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a b s t r a c t   

Pairs of electrodes with nanometer gap, termed as nano-gapped electrodes, are fundamental building 
blocks for the fabrication of nanometer-sized devices and are essential for the examination of molecular 
properties and extreme nano-optics. Although modern fabrication techniques make it feasible to fabricate 
nanometer gaps, it is still a formidable challenge to fabricate adjustable gaps arrays with angstrom preci-
sion. Here, we demonstrate that in-situ adjustable nanogaps (arrays) with sub-angstrom precision can be 
fabricated via laser irradiation on the substrate which supports the electrode pairs. We further demonstrate 
that atomic-level metal contacts can be switched and the direction of the switching can be selectively 
controlled by the laser irradiation position. By varying the laser power gradually, the nanogap’s size can be 
continuously changed, providing a reliable break junction technique to address the properties of single- 
molecule junctions. The small spatial focus size of the laser beam makes it feasible to realize addressable 
on-chip molecular junction arrays. 

© 2021 Elsevier Ltd. All rights reserved.    

Introduction 

Controllable nanogaps with atomic precision are highly desired 
for the fabrication and characterization of nano-sized devices [1–3], 
promoting the fast development of extreme nano-optics [4–6]. 
Modern fabrication techniques, such as standard electron beam li-
thography (EBL), nanoimprint lithography and crack-defined tech-
nique [7,8] make it feasible to fabricate a pair of electrodes (or 
electrode arrays) with nanometer precision [9–11]. These nanogaps 
are on-chip compatibility and have been widely used in different 
research fields. However, these on-chip nanogaps are usually fixed, 
i.e., the gap cannot be flexibly adjusted after the fabrication process  
[1,12]. To this end, we demonstrate that precisely adjustable nano-
gaps with atomic precision could be realized via light illumination 

on the supporting substrate under the electrodes, and various ma-
terials (e.g., gold, platinum, aluminum) can be used as electrodes, 
and common materials (e.g., polyimide, insulation tape) can be used 
as the supporting substrate. 

Besides nano-gapped electrodes, switches are essential elements 
for electronic circuits [13,14]. Atomic scale switches meet the urgent 
demand for further device miniaturization and several strategies 
have been put forward to realize atomic switches [13,15–17]. The 
realization of light-induced conductance switching has attracted 
intensive attention recently [18,19]. Several groups had previously 
demonstrated that single molecule can be used to realize the re-
versible conductance switching via light stimulation [18,20]. Here, 
we demonstrate that conductance switching also can be realized 
through light irradiation with bare metal electrodes (without any 
molecules present). Although the conductance changes of the bare 
atomic metal contacts depending on the electrodes’ geometry, the 
wavelength, the polarization, and the intensity of the illuminated 
lasers have been investigated previously, the dominating mechanism 
for the conductance change is still under debate which had been 
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attributed to several possible factors including metal electrodes’ 
expansion, plasmonic heating, optical rectification, and photon-as-
sisted transport [3,21–24]. In this work, we clarify with solid evi-
dences that the thermal expansion of the substrate underneath the 
suspended electrodes should be the main mechanism for the con-
ductance modulation of the suspended atomic contacts. Assisted by 
simulations, we reveal that the light-induced displacement of the 
electrodes via the thermal expansion of the underneath substrate 
should be the primary mechanism for the nanogap and atomic 
contact modulation. Moreover, we demonstrate that the direction of 
the atomic conductance switching (the conductance increases or 
decreases upon light irradiation) can be well controlled by adjusting 
the irradiation position of the focused laser. Finally, we demon-
strated that the laser beam (only micrometers in focus diameter) 

remotely controlled gap size can be used to determine the single- 
molecule properties (e.g., conductance), showing potential for 
integrated molecular devices application. 

