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ABSTRACT: Reversible self-assembly that allows materials to
switch between structural configurations has triggered innovation
in various applications, especially for reconfigurable devices and
robotics. However, reversible motion with nanoscale controllability
remains challenging. This paper introduces a reversible self-
assembly using stress generated by electron irradiation triggered
degradation (shrinkage) of a single polymer layer. The peak
position of the absorbed energy along the depth of a polymer layer
can be modified by tuning the electron energy; the peak absorption
location controls the position of the shrinkage generating stress
along the depth of the polymer layer. The stress gradient can shift
between the top and bottom surface of the polymer by repeatedly tuning the irradiation location at the nanoscale and the electron
beam voltage, resulting in reversible motion. This reversible self-assembly process paves the path for the innovation of small-scale
machines and reconfigurable functional devices.
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Reversible self-assembly is a powerful technique that allows
structure transforms between two or more configurations

in response to external applied stimuli such as thermal energy,1

mechanical force,2,3 electric signal,4 solvent,5,6 and light.7,8

Various applications have been developed based on this
process, especially for reconfigurable devices1−3,8 and
robotics.4−6,9 Reversible alterations of a structure’s geometry
directly tune its properties, leading to reconfigurable devices.
For instance, reconfigurable metamaterials with switchable
response frequencies are achieved via folding, unfolding, and
refolding of the structures.1,2 The reversible deformation also
aligns perfectly with the needs of reciprocating motion in
robotics. Miskin et al. recently reported a microscopic robot
based on voltage controlled reversible self-folding of platinum/
graphene bilayers.9 Despite great achievements, it is difficult to
utilize the current strategies, which trigger material deforma-
tion with large scale stimuli and monitor self-assembly status
with microscopes, to realize well-controlled dynamic motion at
nanoscale (at most a few tens of micrometers) resolution.
Energetic irradiation (i.e., ion or electron) triggered

assembly is a promising solution due to its capability for
precisely tailoring the nanoscale deformation of one-dimen-
sional (1D)10,11 or two-dimensional (2D) structures.12−18

Owing to a wealth of physical interaction between energetic
irradiation and materials, stress-induced nanoscale deformation
as well as imaging of a structure can be simultaneously
achieved in an ion/electron beam system, leading to in situ
monitored self-assembly. In addition, the tunability of the
beam enables accurate delivery of ions/electrons to a specific

spot with required irradiation energy. These combined
advantages create a controllable and programmable assembly
technique.19,20 Compared to conventional invisible self-
assembly techniques,21,22 the in situ monitored assembly
process enables realization of 3D architecture with nanoscale
precision and much more complexity.19 Furthermore, by
incorporating advanced designs into the self-assembled
architectures, the assembled structures can be enhanced with
advanced functions such as toroidal excitation,23 chirality,24,25

surface adhesion,26 and plasmonic sensing.20 The nanoscale
controllable stimuli, real-time imaging, and integration with
functional materials make the ion/electron beam techniques an
ideal platform for reversible self-assembly of reconfigurable
devices or robotics. Previous work demonstrated the reversible
actuation in graphene/poly(methyl methacrylate) (PMMA)
bilayer by combining e-beam irradiation triggered deformation
and spontaneous or heat induced relaxation.27,28 But, the
relaxation mechanism is still not compatible with the electron
or ion beam techniques due to lack of control in the recovery
process of microscale and further nanoscale structures. A
theoretical study proposed a strategy to control mass transport
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in the thin film by manipulating the incident ion energy and
flux, which can further tune the deformation direction.29

However, because of the significant physical damage during ion
irradiation, the controllable deformation direction can hardly
be experimentally demonstrated, and the reversible process
remains impossible.
Here, we developed an approach to achieve reversible self-

assembly with nanoscale controllability using electron beam (e-
beam) irradiation in a scanning electron microscope (SEM).
Under electron irradiation, PMMA exhibits significant
shrinkage. The extent of shrinkage relies on the localized
electron irradiation profile and absorbed energy distribution,
which generates a stress gradient within the homogeneous
PMMA film. The stress gradient curves the 2D film up or
down, transforming it into a 3D structure. The stress gradient
is modified by tuning electron irradiation voltages, allowing a
peak stress to move between top and bottom surfaces. The
peak stress position in the PMMA thin film determines the
deformation direction, leading to reversible self-assembly. The
position control can be achieved with nanoscale resolution
thanks to the real-time imaging capability of a SEM.

