2γ p2 � πr2þπr
V

p2 � πr2

� �
; ð2aÞ

or

ΔF* ¼ 1� πr* 2 þ πr*
V *

1� πr* 2
; ð2bÞ

where V is the volume of one period and the dimensionless V*
= V/p3. Here h in eqn (1a) is replaced with an averaged thick-
ness associated with the volume, and eqn (2b) is the normal-
ized form of eqn (2a). When the periodic length is much larger
than the radius, eqn (2b) can be simplified to eqn (1b).

Based on eqn (2b), the relationship between ΔF* and r* is
shown as the constant volume model (CVM) in Fig. 1C, with a
V* of 0.2. For both models, nanopores with r* smaller than a
critical value (rc for the CVM and rh for the CTM) will shrink to
lower the surface free energy (ΔF*). The contrast lies in the
ΔF* trend beyond the critical value. Here the CTM predicts
continuously expanded nanopores for an initial r* larger than
rh. In contrast, the CVM predicts a stable rm as the local
minimum of ΔF*. For nanopores with an initial r* > rm, they
should shrink to rm eventually.

In Fig. 1D, the three-dimensional contour of ΔF* more
intuitively reflects the V* dependence of nanopore defor-
mations. The critical values rc and rm for the CVM are corre-
lated with the V* of the membrane. This can be obtained by
the V*-dependent rc and rm given in Fig. S1 in ESI I,† which
shows that |rm − rc| decreases as the V* increases. It can also
be seen from Fig. S1† that for V* > 0.27, the local minimum rm
disappears and the ΔF* increases monotonously with the
increase of r*. In this situation, nanopores with different

initial radii will shrink and eventually disappear under the
drive of the viscous force. For V* < 0.27, nanopores with r* < rc
will shrink, whereas nanopores with rm > r* > rc will expand to
rm as the final status, as discussed earlier.

2.2. Observation of morphological evolution

Experimentally, nanoporous silicon membranes were pre-
pared, with the film thickness of either 70 nm or 220 nm.
Using a commercial silicon-on-insulator (SOI) wafer, the mem-
branes were released from the substrate by etching away the
buried oxide layer with diluted hydrofluoric acid. Nanopores,
with their radii of ∼50 nm to 120 nm, were then drilled using
a FIB using Ga ions. After the nanopore drilling, the nanopor-
ous silicon membranes were annealed at high temperatures to
tune the nanopore diameter. The temperature was ramped up
to the setpoint (annealing temperature) at a rate of 5 K min−1

to minimize the thermal stress inside the membrane and then
maintained at the annealing temperature for 180 minutes. For
suspended membranes, the impact of the substrate on their
deformation45 can be excluded to ascertain that the defor-
mation was entirely driven by the minimization of the surface
energy. Details are provided in ESI II.†

Fig. 2A and C show the SEM images of two nanoporous mem-
branes (NM-1 and NM-2) before annealing. These nanopores
were drilled in membranes of 220 nm/70 nm thickness using a
FIB. The cross-sectional plan of a nanopore is trapezoidal, which
is typical for such drilling processes.46 Fig. 2B (NM-1) and Fig. 2D
(NM-2) display the corresponding SEM images after annealing at
1323/1223 K for 180 minutes, under nitrogen protection.

The controlled shrinking and expansion of nanopores in
this experiment are inconsistent with previous observations.
For isolated nanopores, existing experiments always agree with
the CTM, which is not the case for periodic nanopores
addressed in this work. In Fig. 2A, the radius of nanopores in
NM-1 (111 nm) is about half its thickness (220 nm) and the
structure should be stable based on the CTM. However, nano-
pores in NM-1 shrank in annealing experiments (Fig. 2B). For
NM-2 (Fig. 2C and D), the CTM predicts expanded nanopores
but stable nanoporous structures were found in experiments.