Results 

Gap size modulation with sub-angstrom precision by light irradiation 

The experiments are performed based on a nanojunction which 
can be fabricated by different methods [25–28]. Here, the me-
chanically controllable break junction (MCBJ) is utilized to obtain the 
initial nanocontacts (Supplementary Fig. S1) [29–32]. Fig. 1(a) shows 
the working principle of MCBJ. A microwire with a constriction is 
fixed on the substrate by two drops of glue. The substrate is mounted 
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Fig. 1. Schematic of the measurement system and conductance responses of nano-gapped electrodes upon laser irradiation. (a) The continuous laser passes through a chopper 
generating a periodically pulsed laser beam, then focuses on the wire constriction. Inset: SEM images of the notched microwire. Scale bars: 20 µm. Schematic of the atomic 
arrangement around the nanogap electrodes with (b) and without (c) laser irradiation. Upon laser irradiation with a power of P0, the gap size between the two electrodes is 
enlarged approximately from 1.1 Å to 1.4 Å, as deduced by the measured conductance values. (d) Real-time conductance responses upon laser irradiation with various laser 
powers. The red (black) arrows indicate the moments when the light is turned on (off). P0 = 0.4 mW. 
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into a three-point bending apparatus, in which the two outer posts 
(blue bars) at either end of the substrate are fixed. The motion of the 
pushrod (piezo actuated) exerts a vertical bending force onto the 
substrate, thus the constriction part will be elongated. In this way, a 
nanocontact between two electrodes can be obtained, i.e. a con-
striction as thin as a single atom but being still an unbroken bridge 
between both electrodes. Also, a nanogap can be generated by me-
chanically bending the substrate a bit more and thereby breaking the 
atomic bridge. To address the sensitivity of the gap size modulation 
by light irradiation, an extremely small gap (d ~ 1.1 Å) was tested 
firstly. 

Via modulation of a chopper, the continuous laser periodically 
irradiates (light on for 100 ms and light off for 1 s) the constriction 
part with a focusing diameter of ~ 0.5 mm. The gap size between 
electrodes is monitored by the measured tunneling current [33].  
Fig. 1(b) and (c) show the schematic of the atomic arrangement 
around the nanogap electrodes: the gap size between the two 

electrodes is enlarged approximately from 1.1 Å to 1.4 Å upon light 
irradiation (P0 = 0.4 mW). Fig. 1(d) shows that the conductance de-
creases as the laser irradiates the nanogap area when a fixed bias 
voltage (13 mV) is applied. In the initial state (in dark), the con-
ductance of the nanogap is approximately 0.5 G0, which corresponds 
to a gap size of approximately 1.1 Å (Supplementary Fig. S2). Upon 
laser irradiation (P0), the conductance decreases to 0.3 G0 (gap size ~ 
1.4 Å), i.e. the gap size is enlarged by ~ 0.3 Å. A close examination of 
the curves shows that the amplitude of the conductance modulation 
decreases as the laser power is decreased. Gap size variations of 
approximately 0.3 Å, 0.2 Å, and 0.1 Å upon laser irradiation with a 
power of P0, 0.9 P0, and 0.6 P0, respectively, can be deduced, in-
dicating that the gap size can be modulated with sub-atomic pre-
cision. Upon even lower irradiation power (P  <  0.2 P0), the 
conductance response cannot be clearly resolved (bottom curve in  
Fig. 1d). Notably, with the measured conductance in the range of 
0.5 G0 to 0.3 G0 the electrodes are very close together. At such small 
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Fig. 2. Conductance response when the laser irradiates aside the nanocontact. (a) Schematics of the situations for laser irradiation in which the laser focal spot are located at the 
atomic point contact (bottom), 0.5 mm (middle) or 1.5 mm (top) away from the nanocontact. The red area indicates the laser irradiated spot. (b) Real-time measured conductance 
when the laser irradiates three different spots, as shown in Fig. 2(a). The red arrows indicate the beginning of the light irradiation with a duration of 1 s, followed by a dark time of 
2 s (c) Two examples of conductance curves as a function of time under laser irradiation. The conductance decreases in steps of ~ G0 during the breaking process of the 
nanocontact. Inset: a corresponding conductance histogram constructed from 500 conductance traces as shown in (c). (d) I-V curves of the atomic contacts generated by the 
control of light irradiation. 
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distances the front-most atoms may be pulled out of their equili-
brium positions by the attractive bonding force, resulting in a poor 
approximation of the gap size, thus the tunnel approximation is not 
valid anymore. To remain in the range of validity thereby obtaining a 
better estimation of the gap size, measurements at larger tunneling 
distance were also performed (Supplementary Fig. S2). 