The basic concept of the self-assembly originates from
volume changes induced by electron irradiation. A SEM offers
electron irradiation precisely controlled with a nanoscale
resolution, which can trigger rich and complex chemical and
physical reactions in irradiated materials. PMMA has been
chosen as the target material because it is one of the most
widely used e-beam resists, and its processing parameters are
well-established. In response to low irradiation energy, cross-
linking (gelling) and scission (degradation) occurs in the resist,
but the scission is much more dominant.30 The absorbed
energy can accumulate through migration along polymer
chains and be sufficient to break the bonds, resulting in chain
scission.30 Electron irradiation-induced PMMA degradation
occurs in two steps. First, the side chains are removed by
implanted electrons. Next, the principal chain scissions occur
with further irradiation.31 As a result of chain scission, a vast
amount of decomposition gases is generated and emitted from
the PMMA in a process called outgassing. For example, the
CO units of pendant polymer chain first decompose into
COOH and then into CO2 and CH4

32 (Figure 1a). This
decomposition has been confirmed by various characterization

Figure 1. Conceptual schematics showing electron irradiation-triggered PMMA reactions and two strategies of reversible self-assembly. (a)
Electron irradiation induces shrinkage of PMMA as a result of the chain scission and outgassing. By (b) rotating the sample or (c) tuning the
electron beam voltage, the shrinkage location can be precisely controlled, leading to reversible self-folding.

Figure 2. Analysis and characterization of electron interaction with PMMA. (a) SEM image showing the electron irradiation-induced localized
shrinkage in PMMA patterns. (b) Schematics, (c) AFM 3D image, and (d) plot showing the measurement of PMMA pillar volume change with
different irradiation doses. (e−g) PMMA pillars irradiated by electron beam with the beam current of (e) 10, (f) 50, and (g) 100 nA. The dose is
varied between 0, 10k, 50k, and 100k μC/cm2. Each irradiated segment in panels a, e, f, and g is a 400 × 150 nm square.
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techniques such as the appearance of a new carboxylic acid
peak in the FTIR spectrum.32 In addition, molecular dynamic
simulation has been conducted to theoretically confirm the
evolution of the PMMA molecule into gases.31 Because of the
chain scission and consequent outgassing, the PMMA resist
exhibits a dramatic volume decrease or shrinkage. The
absorbed irradiation energy is the determinant factor of the
PMMA shrinkage. The area in the PMMA film that absorbs
more irradiation energy exhibits more dramatic shrinkage. Due
to the positive correlation between the absorbed irradiation
energy and the shrinkage, it is possible to create inhomoge-
neous shrinkage in the homogeneous thin film based on the
intrinsic energy distribution of irradiation, generating a stress
gradient along the depth of the PMMA for self-assembly
(Figure 1b, c). It should be noted that such a stress gradient
can hardly be achieved in single material thin film based on the
thermal expansion mechanism that is commonly used for
folding bilayer materials with different thermal coefficients.
Also, if thermal expansion is the mechanism, under 2 keV
irradiation, the top surface should absorb more energy and has
a higher temperature, which will expand more than the bottom
side, making the structure fold downward. This is contradicted
with our observation. In addition, for the thermal expansion
caused self-assembly, the deformed structure should return to
its original flat status once the heat source is removed, which is
also not observed in our case. Based on this information, the
thermal expansion mechanism is ruled out. Furthermore, the
controllable e-beam offers the capability to precisely tune the
depth of peak energy absorbed in the PMMA thin film by
changing the irradiation area or the e-beam voltage, allowing
for the control of the curving direction and the radius of the
curvature. Reversible assembly can be realized through
subsequent shrinkage between the top and bottom surface
by separately targeting the different surfaces (Figure 1b) or by
controlling the position of the peak energy along the depth of
the PMMA layer (Figure 1c).
To confirm PMMA shrinkage, 300 nm thick PMMA pillars