2.3. Morphological evolution in simulations

The evolution processes of nanopores were tracked in MD
simulations (Fig. 3A). In simulations, the equilibrium MD
method was used to predict the structural deformation47,48

(details in ESI III†). These structures are first equilibrated under
the canonical ensemble (NVT) at 300 K for 0.15 ns, followed by
relaxation under the microcanonical ensemble (NVE) for 0.25 ns.
The Langevin heat reservoir is used to heat up the structures
from 0.4 ns. The applied temperature needs to be appropriate,
which should not only provide sufficient fluidity to soften the
pore edges but also avoid fast collapse of the structure. As shown
in the inset of Fig. 3A, the applied temperature is 1500 K on the
membrane with a V* of 0.21 and 1700 K on thicker membranes.
More explanations are given in ESI IV.†

For the two structures with smaller volumes (V* of 0.21 and
0.28), the nanopores expand with the annealing time and
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gradually saturate. For structures with larger volumes (V* of
0.35 and 0.57), the nanopores shrank until they disappeared,
whereas the nanopores remained stable with a V* of 0.31.
More detailed discussions will be given in the next section.

The mean atomic potential energy (PE) in evolution pro-
cesses was also recorded to further explain the deformations
of nanopores. Here the difference between the mean atomic
PE of the silicon membrane and bulk silicon could represent
the surface free energy. And amorphous silicon has a higher
PE than crystalline silicon because of the destruction of the
atom distribution with the lowest energy. As shown in Fig. 3B,
the change in the mean atomic PE of three structures comes
from the surface deformation and phase transition. The dis-
appearance of the initial PE difference between the silicon

membrane with (red line) and without (black line) nanopores
indicates that the surface free energy of the nanoporous mem-
brane decreases after the deformation because there was
almost no deformation for the solid membrane.

From the PE distribution (the inset of Fig. 3B), it can be
seen that the PE of surface atoms is higher than that of
internal atoms after the silicon crystal melts. As shown in the
inset of Fig. 3B, the color evolution from blue to red represents
an increase in the atomic PE. For the above two membrane
structures, the visible atoms are mostly surface atoms, except
for the z-direction atoms due to the periodic boundary. And
for the bottom bulk structure, all atoms are internal atoms
because of periodic boundaries in three directions. Surface
atoms have a higher PE than internal atoms because they have

Fig. 2 SEM images (top view) of two nanoporous membranes, NM-1 and NM-2. NM-1: (A) before and (B) after the high-temperature annealing.
NM-2: (C) before and (D) after the high-temperature annealing. For NM-1 (NM-2), the pitch p is 400 nm (200 nm), the nanopore radius r is 111 nm
(52 nm), and the film thickness h is 220 nm (70 nm).

Fig. 3 (A) The size evolution of nanopores based on different V* values in the simulation. The temperature evolutions of several structures are illus-
trated in the inset. (B) Mean atomic PE evolution with time. In comparison, the black curve represents a solid membrane whose thickness is the
same as that of a nanoporous membrane with V* = 0.21. The blue curve represents bulk silicon. The inset is the PE distribution of the three
configurations.
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weaker bond networks and fewer neighboring atoms. As a
result, surface atoms with an additional PE spontaneously
tend to move away from pore edges under the viscous force,
which reduces the surface free energy. The inset also shows
that the nanopores cannot keep a perfect cylindrical shape
after high-temperature annealing. Instead, a curved nanopore
sidewall can be found, with its smallest diameter at the half
film thickness location. This can be explained by considering
the local forces generated by the surface tension (more expla-
nations are given in Fig. S3 in ESI V†).

2.4. Analysis of evolution

As mentioned earlier, the evolution of nanopores was observed
by both experiments and simulations. The observations in
experiments (Fig. 4A) and MD simulations (Fig. 4B) were com-
pared with the predictions by the CVM.

In experiments (Fig. 4A), for membranes with the V* of 0.33
and 0.42, nanopores shrank. It is consistent with the predic-
tion of the CVM in Fig. 1D that nanopores in membranes with
V* > 0.27 always tend to shrink. And for V* < 0.27 (0.11 and
0.14 in Fig. 4A), nanopores with an initial radius greater than
the critical radius rc expanded to the vicinity of rm, the local
minimum of ΔF*, instead of expanding indefinitely. It can
also be concluded that the CVM is more suitable than the
CTM for an array of nanopores. For a V* of 0.28, only slight
expansion was observed, which can be attributed to the weak
ΔF* dependence on r* around the initial point.

In simulations (Fig. 4B), the initial and final radii of the nano-
pores in different structures are obtained from the simulation
results in Fig. 3A. The conclusion drawn from Fig. 4B is similar to
the experimental results. The critical V* for nanopores to remain
stable is 0.31, slightly more than 0.27. As a boundary, nanopores
expand for a smaller V* and shrink for a larger V*.