Modulation of atomic contacts by light-irradiation 

In addition to the nanogaps (G < G0), the response of direct 
electrode nanocontacts (G > G0) to laser irradiation is investigated. 
The state of the initial nanocontacts is recognized by monitoring the 
conductance of the junction (a few G0 to a few tens of G0). The ir-
radiation sites are selected along the direction perpendicular to the 
electrode axis, as shown in Fig. 2(a). A similar phenomenon is ob-
served, i.e., the conductance decreases when the nanocontact is ir-
radiated by the laser (bottom panel, Fig. 2b). Notably, the amplitude 
of the conductance modulation increases as the irradiation spot is 
moved away from the metal nanocontact, i.e., the amplitude of the 
conductance modulation increases by approximately 20% as the ir-
radiation spot is moved 0.5 mm away from the center nanocontact 
(middle panel, Fig. 2b). The amplitude of the conductance modula-
tion decreases when the irradiation spot is moved farther away from 
the nanocontact area (top panel, Fig. 2b). This observation shows 
that the conductance of the nanocontact can be strongly modulated 
even when direct light irradiation to the nanocontact is absent, in-
dicating that the conductance modulation may originate from the 
properties of the supporting substrate rather than the nanocontact 
itself. This observation will be further addressed in the discus-
sion part. 

Notably, the exact amplitude of the conductance modulation 
depends on the laser power, focus diameter, the position of the in-
cident laser, and the distance between the two glue drops. Samples 

with a longer distance between the glue drops show a more sensitive 
modulation effect. For these samples, the nanocontact may be 
completely broken upon light irradiation, such that G decreases in 
discrete steps of the order of G0, and these discrete steps can be 
reproducibly observed. Two examples of such conductance curves 
are shown in Fig. 2(c). The corresponding histogram shows well- 
defined peaks near 1 G0, 2 G0, and 3 G0 (insert, Fig. 2c). This ob-
servation indicates that the geometry of the constriction is changed 
upon light irradiation [16,34]. With properly chosen light intensity 
and incident positions, the nanocontacts can be stabilized for several 
minutes, making it feasible to characterize electron transport 
through these atomic-size constrictions, down to the single-atom 
regime. Fig. 2(d) shows several typical current-voltage (I−V) curves 
within different bias windows for atomic contacts (1 G0 and 3 G0). 
Although occasionally switching events (red) and stochastic fluc-
tuations (black) may be observed at high biases, the main linear 
dependence and thus metallic I−V characteristic are evident. The 
occasionally switching events at high biases are attributed to the 
current-induced rearrangement of individual atoms near the con-
striction [16]. The linear behavior without fluctuations in the small 
bias range demonstrates that the stability of the atomic contact is 
retained despite light irradiation. 

To reveal the underlying mechanism of the light-induced con-
ductance changes, we performed the conductance measurements 
with the fixed junction, while the irradiation site moved along the 
electrode axis. Three different irradiation sites along the metal wire 
are selected, marked as I, II, and III. Fig. 3(a)–(c) show the situations 
when the laser irradiates at the left (case I) or right side (case III) of 
the metal wire, or at the middle constriction part of the wire be-
tween two glue drops (case II). Remarkably, the conductance in-
creases upon light irradiation in cases I and III (Fig. 3d and 
Supplementary Video S1). In contrast, the conductance decreases 
upon light irradiation in case II (Fig. 3d and Video S2). These 
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observations evidence that the sign of the conductance change (in-
crease or decrease upon light irradiation) can be well controlled by 
selecting an appropriate laser irradiation position. 

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2021.101226. 

We further performed a similar experiment in which the light 
irradiates the supporting substrate instead of the metal wire, and the 
irradiated sites are selected along the direction parallel to the elec-
trode axis. Again, we observe that the conductance decreases upon 
laser irradiation when the light illuminates inside the region defined 
by the two glue drops (Supplementary Fig. S3). In contrast, the 
conductance increases when irradiating outside the region defined 
by the two glue drops. Based on the observations mentioned above, 
we believe that the conductance modulation should originate 
mainly from the thermal expansion of the underneath polymer 
substrate, i.e., the light-induced thermal expansion of the substrate 
will lead to a relative position change of the two electrodes which 
are fixed above the substrate, thus resulting in conductance 
modulation, which will be further addressed in more detail in the 
simulation part. 

Additionally, our experiments show that the temperature in-
crease of the irradiated area is relatively small under laser irradiation 
(Supporting Fig. S4). Various materials (e.g., Au, Pt, and Al) can be 
used as working electrodes (Supplementary Fig. S5), and universal 
materials (e.g., polyimide, Kapton tape, and even bare spring steel) 

can be used as the supporting substrate (Supplementary Fig. S6). 
Importantly, we demonstrate that the conductance modulation of 
parallel junctions can be operated independently (Supplementary 
Fig. S7), providing potential for device integration. All these features 
might make the light-control strategy a versatile approach for the 
conductance modulation. 