with a width of 150 nm and a length of 1200 nm were formed
on the silicon (Si) wafer through a standard e-beam
lithography (EBL) process (Figure 2a) as described in the

Supporting Information. Then, the PMMA pillars are
irradiated by a second exposure with doses of 0, 10k, 50k,
and 100k μC/cm2 applied to different segments along the long
PMMA pillars using an e-beam voltage of 100 kV and current
of 50 nA (Figure 2a). The effect of beam current (10, 50, and
100 nA) on morphology and volume of the irradiated PMMA
pillars has also been investigated (Figure S1). After the second
e-beam exposure, clear volume change is observed between the
exposed and unexposed segments, which confirms that
electron irradiation induces shrinkage (Figure 2a). Considering
the group of pillars that underwent all four doses (Figure 2a
top left section), there is a clear trend that a higher dosage
produces more significant PMMA shrinkage. The higher beam
current also contributes to PMMA deformation (Figure S1).
The relationship between the beam setup (voltage and

current) and PMMA shrinkage was quantitatively investigated
with the assistance of atomic force microscopy (AFM) (Figure
2b−d). An array of 300 nm thick PMMA pillars with a width of
150 nm and a length of 400 nm was formed on the Si wafer
using the aforementioned EBL process, and the PMMA pillars
in the array were irradiated with electron streams at different
doses (0, 10k, 50k, and 100k μC/cm2). The e-beam current
was also varied between 10, 50, and 100 nA to investigate the
influence of currents (Figure 2e−g). After irradiation, the
morphology and the volume of the irradiated PMMA pillars
were measured (Figure 2c, d). The AFM image of the pillars
irradiated by 100 nA e-beam not only show a dramatic volume
change (Figure 2d), but also a morphology evolution (Figure
2c). The high density of electrons (due to the higher current)
increases the possibility of interaction between electrons and
polymer chains, leading to severe chain scissions and reflow.
Thus, the edges of the pillars are more degraded as the current
(electron density) or beam dose increases, resulting in rounded
pillars (Figure 2e−g). It is not surprising to see a positive
correlation between the shrinkage and dose. With fixed e-beam
voltage and current, higher dose means longer irradiation time,
so that more electrons reach the pillars and trigger more
considerable chain scission and subsequent outgassing,
resulting in more critical shrinkage (Figure 2d). However,
irradiations with the same dose do not always result in the

Figure 3. Demonstration of the sequential assembly. (a) The mechanism of self-assembly is based on differential energy absorption in the PMMA
thin films. (b) The suspended 2D PMMA pattern is curved into (c) a sphere via universal homogeneous irradiation (A in b). (d) By assigning an
additional dose to a specific area (B in b), the topology of the sphere is further modified. (e−i) The symmetry of the assembled structures is tuned
by different irradiation sequences, leading to (g) symmetric and (i) asymmetric patterns. For the homogeneous irradiation shown in panels b and e,
the SEM imaging magnitude is 5000×, which results in an exposed area of ∼25 × 18 μm. For the localized irradiation (B−E in b and B in e), the
exposure area is ∼5 × 3.6 μm.
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same volume change, as current also plays an important role in
determining the shrinkage (the shrinkage is significantly
enhanced when the beam current is increased, Figure 2d).
This phenomenon originates from the basic mechanism of
electron irradiation-induced PMMA shrinkage. Chain scission
and subsequent outgassing do not only relay on the energy of a
single electron, but also on the total energy that accumulates
along the polymer chain within a unit time period.30 Higher
beam current density facilitates the energy accumulation within
a unit time, leading to more intense chain scission and
subsequent outgassing, which cause considerable shrinkage. It
should be noted that volume change caused by sputtering may
exist but is not a major component; if it were, the volume
change would not saturate at higher irradiation dose, as shown
in Figure 2d.
The volume change was utilized for the realization of 3D