In Fig. 4A and B, the experimental and simulated results
both agree well with the theoretical predictions. Combined with
the theoretical curves in Fig. 4A and B, the final size of nanopore
expansion in an array should be around rm, as a critical nanopore
size for the thermal stability of nanoporous membranes. The

deformation rates of nanopores in Fig. 3A follow the dΔF*/dr*
slope in Fig. 4B when the deformation process is completely
driven by the surface free energy. More discussions for the failure
of the CTM can be found in ESI VII.†

Here, the sizes of both the simulation cell (sub-10 nm) and
the measured samples (sub-100 nm) are much smaller than
the characteristic length of softened silicon (∼100 μm, derived
in ESI VIII†). Therefore, both the simulations and the
measured results can be used to validate the theoretical con-
stant volume model.

2.5. Temperature effect on evolution

The temperature dependence of deformations is also investigated.
As shown in Fig. 5A, the nanopores with the same initial structure
at different annealing temperatures exhibit different expansion
rates and final nanopore sizes. It can be seen that there is very
little change in the size of nanopores at 1300 K due to the limited
fluidity of softened Si. At an increased annealing temperature,
surface atoms are more likely to migrate under the drive of the
surface tension. At a temperature of 1500 K, the r* increases to
the lowest energy point rm for the given porous structure. When
the annealing temperature increases to 1700 K, the pore shape
becomes non-circular and the connecting area between the pores
disappears.

It can also be observed that the deformation rate of the
structure can be largely affected by the annealing temperature.
When the temperature reaches 1700 K, the expansion or shrink-
ing rate is too fast and it is difficult to control the pore area accu-
rately. At the same time, the membrane may be broken during
the nanopore deformation process due to the large atomic kinetic
energy and high stress. The sample breakage caused by a high
stress at high temperatures could also be found in the experiment
(shown in Fig. 5B). Nevertheless, the expansion/shrinking trend
of nanopores is independent of the temperature.

To better evaluate the influence of temperature on the
deformation rate, both mean-squared displacement (MSD)49

and radial distribution function (RDF)50 are recorded in the
simulation. MSD characterizes the diffusion behavior of all

Fig. 4 The normalized surface free energy (ΔF*) versus the normalized radius (r*). (A) Comparison between the experimental and theoretical
results. The solid symbols represent the initial structure, and the hollow symbols represent the evolved structure after the high-temperature anneal-
ing. Curves for different V* values in the CVM are plotted. (B) Comparison between the simulation and theoretical results. Again, solid and hollow
symbols represent the nanopore sizes before and after high-temperature annealing, respectively. The lines are theoretical calculations based on eqn
(2b) and the solid symbols are measurements (A) or simulations (B). The original data are shown in Table S2 in ESI VI.†
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atoms over a period of time. As shown in Fig. 5C, when the
annealing temperature is higher, the particles have a longer
displacement distance and correspondingly a larger diffusion
constant. RDF represents the degree of disorder caused by the
melting of the initial crystal structure. As shown in Fig. 5D, the
peak of RDF for a structure with a higher annealing tempera-
ture is more gradual, which means a high degree of disorder
for the lattice. It can be concluded that a higher temperature
could accelerate the inward propagation speed of surface
melting and amorphization.39

For thermoelectrics, the thermoelectric figure of merit (ZT)
of nanostructured Si usually monotonously increases with the
temperature.51,52 In this case, the thermal stability of nanopor-
ous Si can largely restrict its applications for high-temperature
energy harvesting. As shown in Fig. 5A, even if the edge of the
nanopore is softened at 1500 K, the nanopore may still main-
tain a stable pore size rm with the lowest surface energy, which
can also be proved by the experimental results in Fig. 4A.
Future studies may be extended to general nanoporous thin
films for the structure stability at high temperatures when
other factors such as oxidation can be eliminated.

3. Conclusion

In summary, the evolution of nanopores in silicon membranes
during high-temperature annealing is systematically studied by
both experiments and MD simulations. Compared with the
previous assumption of a constant membrane thickness to

predict the final size of the nanopore, the proposed constant
volume model is proven to be more accurate for periodic nano-
porous structures. The major difference is the prediction of a
stable nanopore radius as the local minimum of surface free
energy for some cases, which may be used to maintain nano-
features at a high temperature.