Simulation of light-induced thermal expansion 

To verify that the gap size control, as well as the bidirectional 
atomic contact modulations, originate mainly from thermal expan-
sion of the supporting substrate, we performed thermal expansion 
simulations of the polymer substrate with the software package 
COMSOL Multiphysics. Fig. 4(a) and (b) show the distribution of 
thermal expansion of the polymer substrate with different thickness. 
The expansion is directed outwards from the irradiation point. It can 
be found that the amplitude of the thermal expansion is strongly 
dependent on the thickness of the polymer substrate for the same 
laser focus diameter (0.5 mm), i.e., the maximum thermal expansion 
increases from 0.04 Å to 24 Å when the thickness of the polymer 
layer increases from 5 µm to 150 µm. The maximum expansion 
reaches 12 Å as a polymer layer (50 µm thickness) is employed 
(Supplementary Fig. S8), which is consistent with experimentally 
measured thermal expansion coefficients of polymer [35], con-
firming the reliability of the simulations. The thermal expansion 
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around the metal wire is inhomogeneous, which will result in a 
relative displacement of the two electrodes fixed on the substrate.  
Fig. 4(c) and (d) show that, for the geometry considered here, the 
expansion of the polymer layer pushes the two electrodes apart by 
approximately 8.5 Å, when the laser irradiates the central region. In 
contrast, the expansion of the polymer layer brings the two elec-
trodes closer together by 3.5 Å as the laser irradiates a site outside 
the two gluing points, since the two glue drops move in the same 
direction (X) but with unequal displacement, see Fig. 4(e) and (f). In 
the simulations, we neglect the presence of the thin steel sheet 
underneath the polymer layer because the polyimide layer is rela-
tively thick and almost 100% of the light gets absorbed within this 
thickness (50 µm of polyimide are optically opaque). Regarding 
the simulation, more detailed information can be found in  
Supplementary Figs. S8 and S9. 

Conductance modulation with minimized junctions 

Aiming for device integration, miniaturized junctions (fabricated 
by electron-beam lithography, EBL) with reduced laser focal spots 
are investigated. Similar to the results presented in Fig. 3, the con-
ductance decreases as the light irradiates the central constriction of 
the wire, and the conductance increase as the light irradiates the 
left/right side of the suspended wire, as shown in Fig. 5(a). A Kapton 
sheet covered with a thin polyimide layer (1 µm) is used as the 
substrate. The thickness of the gold layer is approximately 100 nm. 
The length of the suspended metal bridge is approximately 2 µm, 
and the width of the constriction center is approximately 100 nm, as 
presented in Fig. 5(b). The polarization of the laser is along the 
electron transport direction (wavelength λ = 488 nm, laser power 
P = 126 µW). 

The observation of conductance increases and decreases de-
pending on the position of irradiation reveals the complexity of the 
mechanism at play. We argue that in the present realization, both 
effects are caused by thermal expansion. When irradiating the 
central part with the narrow bridge, the largest part of the spot is 
absorbed by the underneath substrate which then elongates and 
thereby reduces the conductance. When irradiating electrodes not 
too far away from the constriction (~ 20 µm) the thermal expansion 
of the gold electrodes dominates and therefore the conductance 
increases. When irradiating the electrodes but at larger distance the 

influence of the irradiation is vanishing, from which an effective 
range of the modulation concept by irradiation can be estimated. 

Notably, the effect of conductance modulation with this EBL 
fabricated samples is much weaker than the one of samples made 
from a wire glued onto the substrate. We attribute this observation 
to the fact that the distance between two fixed points of the elec-
trodes in EBL fabricated sample is much shorter than the one in glue- 
fixed samples. The absolute elongation due to thermal expansion is 
in roughly proportional to the size of the heated area. Hence, the 
relative displacement of the two electrodes correlates with the 
distance between the two fixed points of the electrodes. As shown in  
Fig. 5(b), the length of the suspended gold bridge in EBL fabricated 
samples is approximately 2 µm, which means the distance between 
two fixed points of the electrodes is 2 µm. In contrast, the distance 
between the glue drops in the wire-based break junctions is ap-
proximately 0.5 mm, as shown in Fig. 1(a). Therefore, the amplitude 
of conductance modulation with this EBL fabricated samples is much 
weaker than the one of glue fixed samples. We can further draw the 
conclusion that the gap size variation due to substrate expansion can 
be ignored when the two electrodes are completely fixed on the 
substrate without free-standing parts and are located close enough 
(e.g, few nanometers separation), because the displacements of such 
close electrodes upon laser irradiation are synchronous both in di-
rection and amplitude, and thus the relative displacement of the two 
electrodes is extremely tiny (e.g, few picometers). Additionally, we 
found that the conductance modulation with minimized junctions 
made by EBL is also dependent on the materials of employed sub-
strates, see Supplementary Figs. S10 and S11 for more detailed in-
formation. These miniaturized junctions controlled by focused laser 
provide a potential for producing individually addressable arrays of 
molecule junctions. 

