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Abstract
Surface nanopatterning of semiconductor optoelectronic devices is a powerful way to improve
their quality and performance. However, photoelectric devices’ inherent stress sensitivity and
inevitable warpage pose a huge challenge on fabricating nanostructures large-scale.
Electric-driven flexible-roller nanoimprint lithography for nanopatterning the optoelectronic
wafer is proposed in this study. The flexible nanoimprint template twining around a roller is
continuously released and recovered, controlled by the roller’s simple motion. The electric field
applied to the template and substrate provides the driving force. The contact line of the template
and the substrate gradually moves with the roller to enable scanning and adapting to the entire
warped substrate, under the electric field. In addition, the driving force generated from electric
field is applied to the surface of substrate, so that the substrate is free from external pressure.
Furthermore, liquid resist completely fills in microcavities on the template by powerful electric
field force, to ensure the fidelity of the nanostructures. The proposed nanoimprint technology is
validated on the prototype. Finally, nano-grating structures are fabricated on a gallium nitride
light-emitting diode chip adopting the solution, achieving polarization of the light source.

Supplementary material for this article is available online
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1. Introduction

Surface nanostructures can improve the performance of
optoelectronic devices by enhancing or controlling light
behavior, such as emission [1–5], dynamic shaping [6–10],
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and detection [11–13]. Nano-patterning the surface of opto-
electronic devices has attracted extensive concern [14–16].
Various nano-fabrication technologies have been attempted
[17–20]. Deep ultraviolet lithography or electron-beam litho-
graphy can precisely manufacture designed nanostructures
[21–24], and many high-quality optoelectronic devices have
been successfully proofing [25, 26]. However, high costs or
low efficiency do not apply to the large-scale manufacturing
of cost-sensitive devices [27, 28]. Nanosphere lithography is
cost-effective and easy to implement [29], but there is still
a lack of effective means to control the self-assembly defect
[30, 31]. Some limitations, such as structural dependence of
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laser interference lithography [32, 33], also characterize other
methods. High performance optoelectronic devices are eagerly
looking forward to large-scale nano-patterning methods.

Nanoimprint lithography (NIL) shows great potential for
promoting the performance of optoelectronic devices, due
to the strengths of high resolution, low-cost, and large-
area preparation [34–40]. However, imprinting the designed
nanostructures on the surface of an optoelectronic wafer is
still challenging. To begin with, wafers are usually warped
before being cut into individual devices [41, 42]. Mismatch
of material and thermal properties during epitaxial growth
warp the wafer’s morphology [43], while epitaxial growth is
indispensable [44–46]. Contact between the imprint template
and wafer is hindered by the warped substrate, which destroys
the prerequisite for a successful imprint [47–49]. Secondly,
stress sensitivity is inherent in an optoelectronic wafer/chip
[50, 51]. The external force will change the atomic distance
and the effective mass of electrons, modifying the barrier of
semiconductor materials [52–55]. There is a sharp contradic-
tion between the stress-sensitive substrate and the traditional
NIL technique based on mechanical pressure. In fact, higher
pressure is usually loaded for an uneven substrate through the
soft template to generate conformal contact [56–58], which
is obviously infeasible for the optoelectronic substrate. In our
previous work, step-controllable NIL is demonstrated to the
uneven substrate [59], but the gas-electric cooperative control
is relatively complex.

In this paper, electric-driven flexible-roller NIL (EF-NIL)
is proposed, which can be adapted for the preparation of high-
fidelity nanostructures on the stress-sensitive warped wafer
efficiently. One end of the nanoimprint flexible template is
twined around a roller with a certain distance on the substrate,
which leaves the template hanging and paving on the substrate
due to self-gravity. The electric field is applied to the template
and the substrate. The generated electrostatic force drives the
contact of the template and the substrate. When the flexible
template is continuously released through the simplemotion of
the roller, the contact line gradually moves, driven by the elec-
trostatic force to scan the entire substrate. The contact linemay
be curved for a warped wafer, but it still propagates forward,
effectively avoiding bubble defects. During contact, the liquid
resist completely fills the microcavities on the template jointly
driven by electrostatic attraction and electro-wetting, achiev-
ing high fidelity of the fabricated structures. More important,
the nanoimprint driving force, powered by electric field sur-
face force, is not transmitted to the substrate, so the entire sub-
strate is stress-free. In addition, the demolding process can be
conveniently achieved by the roller’s reverse motion. Based on
EF-NIL advantages, a high-quality polarization light emitter
is successfully developed by fabricating subwavelength nano-
gratings on the surface of flip-chips.

