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Abstract: For the past few years, the transfer printing method has been developed and has secured
numerous advantages. Here, via both experiments and analyses, we have focused on identifying
key parameters and optimizing their values in the fabrication process of stamps for transfer-printing
micro-devices. Specifically, the elastic modulus of posts is measured using the atomic force microscope
and the Derjaguin, Muller, and Toporov model. Based on mold morphologies data, we subsequently
explore the law of photoresist development under different design widths as well as development
time, establish mathematical models, and offer relevant explanations for the formation of various
developmental topographies. Furthermore, the relationship between the elastic modulus and these
stamp-fabrication parameters has also been analyzed and confirmed. Hopefully, the proposed work
can provide the guidance for fabricating reliable stamps in the future.
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1. Introduction

As a massively parallel assembly method, the transfer printing adopts a stamp to assemble diverse
micron-nanoscale devices and materials, e.g., membranes, platelets, wires among others, into a two- or
three-dimensional layouts [1,2]. It also qualifies as a highly versatile technique for heterogeneous
integration on both rigid and flexible substrates [3], such as transferring concentrator photovoltaic
cells [4], lasers [5,6], silicon micro-ICs [7], GaN LEDs [8], p-n junctions [9], and quantum dots [10].
This technology can also be used to transfer highly non-planar, globular structures, such as silica
microspheres and grains of pollen [11] with high accuracy, high yield of 99%, and stamp life time
of 200 h [12,13]. In general, researchers use viscoelastic polydimethylsiloxane (PDMS) as the stamp
which, due to the softness of PDMS [14], can handle fragile materials without damages. In terms of
procedure steps, the whole transfer printing process consists of (a) aligning and contacting the elastic
stamp with devices on the donor substrate, (b) peeling off the stamp at a faster speed, and devices will
be attached to the stamp by van der Waals force, (c) moving the inked stamp to the receiver substrate,
and (d) peeling off the stamp at a lower speed. Afterwards, devices will be successfully printed on the
receiver substrate [15].

Advantages of the transfer printing technology include: semiconductor devices can be transferred
at the room temperature instead of at higher temperatures; the controllable, repeatable, and efficient
transfer processes are expected to attain highly precise and large-scale rapid integration of
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heterogeneous material arrays; and the natural transparency of the stamp enables the entire process to
be observed through the stamp such that posts and devices-to-be-transferred can be precisely aligned.
Incidentally, to make a sacrificial layer in a safer and more economical way, Nam et al. anneals the
crucible at high temperatures to produce cerium oxide which can be used as a water-soluble sacrificial
layer [16]. Striving for higher yield, Delamarche et al. suggest that the aspect ratio (height/width) of
the post should lie between 0.5 and 5. At inappropriately low aspect ratios, the post cannot withstand
the pressure during the transfer process, whereas, at overly high aspect ratios, the post tends to collapse
during the transfer process [17].

Based on the method described above, there exists a surface relief assisted transfer method
including micro tips [18] and gecko principle [19]: A stamp with a suitable surface relief structure
enables adhesion control during retrieving and printing. Other transfer printing methods abound:
load-enhanced transfer printing [20], laser-driven transfer printing [21,22], transfer printing based on
shape memory polymer [23], overlay-aligned roll-transfer printing [24], fluidic assembly method [25],
electrostatic adsorption, and electromagnetic force adsorption [26].

Transfer printing features a wide range of applications, including micro-LED display technology.
Micro-LED display technology refers to the integration of high-density and micro-sized LED arrays on
a single chip [27,28], with the size of the micro-LED <100 um [29,30]. Generally, the traditional LED
display endures a larger pixel size and a relatively poor display effect, whereas the micro-LED display
has secured advantages of high resolution, high efficiency, high brightness, small size, more energy
saving, and self-illumination without the need for a backlight [31,32]. In addition, key technologies
of micro-LED display include bonding, current drive control, detection, and repair among others.
As an essential step to the mass production of micro-LED display, the mass transfer of micro-LEDs
constitutes the bottleneck of the full-colored micro-LED display technology.

As one of the important performances of the stamp for transfer printing, the elastic modulus
exhibits the ability of stamp to resist elastic deformation under external forces. The adhesion force
between the stamp and devices, originating from van der Waals force, can overcome the fact that,
between devices and their carrier substrate, devices can then be successfully picked up by the stamp.
Therefore, for the purpose of achieving the required adhesion force and picking up devices, it is
necessary to press the stamp onto devices to squeeze out the air between the surface of the stamp and
devices to ensure the effective contact between them. In cases of small elastic modulus of the stamp,
the stamp will be severely deformed during picking up, deteriorating the yield of transfer printing.
Therefore, it is of great significance to investigate the elastic modulus of fabricated stamps [33].