In MD analysis, a higher potential energy is found for surface
atoms due to the dangling chemical bonds. The mass flow driven
by the surface tension is to reduce the surface free energy to
achieve a more stable structure. The expansion/shrinking
dynamics mainly depends on the initial configuration of the
nanoporous pattern. The annealing temperature has a strong
influence on the deformation rate of nanopores but does not
affect the pore expansion/shrinking trend. In practice, an exces-
sive annealing temperature would cause the membrane to break
due to large strains in the morphological evolution process.

This work reveals the mechanism of morphological evol-
ution of nanopores and provides guidance for the mass pro-
duction of nanoporous membranes.
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Figure S1 The normalized volume 𝑉∗ dependence of critical radius 𝑟𝑐 and 𝑟𝑚 . 

 

Set the derivative of surface free energy change ∆𝐹∗ with respect to the radius 𝑟∗ in 

Eq. (2b) to zero. The resulting critical radius expressions contain 𝑉∗, which can be 

formulated as follows:  

𝑉∗ =
2𝜋2𝑟∗5 − 4𝜋𝑟∗3 + 2𝑟∗

1 + 𝜋𝑟∗2
(𝑆1) 

And the 𝑉∗ − 𝑟∗ functional relationship is plotted in Figure S1. It can be concluded 

that when the 𝑉∗ is greater than 0.27, the critical radius 𝑟𝑐 and 𝑟𝑚 disappears, and 

the ∆𝐹∗ in Figure 1C increases monotonically with the increase of the 𝑟∗. 

 

II. Sample preparation and high-temperature annealing 

experimental process 

The 70-nm-thick Si thin film used in the annealing study came from the device 

layer of a silicon-on-insulator (SOI) substrate. The film was released from the 

substrate by etching away the buried oxide layer in diluted hydrofluoric acid. 

Nanopores of different sizes were drilled with a Ga+ Focused Ion Beam (FIB). The 

beam voltage and current for the milling process were chosen to be 30 keV and 7.7 

pA.  

The annealing was carried out in a furnace with nitrogen protection throughout 



the entire process. A higher flow rate was used to purge the annealing chamber before 

processing and then maintained at 10 scfm. The temperature was ramped up to the 

setpoint (annealing temperature) at a rate of 5 K/min to minimize the thermal stress 

inside the film and then maintained at the annealing temperature for 2-3 hours. Then 

the temperature was ramped down to the ambient at the same rate.  

Electron microscopy studies were carried out before and after the annealing to 

study the morphology of the nanopore. The STEM/TEM images were taken with the 

Hitachi HF-5000 TEM. The SEM images were taken with the FEI Helios NanoLab 

660. 

 

III. EMD simulation process and parameter settings 

The equilibrium molecular dynamics (EMD) method is used to simulate structural 

deformation [1, 2]. All EMD simulations in this work are performed by the large-scale 

atomic/molecular massively parallel simulator (LAMMPS) packages [3]. The 

interactions between atoms are described by a modified Tersoff potential, which 

reproduces a wide range of properties of silicon such as surface energies and 

reconstructions, melting temperature [4]. The free and periodic boundary conditions are 

applied in the z-axis and other two directions, respectively. And the velocity Verlet 

algorithm is employed to integrate equations of motion [5]. Here 0.2 fs and 3.2 Å are 

chosen as time step and cutoff distance for the Tersoff potential, respectively. 

As shown in Figure 1B, one of the simulation cells is built by 12×12×3 silicon 

single crystal cells, which means that the periodic length 𝑙 is 6.52 nm and the thickness 

ℎ is 1.63 nm. The atomic arrangement is in line with the regular diamond structure 

with a bond length of 0.235 nm. In the LAMMPS approach, the size of the simulation 

box is 6.52 ×6.52 × 41.62 nm3, which is the same with silicon supercell in x and y 

directions and much larger in the z-direction. The nanoporous silicon structure was 

firstly equilibrated at 300K for 0.15 ns in the canonical ensemble (NVT) and then in the 

microcanonical ensemble (NVE) for 0.15 ns. Afterward, the Langevin thermostat is 

used to increase the system temperature from 300 K to 1300 K and higher temperature. 



Then Langevin thermostat runs for 1.5 ns to record atomic coordinates and calculate 

the pore area. 

Table S1 Parameter settings in MD simulation. 