2. Results and discussion

The flexible template contacts with the substrate conformally,
which is a prerequisite for nanoimprint process. Bubbles are

easily enclosed when the template and the substrate come in
face-to-face direct contact, even if the external nanoimprint
pressure is present. The EF-NIL is proposed to ensure con-
formal adhesion between the template and substrate via the
line-contact method. In this work, one side of the template was
fixed on the same horizontal surface of the substrate, and the
other side was conveniently entwined on a roller with a cer-
tain distance from the substrate so that the template falls on
the substrate in a paving state. The template achieved con-
tinuous release and recovery through the simple movement
of the roller to complete nanoimprinting. The electric field
was applied to the conductive template and the substrate to
provide driving force. The line contact way of the flexible-
roller is characterized by reduced problems relating to trapped
air bubbles, thickness variation, and dust contaminants, which
greatly improves replication uniformity.

The nanoimprint process is detailed in figure 1(a-i). In the
experiment, the wafer coated with liquid nanoimprint resist
was placed flat on the chuck with air grooves. A pair of par-
allel electrodes of the substrate and the conductive template
were formed when the electric field was applied. The template
was releasedwhen the chuck and the roller startedmoving, and
the side fixed to the chuck first contacted the resist. The con-
tact front spreads forward under the electric field and device
motion. Over time, the template completely contacts the entire
wafer. Simultaneously, under the driving of the electric field,
the microcavities on the template are also filled. The electric
field was removed after a UV lamp cured the resist. Then, the
chuck and the roller moved in opposite directions to peel the
flexible template from the wafer. That is the peel-off demold-
ing process, which has low strain and can use the flexibility of
the template to achieve demolding on the non-flat substrates.
So far, the nanoimprint process of the entire wafer was com-
pleted.

The schematic diagram of the flexible roller on the substrate
is shown in figure 1(a-ii). The interface between the template
and the substrate was simplified as the model shown in the
inset of figure 1(a-ii), to investigate the effect of the electric
field on the motion of the flexible roller. The electric field
is applied on the flexible template and the substrate, driving
them into conformal contact. The main driving forces Fd are
the electrostatic attraction pressure Fea and the electric liquid
bridge force Feb.

Electrostatic attraction Fea is produced by the electrodes
formed by the flexible template and the substrate:

Fea =
ε2rε0
2

E2A (1)

where εr is the average dielectric constant of the dielectric
layer between the substrate and the template, ε0 is the dielec-
tric constant of the vacuum, and E indicates the electric field
intensity.

The liquid bridge attraction Fb will attract the two solids
when a certain amount of liquid wets the two solid surfaces
between two closed solid surfaces (figure S1). Feb is the
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Figure 1. Schemes of the EF-NIL: (a) (i) diagram of the nanoimprint process, (ii) structural form of the flexible-roller (the inset shows a
simplified model of the contact between the template and the substrate), (b) (i) EF-NIL prototype, (ii) mechanism of the electric-driven
flexible-roller.

reinforcing force of Fb with electric field that can be expressed
as follows:

Feb =
2γAcosθE

d
+ γlsinθE (2)

where θE is the wetting angle after applying E, γ indicates
the surface tension of the resist in air, d indicates the distance
between two parallel plates, A indicates the area of two paral-
lel solid surfaces wetted by liquid resist, and l is the circum-
ference of the area.