Some researchers have pioneered their work by employing casting and curing method to fabricate
PDMS stamps. Kim et al. [18] report a unique adhesive surface for deterministic assembly of solid
micro/nanoscale parts into two- and three-dimensional configurations. Lee et al. [34] demonstrate
a method for integrating 2D /3D metamaterials/metadevices via the 3D modular assembly of each
distinct meta-atom building block using an advanced mode of transfer printing. Ahmed et al. [35,36]
present a novel composite stamp design for transfer printing and demonstrate the ability to print
with cantilevered stamps. Yang et al. [37] demonstrate that adhesion switchability associated with
angled features of relief in elastomer stamps for transfer printing offers new modes of high efficiency
operation compared to previously reported cases.

Differently here, we place the emphasis on analyzing parameters that affect the size of the stamp,
the mold, and the elastic modulus of the stamp. Furthermore, we describe fabrication processes in
detail and challenge difficulties of the problem. We study the average deviation between the width of
the post and the design width and state reasons for the deviation. Different types of morphologies of
the photoresist mold during the development and reasons for the formation of different morphologies
are summarized. We also study the law of development and establish mathematical models which
provide criteria for determining fabricating parametric values based on target stamp specifications.
The consequence of analyses greatly helps researchers reduce the exploration time required for
fabricating stamps.
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2. Materials and Methods

2.1. Stamps Fabrication

The whole stamps fabrication processes were performed under the air conditions, 22 °C, and 45%
RH environment. At first, the 2-inch silicon wafer (Ke-Jing Corp., Anhui, China) was boiled at 250 °C
on the hot plate (HT-300, Gdana Corp., Guangdong, China) for 15 min using a piranha wet etch,
98% HpS04 (Jihua Corp., Jiangsu, China): 30% H,O; (Atofina Corp., Shanghai, China) = 4:1. Then,
this boiling process was followed by a deionized water rinse, as shown in Figure 1a. After the silicon
wafer was dried with nitrogen (Tongwei Corp., Xiamen, China), it was baked under 135 °C in an oven
(ESPEC Corp., Shanghai, China) for 4 h. The wafer should be cooled to the room temperature before
spin coating to reduce the effect of temperature on the photoresist. For the purpose of preventing the
wafer from contamination, the spin coating was performed immediately after the cooling.

As shown in Figure 1b, for better uniformity, a type of negative photoresist (SU-8 2075,
Micro-Chem Corp., Newton, MA, USA) was spun using a spin coater (EZ4, Analysis Corp., Hongkong,
China) at 500 rpm for 12 s and then at 4000 rpm for 40 s with the ultima thickness of ~40 um. Because
of a wide range of spin coating thickness between 0.5 um to 650 pm, the SU-8 photoresist was chosen.
Kim et al. [18] used SU-8 50 photoresist; while we used SU-8 2075 photoresist, the thickness of which
ranged from 40 pm to 240 pm.

After the photoresist was spin-coated, the edge bead removal should be conducted. This removal
process not only reduced the contamination of the hot plate when baking, but also enhanced the
distance between the silicon wafer and the mask (Qingyi Corp., Shenzhen, China) to obtain a better
effect when exposure.

As shown in Figure 1c, the photoresist-coated silicon wafer was baked (soft bake) on the hot plate
at 65 °C for 3 min and then at 95 °C for 9 min. Afterwards, the silicon wafer was removed from the hot
plate, and was cooled to the room temperature. If the film was wrinkled, the wafer should be placed
on the hot plate for a few more minutes. Heating and cooling processes should be repeated until the
film did not wrinkle.

Lee et al. [34] also used lithography technology to fabricate stamps. In this article, a long pass filter
(Chroma Corp., Vermont, VT, USA) was used to eliminate UV radiation below 350 nm such that the
verticalness of pattern sidewalls can be enhanced during the exposure, as shown in Figure 1d. Notably,
multiple sets of experiments were performed to achieve the best exposure dose. Finally, the photoresist
was exposed under a lithography machine (Model 200, OAI Instruments, Milpitas, CA, USA) at the
power of 250 W for 10 s. At unsuitably low exposure-dose levels, the exposed photoresist would have
been insufficiently cured, resulting in the severe erosion of the pattern edge when the photoresist
was developed.