structures self-assembled in a SEM (Figure 3). A SEM has the
ability to simultaneously deliver localized irradiation as a
stimulus for assembly and offer real-time imaging to monitor
the assembly status,19 which enables precise manipulation of
the assembly behavior and sequence of a structure by
programming the irradiation location and order, creating
desired 3D architectures. When a homogeneous irradiation is
applied at 2 kV to the whole 2D structure (Figure 3a, b, labeled
as A), the four legs fold up simultaneously and assemble into a
uniform sphere (Figure 3c). Irradiation voltage of 2 kV was
selected because the shrinkage occurs in the upper half of the
PMMA thin film (a detailed description of irradiation voltages
is described in the section of Figure 5). By assigning a
sequential irradiation dose to each leg (Figure 3b, labeled as
B−E) prior to the homogeneous irradiation (Figure 3b, labeled
as A), the three small branches on the leg could be folded up to
a desired curvature. It allows precise modification of localized
deformation in the structure. Then, homogeneous irradiation is
applied to simultaneously fold up the four legs, which makes

the four legs fold up together at the same speed and form a
closed ring. This homogeneous irradiation assures the
alignment of each leg and maintains the symmetry of the
self-assembled structure. As a result, the structure is assembled
into a deformed sphere with the top view of a clover (Figure
3d). The change of the irradiation sequence can further modify
the asymmetry of an assembled structure (Figure 3e−i). By
irradiating one leg prior to the other three legs (Figure 3e,
labeled as B), the symmetric half sphere (Figure 3f, g) is
changed into an asymmetric sphere with two different
untouched cambered surfaces (Figure 3h, i). The detailed
fabrication process is described in the Supporting Information.
For reversible self-folding (self-curving), two methods are

introduced in this paper. The first method involves tilting the
substrate holder and monitoring sample conditions in real time
in a SEM. The self-folding was made reversible with the
assistance of a tilt function by alternating the substrate position
so that the irradiation was subsequently directed at the top or
bottom surface of the polymer thin film (Figure 4). The 2D
suspended cantilevers are first irradiated by an electron stream
that is perpendicular to the substrate. As the shrinkage and
stress induced in the upper half of the PMMA film (∼−18 nm
away from the top of the PMMA layer) with the 2 kV
irradiation voltage, all the flat cantilevers (Figure 4a, e) fold
upward toward the electron source (Figure 4b, f, g). After that,
when the samples are tilted by −60 degrees (Figure 4c), the
upper surfaces of the cantilevers on the left of the 2D pattern
are still facing the incident electrons, inducing further
curvature (Figure 4c, h, i: highlighted in green). However,
for the cantilevers on the right side of the patterns, the
electrons are irradiated on the bottom surfaces of the
cantilevers (Figure 4c). Because of this spatial change, the
depth of shrinkage and stress induced is moved to the bottom
surface, unfolding the cantilevers (Figure 4h, i: highlighted in
orange). When the sample is tilted back to the original position

Figure 4. (a−d) Schematics and (e−k) SEM showing the strategy to achieve reversible self-assembly by tilting the substrate. The initial
perpendicular irradiation folds the (a, e) 2D suspended cantilevers upward to (b−g) 3D. (c, h, i) Once the substrate is tilted −60°, the bottom side
of half of the cantilevers are irradiated, unfolding these cantilevers. (d, j, k) To refold the cantilever upward, the substrate is rotated back to the
original state to ensure the perpendicular irradiation. This reversible self-assembly is carried out with the imaging magnitude of 1500×, which leads
to an exposure area of ∼75 × 55 μm.
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that is perpendicular to the incident electron stream, the top
surfaces of the unfolded cantilevers are exposed to the

electrons again and refold upward (Figure 4d, j, k). This
fold, unfold, and refold process shows a basic cycle of