A prototype machine for 4′′ EF-NIL is developed based on
the abovementioned principle (figure 1(b-i)). The prototype
consists of a power supply, control, and motion system. The
movements of the chuck, roller, UV lamp, and other modules
are mainly controlled by a three-axis motion system. As the
core component of the nanoimprint, the flexible conductive
template consists of four layers: a backing layer, a conductive
layer, a buffer layer, and a structural layer. The preparation of
the flexible conductive template is detailed in the Experimental
section. The mechanism of the electric-driven flexible roller is
shown in figure 1(b-ii), where obvious boundaries of the con-
tact area and the non-contact area can be seen. The spring elec-
trode was pressed down when the wafer is fixed due to the
negative pressure during nanoimprinting, so that the pos-
itive electrode can be conveniently applied to the sub-
strate. The negative electrode is loaded on the flexible con-
ductive template. Based on the unique advantages of the

roll-based nanoimprinting technique in large area preparation,
wafer-level preparation of EF-NIL technology on larger areas
can be achieved with only large-size template and motion
mechanisms.

Since the flexible-roller template is the scheme’s core com-
ponent, its motive character affects the nanoimprinting pro-
cess. As shown in figure 1(a-i), the parameters that affect the
movement of the template include the roller speed Vin (i.e. the
release speed of the template), the speed of the substrate Vs,
and the height of the roller on the substrate H. The diameter
of the roller was set to 40 mm, and the height of the roller on
the substrate was set to 50 mm to facilitate sample taking and
template storage.

The driving force analysis of the template is the primary
part of its movement. When no electric field is present, the
driving force Fd of the template is only the liquid-bridge force
Fb. In EF-NIL, the main driving forces for the template and
substrate contact are the electric liquid bridge forceFeb and the
electrostatic attraction pressure Fea. Fea is generated by apply-
ing the electric field, and gradually increases with the elec-
tric field intensity (figure 2(a-i)). In addition, the electric field
improves the liquid-bridge force Fb to Feb. The electric field
greatly enhances the driving force Fd of the template paving
to E−Fd (the inset of figure 2(a-i)). The great driving force
ensures better conformal contact between the template and
the substrate. The electrostatic attraction pressure Fea exists
throughout the template and decreases with increased distance
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Figure 2. Effect of the electric field on the motive character of the flexible template: (a) (i) the driving force of the template, (ii) driving
force of the flexible template at different positions, (b) different template forms under different relative speed between the roller and the
chuck, (c) (i) simulation model of contact opening (COPEN) for flexible template adapting to warped substrate, (ii) adaptation of the
template to the warped substrate at different electric field intensities, (d) (i) simulation model of COPEN for flexible template move,
(ii) influence of template release speed Vin and intensity of the applied electric field on template paving speed Vc, (iii) the critical paving
speed corresponding to different electric field intensities.

between two electrodes. The electric liquid bridge force Feb

only exists in the wetting part, that is the position of contact
front. Figure 2(a-ii) shows the driving force at different posi-
tions of the template. The force on the contact line is maximal,
ensuring that the template canmove forward in the form of line
contact and avoid the package of bubbles.

The speed of the motion mechanism affects the character
of the template. Figure 2(b) shows the different flexible tem-
plate forms under different relative speeds of the roller and
the substrate. When Vin < Vs, the paving speed of the flexible
template on the substrate is extremely slow, and the contact
area is relatively small. When Vin > Vs, the flexible template
is severely bent and deformed, damaging the template. When
Vin = Vs, the shape of the flexible template remains in an ideal
state. Therefore, the roller speed was set equal to the speed of
the substrate.

The driving force provided by the electric field enables the
template’s good adaptability to the warped substrate, ensuring
complete contact between them. The epitaxial wafer is gener-
ally characterized by concave and convex deformation due to
the stress difference between different materials. Figure 2(c-i)
shows a simulation model of the contact opening (COPEN)
of the flexible template and the substrate. This model rep-
resents the distance of the unit nodes on the template from

the substrate to explore the adaptability of the template to
different warped substrates. The ratio of the warpage height
and substrate length (B/L) indicates the warpage degree of the
substrate. When no electric field is present, the driving force
Fd ensures that the template adapts to the concave deforma-
tion with (B/L) is 0.0092 and convex deformation with (B/L)
is 0.0138. When E is 4× 106Vm−1, the increased driving
force ensures that the template adapts to the concave deforma-
tion with (B/L) is 0.181 and convex deformation with (B/L)
is 0.236 as shown in figure 2(c-ii)). The greater the elec-
tric field intensity, the larger the warpage that can be adap-
ted. Moreover, during the nanoimprint, the flexible composite
template is generally prepared from multiple layers, usually
characterized by bending deformation due to the differences
in thermal stress. The electric field can also compensate for
the deformation of the template to ensure complete contact,
fully demonstrating the applicability of this scheme to warped
substrates.