Determining the conductance of single molecule 

Taking advantage of the capability of modulating the electrode 
separation precisely with the help of laser irradiation, we measured 
the conductance of single-molecule junctions of p-phenylenedia-
mine (PPDA) molecules. To avoid thermal voltages caused by direct 
laser illumination, the laser illuminates an area perpendicular to the 
electrode axis approximately 5 millimeters away from the metal 
wire. As shown in Fig. 6(a), the gold atomic junction is stretched as 
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the laser power gradually increases. As a reversible process, a metal 
contact can be reformed when the laser power gradually decreases. 
A fiber laser (LWRL635-100mW-F) with a wavelength of 635 nm and 
adjustable power of 0–30 mW is used as the gap size controller. To 
form single-molecule junctions, a 1 mM aqueous solution of PPDA is 
self-assembled on the metal electrodes surface for about 30 min 
right after the breaking of the metal wire followed by the con-
ductance measurement. Typically, multiple steps of G0 can be clearly 
observed in solution both with and without molecule, as shown in  
Fig. 6(b). For the solution with molecules, additional plateaus are 
frequently observed after the breaking of metal wire, see blue 
curves. In contrast, plateaus below 1 G0 are rarely observed when the 
sample is measured in an environment without PPDA molecules, see 
gray curves. 

Fig. 6(b) shows the conductance histograms for both with and 
without PPDA molecules, and each of them is constructed from 
approximately 500 conductance curves. With a Gaussian fit, the 
most-probable conductance value (~ 4.3 × 10–3 G0) at the bias of 
18 mV can be determined for the solution containing molecules. In 
contrast, no obvious peak is observed in the histogram after break of 
the metal wire for a solution without molecules. Therefore, the 
conductance value (~ 4.3 × 10–3 G0), which is consistent with pre-
vious reports [36,37], can be assigned to the conductance of a single 
PPDA molecule junction. Similar to the atomic contacts presented in  
Fig. 2(d), the single-molecule junctions can be sustained for several 
minutes under a constant laser power, and thus the I−V character-
istics of single-molecule junctions can be addressed. 

Discussion 

Returning to Fig. 2, it shows an interesting phenomenon, i.e., the 
maximum conductance modulation appears when the laser is fo-
cused aside of the nanocontact instead of onto the nanocontact di-
rectly. This observation is consistent with our previous report that 
the metal nanocontact itself expands upon laser illumination  
[22,38], which brings the two electrodes closer together, and thus 
partially compensates the expansion of the underneath polymer 
substrate which separates the two electrodes. Our previous study 
revealed via wavelength and polarization-dependent measurements 
that the thermal expansion of electrodes is considerable (up to 
nanometers) due to plasmonic heating [22]. The expansion of the 
electrodes will result in a weaker conductance modulation by the 
thermal expansion of the supporting substrate. Additionally, the 
plasmon excitation and photon-assisted electron transport between 

electrodes may increase the conductance [21,39–41], which will also 
weaken the modulation effect by the thermal expansion of the 
supporting substrate. 

The modulation of the tunneling current in nanogaps is of key 
importance for designing opto-nanoelectronic devices. The pio-
neering research works mainly focus on the photon (plasmon) as-
sisted tunneling between electrodes and the thermal expansion of 
the electrodes themselves [21,23,38–40,42–44]. In contrast, we focus 
here on the effect of the substrate’s thermal expansion gradients 
under the electrodes which is usually ignored. Contrary to the geo-
metries in scanning tunneling microscopy (STM) where the STM tip 
is separated from another electrode (substrate), the pair of elec-
trodes is fixed on the same substrate in our case which is of key 
importance to control the gap size with angstrom precision. Al-
though the maximum thermal expansion of the substrate driven by 
the light irradiation is at the nanometer scale, the relative dis-
placement of two close points on the substrate can be reduced to 
(sub) angstrom, resulting in a precise control of the gap size. Despite 
this advantage of precise control of our strategy, the initialization of 
the nanocontacts by bending the substrate in our experiment is 
essential for breaking the metal wire by light irradiation, which may 
limit its practical application. Note that these initial nanocontacts 
can also be generated by other chip compatible approaches without 
substrate bending, e.g., electrochemical deposition or electro-
migration. 