Figure 5. Reversible self-assembly achieved via tuning the irradiation voltage. (a) Monte Carlo simulation of the hotspot of energy distribution
(90%) of irradiation in the PMMA thin films. (b−e) The irradiation with different voltages triggers maximum contraction in different depths of the
PMMA layer, leading to different folding directions. (b) Schematics and (c) SEM image showing the upward folding of a suspended PMMA
pattern under 2 keV electron irradiation. (d) Schematics and (e) SEM image showing the unfolding of the PMMA pattern by increasing the beam
voltage to 5 kV. (f−l) Reversible assembly demonstrated on a butterfly PMMA pattern. The e-beam irradiation is conducted at the imaging
magnitude of 1000×, which has an irradiation area of ∼100 × 80 μm. (m, n) The reversibility is measured and analyzed based on the projected
wing length. (o) An explanation of the reduced reversibility is proposed based on the consummation of the polymer material.
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reversible assembly. However, each step of this reversible
assembly process requires sample rotation and focus
calibration, which is complicated and time-consuming. In
addition, the unfolding process is significantly restricted by the
rotation angle. A substrate that does not allow large angle
rotation is not eligible for this reversible assembly. Therefore, a
delicate and widely applicable reversible assembly strategy is
preferred.
Driven by the need for a simple and widely applicable

process, we developed the second strategy for reversible
assembly. This strategy involves tuning the e-beam voltage to
adjust the location of peak energy absorption along the depth
of a PMMA layer (Figure 5). Depending on this location, the
2D structures are curved upward or downward, creating a
reversible assembly process. Specifically, the depth distribution
of absorbed energy in the polymer thin film directly affects the
intensity of irradiation−polymer interaction and further
determines the extent of shrinkage. Thus, a systematic
understanding of electron trajectory and energy distribution
is required to precisely estimate the location of shrinkage in the
PMMA films. To achieve this information, Monte Carlo
simulation was carried out using Casino (version 2.5.1.0)
(Figure S2). The variation of electron energy (beam voltage)
results in different electron implantation profiles; the depth of
the hotspot is considered to be the location of 90% absorbed
energy (Figures 5a and S2). The tunable depth of the hotspot
provides a possibility of realizing reversible self-curving by
controlling the position of the shrinkage along the depth of a
PMMA layer. The localized shrinkage generates a stress
gradient in the film, resulting in the deformation of the
structure for self-assembly. Furthermore, the maxima of
absorbed energy is not right on the surface but tens to
hundreds of nanometers deep away from the surface of the
PMMA film, depending on the voltage of incident electrons
(Figure S2b, d, f, h, j). The peak position of the absorbed
energy can be modified by tuning the electron energy (Figure
5a), which offers the possibility to program the shrinkage and
stress across the depth of the PMMA layer. This means that
the curving direction can be modified by positioning the
maxima of absorbed energy near the top (Figure 5b, c) or the
bottom of the PMMA layer (Figure 5d, e). To confirm the
feasibility of this strategy, a set of suspended 100 nm thick
PMMA cantilevers was fabricated through an EBL patterning
process and reactive ion etching (RIE) releasing process.
Because the film thickness is around 100 nm, electron
irradiations with voltages of 2 and 5 kV were selected so
that the maxima of absorbed energy are located in the upper
and lower half of the thin film for the 2 and 5 kV settings,
respectively (Figures 5a, S2). The electrons with voltage of 2
kV show a peak energy absorption at ∼−18 nm away from the
top of the PMMA layer (Figure 5a); this induces shrinkage and
tensile stress on the upper part of a PMMA thin film and
creates upward curving away from the substrate (Figure 5b, c).
On the other hand, the maximum of absorbed energy for
electrons with voltage of 5 kV is located at the depth of −60
nm (Figures 5a, S2), generating shrinkage and tensile stress in
the lower half of the PMMA film and creating downward
curving toward the substrate (Figure 5d, e). This test result
confirms the capability to control the assembly (curving)
direction by tuning the depth of the maximum absorbed
energy from irradiation, which provides a fundamental
principle for reversible self-assembly.