Method Equilibrium MD 

Potential Tersoff 

Boundary conditions x y z: periodic, periodic, periodic 

Simulation process 

Ensemble Settings Purpose 

NVT 

Time step (fs) 0.5 Runtime (ns) 0.15 
Relax 

structure Temperature (K) 300 Thermostat 
Nose-

Hoover 

NVE Time step (fs) 0.5 Runtime (ns) 0.25 
Relax 

structure 

NVE 

Time step (fs) 0.5 Runtime (ns) 0.1 
Raise 

temperature Temperature (K) 
300-

1500 

Thermostat Langevin 

NVE 

Time step (fs) 0.5 Runtime (ns) 1.5 
Data 

process Temperature (K) 1500 Thermostat Langevin 

 

IV. Structural dependence of melting point of the silicon 

membrane 



 

Figure S2 (A) The changes in the mean atomic energy and structural volume of 4.34 

nm thick silicon solid membrane with increasing temperature. The temperature of the 

membrane in simulation is initially 1000 K and increases every 50 K to 2000 K. (B) 

Snapshots of MD simulation of the membrane in Figure S3A at 0.05, 0.2, 0.4, and 0.6 

nanoseconds. The temperature is maintained around 1750 K by the Langevin thermostat. 

The orange area indicates that the silicon membrane has melted, whereas the yellow 

area retains a crystalline silicon structure. (C) Mean atomic energy versus temperature 

for different structures. The red, blue, cyan and black curves represent 1.62 nm thick 

nanoporous membrane (NM)/solid membrane (SM) and 4.34 nm thick NM/SM, 

respectively.  

 

The phase change plays an important role in the subsequent deformation process 

and is simulated by MD. The temperature of the silicon membrane is initially 1000 K 

and increases every 50 K until the structure melts. The melting point of the porous 

membrane is essential in the simulation of deformation, which is obtained by recording 

the mean atomic energy and volume. As shown in Figure S2A, the total energy of atoms 

increases linearly with temperature, which reflects the rising process of the internal 

energy of silicon. The total energy of atoms increases sharply around 1750 K and then 

keeps increasing linearly. It can be concluded that the melting point of this structure is 



around 1750 K and the structure absorbs extra energy during melting due to the latent 

heat of fusion [6]. From the ordinate value on the right, it can be seen that the volume 

of the membrane decreased by about 4% at 1750 K. Changes in volume indicates that 

the covalent bonds between silicon atoms and crystal structure are destroyed, resulting 

in volume reduction and density increase.  

Figure S2B shows the melting process of the silicon membrane. Compared with 

atoms in the bulk of solid, surface atoms have lower cohesive energy because of weaker 

bond networks and fewer neighbors [7]. It can be seen that the atoms on the surface are 

close to each other to form new bonds at high temperatures due to the less binding than 

the bulk atoms. There is a surface melting layer at a temperature below the melting 

point. As the temperature rises, this melting layer gradually thickens and eventually 

leads to the melting of the silicon crystal membrane. The Lindemann criterion states 

that the fraction of thermal displacement atoms reaching 10% - 15%  can result in the 

melting of the entire solid [8].  

The melting point of silicon membranes shows an obvious size dependence, which 

is shown in Figure S2C. Membrane with a higher surface-to-volume ratio is more 

unstable due to extra surface energy. It is calculated that the surface-to-volume ratio of 

the membrane with nanopore reaches 0.79, and the value of membrane of the same 

thickness without nanopore is only 0.67. The higher surface-to-volume ratio results in 

a lower melting point due to much more defective surface atoms and higher surface 

energy, which can be proved by the difference in mean atomic energy as shown in 

Figure S2C. 

 

V. The rounding process of the nanopore 



 

Figure S3 (A) (B) Temperature and pore area evolution for square and round pores. The 

black curve represents the membrane with a round nanopore, and the red and blue 

curves represent membranes with square pores with the Si (1 0 0) and Si (1 1 0) surface 

plane respectively. (C) Snapshots of MD simulation of Si (1 0 0) square nanopore at 0, 

0.2, 0.4, and 0.6 nanoseconds since raising the temperature. 

 

A curved surface under the surface tension results in a pressure difference over the 

interface [9]. Due to the pressure difference, the atoms along the pore edge on the 

surface would be pushed away from the nanopore at first. This pressure difference can 

also be used to explain the rounding process of a square pore in Fig S3, where the atoms 

in the corners will migrate to round off the edges. 