The speed of the flexible-roller directly determines the
defect rate and efficiency of nanoimprinting. The conduc-
ted analysis demonstrated that the shape of the flexible tem-
plate remains ideal state when the roller speed is equal to the
speed of the substrate. However, air bubbles still are trapped
between the template and the substrate when the roller speed is
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Figure 3. Effect of electric fields on structure formation: (a) resist wettability under different electric field intensities, (b) simulation
renderings of nanoimprint filling structures with different aspect ratios.

extremely high. The flexible template is taken as the research
object. Here, Vin (the speed of the roller releases template)
and Vc (the speed of the template contact with the substrate)
will affect the contact status. If Vin ⩽ Vc, the released template
can be incompletely contact with the substrate to ensure the
nanoimprint integrity. If Vin ⩾ Vc, the released template can-
not fully contact the substrate, and air bubbles will be enclosed
between the template and the substrate.

Nanoimprint efficiency increases with the release speed
Vin, but the paving speed Vc does not increase proportion-
ally with Vin. Therefore, the speed needs to be reasonably
controlled to ensure the integrity. Furthermore, a simulation
model is established to investigate the motion of the flexible-
roller template under electric field (figure 2(d-i)). Vin was
lower than Vc in the initial stage. Vc increased with Vin. when
Vin reached a critical speed, Vc was lower than Vin and the
wrapping bubbles (figure 2(d-ii)). Vin should not exceed the
critical speed to ensure the integrity of the nanoimprint struc-
tures. Since the electric field increased the driving force of the
template, Vc of the template increased, and the critical speed
was also improved. The critical speed under different electric
field intensities is shown in figure 2(d-iii). When no electric
field was applied, the critical speed was 8.73 mm s−1. When
the electric field intensity (E) was 0.5× 106Vm−1, the critical
speed was 9.50 mm s−1. When E is 4× 106Vm−1, the crit-
ical speed was 15.28 mm s−1, corresponding to an increase of
75.03%. This results in 42.87% reduction in the template pav-
ing time for a 4′′ substrate and 24.56% reduction in the overall
nanoimprint time, which contributes significantly to the effi-
ciency of the entire nanoimprinting process.

It can be observed that an electric field increased the
paving speed of the template and ensured a highly efficient
nanoimprint. However, the electric field intensity is not as
high as possible. The paving speed increases with the elec-
tric field intensity as shown in figure 2(d-iii)). But when E
is higher than 4× 106Vm−1, the increase is slower. On the
other hand, considering the weak part during template pre-
paration, E should not exceed 4× 106Vm−1 to prevent the
electric field breakdown of the template and causing a short
circuit.

The electric field causes the template to adapt to the warped
substrate, improves the nanoimprinting efficiency, and pro-
motes the resist filling in the microcavities of the template
to ensure the integrity of the forming structures. The auxo-
action of the electric field on structure forming has two main
factors. Firstly, the electric field can change the wetting state
of the resist on the template surface, making it easier to fill the
microcavities. Then, the electrostatic attraction between the
two electrodes has a driving effect on the filling of the liquid
resist.

Figure 3(a) shows the wettability change of the liquid res-
ist under electric field. A 20 µm H-PDMS was spin-coated
on the substrate with indium tin oxide (ITO) to simulate the
actual template state, and a 5 µl resist was dropped onto
the substrate. The contact angles of the resist at different
voltages are shown. The wetting angle of the resist on the H-
PDMS is 54.7◦ with no voltage, and 17◦ when the applied
voltage is 800 V. A decrease in the contact angle increases
the capillary force, causing the resist to fill microcavities more
easily.