To demonstrate the reversible self-assembly process, a 100
nm thick butterfly PMMA pattern (wing of a butterfly) was
formed on the Si wafer by the aforementioned EBL process.
Next, the pattern was partially released by etching silicon under
the pattern using an RIE system. The e-beam voltage was
switched between 2 and 5 kV for reversible assembly. The
alternation of the e-beam voltage shifts the depth of the
absorbed energy peaks between −18 and −60 nm (Figure 5a).
In response to the shift of the depth, the wings of the butterfly
curved upward and downward repeatedly (Figure 5f−l),
mimicking the movement of the butterfly’s wings while flying.
The status of the wings was characterized based on the
projected length of the wings (L in Figure 5g) and plotted in
Figure 5m. A clear deformation and recovery trend was
observed from the wave-shape graph (Figure 5m), which is a
distinct behavior of a reversible process. The fast (from a few
to tens of seconds) and real-time monitored reversible process
that can be easily integrated with e-beam systems aligns well
with the needs for exploration of small-scale soft robotics or
machines. However, the curved wings do not recover by 100%
to their original state. It is obvious that the recovery rate (%) is
decreasing as more irradiation cycles are applied (Figure 5n).
The first cycle in this reversible assembly process has a
recovery rate of almost 90%; this value is decreased to around
75% for the second cycle. This behavior is attributed to the
consumption of the material through cross-linking and
outgassing (Figure 5o) along with each additional irradiation
cycle. Especially, the PMMA near the top surface is
continuously being exposed and shrinking even during the
recovery process. As there is no relaxation mechanism in this
reversible self-assembly, the strain induced in the upper surface
is always increasing, which becomes more and more difficult to
be compensated by tuning the irradiation focus to the bottom.
As the folding angle (curvature radius) is determined by the
induced strain difference,33 the uncompensated strain on the
top surface reduces the structure’s ability to recover, leading to
a decreasing recovery rate. To overcome this limitation,
relaxation processes that can fully transfer the irradiated
PMMA to its original state are needed. A previous study
demonstrated a 100% recovery rate in cross-linked PMMA
based on spontaneous or heat induced relaxation.28 However,
these mechanisms require long cure time (up to more than a
week) or an additional heat source that can hardly be
integrated for the in situ process in e-beam systems. Therefore,
further understanding of the e-beam induced material phase
change is still required to improve this reversible self-assembly
process. Even with current recovery limitations, it still can find
various applications where only a few precise motions are
required. For example, it could serve as the in situ manipulator
in the beam systems to align the nanomaterial, induce localized
stress, or shield the e-beam as a nanoscale smart cover.
In conclusion, an in situ monitored reversible self-assembly

methodology was developed using electron irradiation to
generate stress in a single polymer layer. Under the electron
irradiation, PMMA undergoes significant shrinkage as the
absorbed energy induces chain scission and subsequent
outgassing. The depth of the peak energy absorbed in the
polymer film can be tuned by the e-beam voltage. This enables
stress generation in a desired depth of the polymer layer, which
controls the direction of self-curving. By repeatedly alternating
the e-beam voltage, a reversible 3D self-assembly process has
been demonstrated in the structured single PMMA film. In
addition, combined with the naturally encoded sequence and
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localization of e-beams, the locomotion of each section in a
PMMA pattern can be precisely programmed, leading to
desired topology of self-assembled 3D polymer architecture.
This study of the mechanisms and effective factors of
irradiation-induced PMMA shrinkage and subsequent assem-
bly not only lays a solid foundation to the fabrication of
complex 3D polymer architectures, but also opens the
possibility to the building of micro- and nanoscale soft robots.
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