Nanopores are usually non-circular before high-temperature annealing due to the 

highly anisotropic nature of the wet etch in silicon membranes[10]. As shown in Figure 

S3B, both round and square pores have the same expansion trend. It can be concluded 

that the geometry of pores does not affect expansion or shrinking trends. From the 

images in different stages shown in Figure S3C, it can be observed that the corners of 

square pores quickly round off since raising the temperature.  

The rounding process can be explained by considering local forces generated by 



surface tension. The curved surface under tension leads to pressure difference. Atoms 

in the corners will move under the greatest force due to the strongest curvatures. For 

round pores, the force is directed away from the axis of the pore. The pore area has little 

change since the internal atomic arrangement remains the original crystal structure. 

Over time, the number of thermally displaced atoms gradually increases, which leads 

to the entire crystal structure melting. After 1.0 ns, pores of all three shapes will expand 

under surface tension directed away from the axis of the pores. Therefore, high-

temperature annealing can not only accurately control the size of nanopores, but also 

round the original irregularly shaped nanopores. 

 

VI. The original data for nanoporous membranes 

Table S2 The original data for nanoporous membranes in experiments and 

simulations. 

Exp. V* p (nm) V (106 nm3) h (nm) r (nm) F (106 eV) 

1 0.11 600 22.02 
70.0 120.9 4.48 

97.7 207.2 3.84 

2 0.14 400 8.94 
70.0 101.4 1.97 

143.1 176.2 1.81 

3 0.28 200 2.20 
70.0 52.2 0.56 

68.7 50.4 0.56 

4 0.33 150 1.10 
70.0 46.7 0.34 

48.9 0 0.30 

5 0.42 400 26.4 
220.0 112.6 2.58 

187.8 78.6 2.46 

 

Simu. V* p (nm) V (nm3) h (nm) r (nm) F (eV) 

1 0.21 6.52 58.93 
1.63 1.41 569.96 

2.12 2.16 553.66 

2.17 1.34 599.43 



2 0.28 6.52 79.93 2.60 1.94 604.08 

3 0.31 6.52 86.64 
2.72 1.84 618.77 

2.63 1.75 616.32 

4 0.35 6.52 98.53 
2.72 1.40 628.51 

2.32 0 557.26 

5 0.57 6.52 159.60 
4.34 1.35 719.75 

3.76 0 557.26 

 

 

 

 

VII. A comparison of the validity of the CVM and CTM 

 

Figure S4 Experimental (A) and simulation (B) results on the evolution of nanopore 

size, as well as CVM and CTM model predictions. 

 

VIII. The characteristic length for soft silicon 

Generally, the shape of soft materials is determined by both the surface tension 

and gravity. For the sake of argument, a cube with sides 𝑑 is used to discuss the effects 

of both. When deformation is driven by surface tension, the average strain of the cube 

(𝛼) is on the order of[11] 



𝛼 =
𝛾

𝜇𝑑
(𝑆2) 

where 𝛾  is the surface tension and 𝜇  is the small strain shear modulus. And the 

average strain of the cube due to gravity (𝛽) is on the order of 

𝛽 =
𝜌𝑔𝑑

𝜇
(𝑆3) 

where 𝜌 is the mass density and 𝑔 is the acceleration of gravity.  

The dominant forces that drive the deformation can be determined by comparing 

the magnitude of the two dimensionless strain parameters 𝛼 and 𝛽. When 𝛼 ≫ 𝛽, the 

effect of gravity is negligible and surface tension is dominant. For the value of 𝛼 𝛽⁄  is 

103, it is equal to 

𝛾

𝜌𝑔𝑑𝑐
2 = 103 (𝑆4) 

For soft silicon, 𝛾  is 0.733 N/m, 𝜌  is 2.42×103 kg/m3 and g is 9.8 N/kg. The 

characteristic length (𝑑𝑐) is on the order of 100 μm obtained by Eq. (S4). The surface 

tension is dominant for both experiments and simulations, because both their size are 

much smaller than 100 μm. Both the simulations and the measured results can validate 

the predicted trend by the constant volume model, i.e., expansion or contraction of 

nanopores for different starting diameters (Fig. 4). 
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