The forming process of structures was simulated with dif-
ferent aspect ratios based on phase field simulation to investig-
ate the contribution of electric field to the structure formation
(figure S2). The structures were set with the width of 300 nm
and depths of 300 nm, 600 nm, and 900 nm, respectively,
and the electric field was set to 4× 106Vm−1. Figure 3(b)
shows the variation of the rising height of the central res-
ist surface with time in different aspect ratio structures. The
red indicates the height with electric field, and the black line
represents without the electric field. The structures with dif-
ferent aspect ratios are well formed by the electric field (the
inset of figure 3(b)). The electric field can significantly reduce
the resist filling time in microcavities of different heights. In
addition, when the height is 900 nm, it is difficult to fill the
microcavity completely by the capillary force alone (figure
S2). However, the electric field can ensure the integrity of the
structure. Therefore, EF-NIL can not only improve the effi-
ciency of structure forming, but also realize the forming of
structures with high aspect ratio and ensure the high fidelity of
structures.
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Figure 4. Structural fabrication of EF-NIL: (a) grid line array structures on the template, (b) sample and nanostructures prepared by
EF-NIL, (i)–(iii) nanoimprinting structures corresponding to the template, (iv) formed structures in the large area, (v) sample containing
nine nanostructured areas, (vi) height and width measurement statistics of the nanostructures in nine sample regions, (c) large area hole
arrays and column arrays prepared by EF-NIL.

Nanoimprinting by a grating mold with a period of 600 nm,
a line width of 300 nm, a duty ratio of 1:1, and an aspect ratio
of 1:1 is shown in figure 4(a) to verify the forming capab-
ility of EF-NIL. The gallium nitride LED epitaxial wafer is
used as the substrate, the thickness of the resist spin-coated on
the substrate is 200 nm, and the specific experimental details
of the substrate are shown in the Experimental section. The
nanostructures obtained by EF-NIL on a wafer-scale GaN sub-
strate are shown in figure 4(b). The sample images are shown
in figure 4(b-v), where nine nanostructure areas are uniformly

distributed, each area using the same grating structure as a
template. Then, the width and height of the grating structures
of nine areas were measured and counted. Three measur-
ing points were randomly selected, and the obtained statist-
ical chart is shown in figure 4(b-vi). In consideration of the
measurement errors, the entire structure had good uniformity,
because the thicknesses of both resist and structure layer of the
template were homogeneous, so that the driving force gener-
ated by the two electrodes would completely cover the sample.
Macroscopic and microscopic views of the grating structures
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Figure 5. Polarized LED prepared by EF-NIL: (a) influence of electric field and nanoimprint force on the luminous intensity and
wavelength of the chips, (b) (i) scanning electron microscope (SEM) images of the polarization gratings, (ii) diagram of the polarization
measuring device, (iii) transverse magnetic (TM) transmission and extinction ratio (ER) at different incident angles when φ = 0◦, (iv) light
intensity obtained by experiment and simulation at different rotation angles (the inset shows the photographs of the polarized LED at
rotation angles of 0◦,45◦, and 90◦).

of the sample, respectively, are shown in figure 4(b-i-iv). It
can be observed that the grating structure has a good matching
degree with the template structure, indicating that the structure
prepared by this scheme has high fidelity. In addition, wafer
scale column arrays and hole arrays were prepared by EF-NIL
(figure 4(c-i-ii)), proving the universality of the technology in
preparing different shapes and aspect ratio structures with high
fidelity.

The existing research on the application of nanostruc-
tures in optoelectronic devices has gradually increased from
improving the most basic characteristics, such as efficiency
and power level, to further developing other functional fea-
tures, such as polarization emission. Taking the widely used
LED chip as an example, the polarization of the light was
achieved by preparing grating structures on it. The chip is com-
posed of multilayer structures (figure S3(a)). The design of
the multilayer membrane structure makes it more sensitive to
stress.

Experiments were designed to validate the effect of the
pressure of traditional nanoimprint and the electric field
intensity of EF-NIL on device performance. Experimental
details are shown in the Experimental Section, and the res-
ults are shown in figure 5(a). In EF-NIL, the luminous intens-
ity and wavelength of the chips fluctuate within the normal
range as the electric field strength increases. The driving force
provided by the electric field does not affect the perform-
ance of the device. In traditional nanoimprint, a downward
trend of the luminous intensity of the chip as the pressure
increased. When the pressure reached 0.5 MPa, the lumin-
ous intensity dropped by 13.01%. A red shift of the emis-
sion wavelength was observed as the pressure increased, and

when the pressure reached 0.5Mpa, it was 20.83 nm. The inset
of figure 5(a) shows the photographs of the chips for differ-
ent pressure gradients, demonstrating that the vertical pressure
had an undesirable effect on the performance of the substrate;
this effect increases with the pressure.