Thermal expansion had been considered as a failure mode since 
it unintentionally changes the shape of the object evidently. 
Correspondingly, the thermal expansion of substrate was never 
pursued as a concept for the fabrication of nano/molecule junctions. 
Normally, to in-situ control the nanogaps and form single-molecule 
junctions, an electric piezo/motor actuator (decimeters/centimeters 
in spatial size) is required [45]. Each piezo/motor element can only 
control one nanogap normally, which makes it challenging to fab-
ricate wafer-scale compatible integrated molecular junction arrays  
[17]. Here, we demonstrated that a focused laser beam (only mi-
crometers in diameter) can work as an actuator to remotely control 
the gap size to form single-molecule junctions repeatedly, in prin-
ciple for thousands of times in parallel, making it feasible to produce 
individually addressable arrays of molecular junctions. 

Conclusions 

We demonstrate that conductance switching can be realized 
through light irradiation with bare electrodes, and the switch 
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Fig. 6. Measurement of the molecular conductance of PPDA single-molecule junctions by regulating the laser power gradually. (a) Schematic of molecular conductance mea-
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direction can be well controlled by adjusting the incident position of 
the light. In this way, triple states conductance switches are realized 
via laser irradiation. Supported by simulations, we clarify that the 
atomic switch, as well as the gap size modulation, originate mainly 
from the thermal expansion gradients of the underneath substrate 
upon light irradiations. We further demonstrate that the nanogap 
between two electrodes can be gradually modulated with sub-ang-
strom precision by the control of the laser power, providing a light 
remotely controlled on-chip break junction technique for the study 
of single-molecule junctions. The small focus diameter of laser 
beams making it feasible to realize an addressable molecule junction 
array. 

Methods 

Sample preparation 

Elastic steel sheets (length of 44 mm, width of 12 mm, and 
thickness of 0.2 mm) are used as flexible bending substrates, on 
which a polymer layer (polyimide, HD-4100, HD Microsystem, ~ 
50 µm thick) is spin-coated. The substrate is baked in an oven at 
200 °C for half hour to harden the polyimide. A gold wire (100 µm, 
99.999%) is then fixed on the polyimide covered spring steel sub-
strate by two drops of glue (epoxy resin, STYCAST 2850 FT). To fa-
cilitate the breaking of the metal wire, a round notch is made by a 
surgical knife [22,29]. 

Conductance measurement and laser irradiation 

A voltage (13 mV) is applied to the two electrodes, and the real- 
time current response upon light irradiation is recorded in ambient 
by a semiconductor device analyzer (B1500A, KEYSIGHT). To mea-
sure the conductance, an ASU (atto sense/switch unit) and in-
tegrated amplifiers are added to promote the measurement 
sensitivity. A He-Ne laser (633 nm, 0.4 mW) is used as the light 
source. Reflected by a mirror, the laser passes through two polarizers 
and then focuses on the sample surface (diameter of the spot ~ 
0.5 mm). The position of the laser irradiation spots can be precisely 
changed via the mirror as well as by the movement of the platform 
in two orthogonal directions. The intensity of the laser can be 
modulated by changing the relative angle of two polarizers. 
Additionally, an argon-krypton laser is used as the light source, 
which allows us to select one of several wavelengths in the range 
between 480 nm and 650 nm with focus diameter 18 µm for EBL 
microfabricated chips. 

Simulation of thermal expansion 

To study the distribution of the thermal expansion of the 
polymer upon light irradiation, two coupled modules including the 
"heat transfer in solids" and "solid mechanics" modules of the 
COMSOL Multiphysics software are used. The thermal expansion 
coefficient of the polymer is set to 2 × 10–5 K−1, the Young's modulus 
is set to 2.9 GPa, and the Poisson's ratio is set to 0.41. The heat ca-
pacitance of polyimide is set to 1100 J kg−1 K−1, and the thermal 
conductance is set to 0.15 WK−1 m−1, as report previously [42]. The 
polymer is irradiated with a Gaussian-shaped heat source (0.5 mm in 
diameter, and 0.4 mW in power). The initial temperature of the 
polymer is set to 296 K, which is close to the ambient experimental 
conditions. Perfectly Matched Layer (PML) is chosen as the boundary 
condition, which applies to all exterior boundaries. 
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