The performance difference between the two methods can
be attributed to different pressure transfer methods. The elec-
tric field acts as the surface force, and the mechanical pressure
acts as the volume force (figure S3(b)). The pressure and elec-
tric intensity have a corresponding relationship for the same
filling driving force as shown in figure 5(a). Compared to tra-
ditional nanoimprint, EF-NIL requires less filling driving force
since the electric field can change the wettability of the resist,
facilitating the filling of the cavities.

Nano-grating structures were fabricated on a flip-chip LED
and its luminous peak is 450 ± 3 nm by the EF-NIL to verify
the practicability of the prototype. The thickness of the resist
was 200 nm, and the processing is shown in the Experimental
section. During nanoimprinting, the positive of the electric
field was applied to the LED top layer and the negative is
applied to the conductive template.

The resist nano-grating was successfully obtained after lift-
ing off the flexible conductive template. Following the heat
evaporation of a 50 nmAl coating onto the resist nano-grating,
the polarized nano-grating was created. Figure 5(b-i) shows
the SEM pictures of the planform and the cross-sectional
image of the nano-grating. The images demonstrated that the
composite nano-grating had a period of 200 nm, a line width of
100 nm, a duty ratio of 1:1, and a height of 200 nm. Moreover,
the thickness of the metal layer was 50 nm since polarization
grating can achieve a strong TM transmission and extinction
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ratio (ER) at this thickness, as analyzed by the finite difference
time domain (FDTD) simulation (figure S4(b)).

To explore the polarization capability of the emitter, its
intensity of the photoluminescence (PL) spectra of polarized
TM and transverse elelctric (TE) light was tested using the
measuring device in figure 5(b-ii). A steady transient fluor-
escence spectrometer was employed in the experimental setup
to provide excitation light and collect luminance. Moreover, a
linear polarizer purchased from Edmund Optics was used to
detect the polarization effect.

The TM transmission and ERs of the chip at different incid-
ent angles are shown in figure 5(b-iii)). The 0◦direction means
that the incident light is perpendicular to the LED, after which
we test every 10 degrees in the −80◦–80◦. In the 0◦ direc-
tion, TM transmittance was highest, and TE transmittance was
lowest, so the highest ER was 15.85. The efficient period of
the grating changed with the incident angle. Simultaneously,
the TM transmission and ER of the chip decreased. The light
intensity significantly dropped as the linear polarizer was
rotated by 90◦ as shown in figure 5(b-iv)), showing that the
LED chip has ideal polarization capability. Photographs of the
polarized emitter after rotating the linear polarizer in three dif-
ferent angles of θ = 0◦, 45◦, and 90◦ are shown in the inset.
This figure also shows the FDTD simulation results of the sub-
wavelength grating, which fit in well with the experimental
results.

The optimized design of the structure is particularly import-
ant for improving the performance of the LED chip. The accur-
acy of the grating structure plays a crucial role in the chip’s
performance (figure S4(a)). The focus of this application pro-
gram is to verify the feasibility of the EF-NIL in preparing
nanostructures on stress-sensitive semiconductor substrates,
so that the selected template in this solution is ready-made.
A better polarization effect can be achieved if the structural
design is optimized in detail.

3. Experimental section

3.1. Preparation of flexible transparent conductive template

The manufacturing process of the flexible conductive tem-
plate is demonstrated detailed in figure 6. The template can
be prepared by the prototype machine. The 50 µm polyethyl-
ene terephthalate (PET) film was used as the backing of the
template due to its transparency and flexibility. To begin with,
the 100 nm indium tin oxide (ITO) was sputtered by Denton
Vacuum Discovery 635 equipment as electrode on the PET,
which has good conductivity with sheet resistance is 8Ω sq−1.
It is transparent and does not prevent the transmission of UV
light during the curing process. Then, sputtering 50 nm SiO2
coating as the adhesive layer between the electrode and the
buffer layer on the back of the electrode (figure 6(a)). The
H-PDMS was used to prepare the structural layer with its high
resolution and low shrinkage. A thin layer of liquid H-PDMS
with a thickness of about 20 µm was spin-coated on the sil-
icon template with nanostructures (figure 6(b)). Then, 180 µm

PDMS (Sylgard®184, Sigma-Aldrich) was spin-coated as the
buffer layer (figure 6(c)). Next, the backplane PET layer with
transparent electrodes was bonded to the PDMS layer in the
prototype machine (figure 6(d)). PDMS was cured at 85 ◦C
for 20 min. Finally, the flexible transparent conductive tem-
plate was peeled off from the mold (figure 6(e)).

3.2. Experiments on GaN Wafer

In the experiment, the LED chip and the epi-wafers were pur-
chased from Yangzhou Zhongke Semiconductor Lighting Co.
Ltd Before the experiment, the substrates were baked at 200 ◦C
for 30 min to remove moisture and impurities on the surface
and cooled to room temperature immediately. The wafers were
spin coated with 8 nm mr-APS1 polymer as adhesion layer at
5000 rpm for 60 s, and baked on a hot plate at 150 ◦C for
60 s to remove the solvent. Then, the 200 nm mr-UVcur21
polymer was spin-coated on the substrate at 3000 rpm for
60 s, and baked at 80 ◦C for 60 s on a hot plate before
UV exposure. The mr-APS1 adhesion promoter and the mr-
UVcur21 UV-curable polymer were purchased from Micro
Resist Technology, GmbH. The resist had low viscosity and
high curing rate designed for UV-based NIL.

3.3. Experiments on the influence of different pressure and
electric field intensity on the substrate performance

The LED chip with a peak wavelength of 450± 3 nm prepared
by flip-chip technology was chose as the substrate. In EF-NIL,
we set up a gradient of six different electric field intensities
of 0, 1× 106, 2× 106, 3× 106, 4× 106, and 5× 106Vm−1

to study the influence of the electric field on the chip, and
eight samples were tested for each electric field intensity. The
electric field was applied to the conductive template and the
substrate for 60 s. After the test is completed, the changes
in the emission wavelength and intensity of the chip under
different electric field gradients were analyzed by PL spec-
trometry using the steady transient fluorescence spectrometer
(QM-400), with the gap width of which is 2 mm, and the excit-
ationwavelength of 467 nm. Finally, we averaged the test para-
meters of the eight samples for each electric field gradient.
Correspondingly, in mechanical nanoimprint, the influence of
the vertical pressure on the substrate is simulated by the ten-
sion testing machine PT-1198GDP. The area of the indenter
was larger than the chip area to ensure that the chip is fully
compressed for 60 s to simulate the actual nanoimprint. In this
work, seven sets of pressure gradients of 0, 0.1, 0.2, 0.3, 0.4,
and 0.5 MPa were tested with eight samples. The emission
wavelength and intensity were tested by the same test method
and under the test conditions as in the above experiments.

3.4. Characterization

The SEM pictures are taken through the Hitachi S-3000N
SEM. The wetting angle is tested by an OCA15EC
(Data Physics).
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Figure 6. Preparation process of the flexible conductive template: (a) preparation of the conductive layer on the PET, (b) preparation of the
structural layer, (c) preparation of the buffer layer, (d) bonding the backing layer, buffer layer and the structural layer, (e) curing and
demolding.

4. Conclusion

In this paper, EF-NIL was proposed, which achieves wafer-
scale high-fidelity nanoimprint on stress-sensitive warpage
substrates. The proposed method employs a continuously
released and recovered flexible conductive template in the
form of a flexible roller by controlling the roller’s move-
ment. The electric field between the template and the substrate
provides the driving force. Under the electric field, the line
contact of the flexible roller can adapt to the warped substrate,
and ensure the conformal adhesion of the template and sub-
strate. The electric field force does not transfer to the substrate
as a surface force. Hence, the substrate is free from external
force. In addition, the fidelity and uniformity of the structures
are also guaranteed with the action of electric field. Nano-
grating structures are fabricated on a 4 in. GaN chip with high
fidelity using the proposed process and prototype to polarize
the LED chip directly. The proposed method provides a tech-
nical solution for fabricating nanostructures on stress-sensitive
warped substrates in biology, precision optical elements, high-
efficiency solar cells and other important fields.
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