As shown in Figure 1le, post exposure bake (PEB) should be carried out immediately after the
exposure. In this step, the wafer was baked on the hot plate at 65 °C for 2 min and then at 95 °C for
10 min. If insufficient time was spent for PEB, edges of the photoresist pattern would also be eroded
after the development. After 1 minute of PEB at 95 °C, the latent image would appear. Otherwise,
the failure for the appearance of the latent image suggested insufficient exposure or heating. When PEB
was finished, the temperature of the sample on the hot plate should be slowly lowered to the room
temperature.

As shown in Figure 1f, when thicker or larger aspect-ratio structures were developed, strong
agitation should be performed. In addition, an ultrasonic bath was recommended during developing
fine patterns. In this experiment, the development was performed using the development solution
(SU-8, Micro-Chem Corp., Newton, MA, USA) for 10 min and then an ultrasonic bath under 53 kHz in
an ultrasonic cleaning machine (DTC-15], Dingtai Corp., Hubei, China) for another 10 min. Incidentally,
it was preferable to use containers which would not react with the developing solution, such as glass,
during the development.
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Figure 1. Schematic illustration of stamp fabrication processes (a) cleaning and drying; (b) spin coating;

(c) soft bake; (d) exposure; (e) post exposure bake; (f) development; (g) rinsing and drying; (h) hard

bake; (i) the cross section of the mold; (j) pouring PDMS; (k) curing; (1) peeling off.

After silicon-photoresist molds were developed in the development solution, they were rinsed
with fresh development solution for 10 s and subsequently rinsed with isopropanol solution
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(Qixiangtengda Corp., Shandong, China) for another 10 s, then silicon-photoresist molds were dried
using a nitrogen gun as shown in Figure 1g. Yang et al. [37] also used lithography technology to
fabricate stamps. Here, we used isopropanol solution to rinse off the residue on silicon-photoresist
molds. If a white film appeared during the rinsing with isopropyl alcohol, this appearance indicated
insufficient development. Under this circumstance, appropriate development operations should be
performed, and were followed by the rinse and dry step.

Properties of SU-8 2000 photoresist would change after encountering higher temperatures.
Therefore, the photoresist ought to be baked at a temperature of 10 °C higher than the ultima operating
temperature, usually at 150 °C to 250 °C for 5 to 30 min (hard bake), as shown in Figure 1h. The hard
bake step helped improve the photoresist surface cracking that occurred after the development. In this
experiment, the soft bake was optimized as 3 min under 65 °C and as 9 min under 95 °C. Likewise,
for a better exposure, the optimal dose was determined as 250 W for 10 s. The best time for PEB was
determined as 2 min under 65 °C and 10 min under 95 °C.

After steps aforementioned, the stamp mold was completed. For the fabrication of stamps,
the 184-silicone elastomer and the curing agent (Sylgard 184, Dow Corning Corp., Midland, MI, USA)
were mixed in a ratio of 10 : 1 and were stirred evenly. After stirring, the mixture was placed in
a vacuum chamber (SLZK-40, Shengli Corp., Shanghai, China) for 30 min, so that bubbles would
escape.Then, the mixture (PDMS) was cast into the mold, and a piece of 2-inch glass (Fuyao Corp.,
Fujian, China) was covered on it as a carrier. Later, all of them were placed in the vacuum chamber
(—72 cmHg) for 30 min again to remove bubbles and then were baked at 60 °C for 24 h, as shown in
Figure 1j,k. When the PDMS was cured, it was peeled off from the mold and the PDMS was formed
on the glass carrier, as shown in Figure 11. Note that, during baking, samples should be placed in the
oven after the temperature rose to the desired point to ensure that the PDMS was cured at the precise
temperature. In addition, the more highly the temperature reaches, the more easily the silicon wafer
would be broken, leading to the problem that stamps would not be easily peeled off.

Lee et al. also used casting and curing method to fabricate stamps, and they transferred PDMS
patterns on the glass after the PDMS was cured [38]. However, prior to curing PDMS, we covered
a piece of glass on PDMS; after PDMS was cured, it would be formed on the glass carrier directly.
Fewer steps and less time in our method were required.

2.2. Characterization

For the purpose of measuring the width of posts and molds, the step profiler (Dektak-XT,
Bruker Corp., Karlsruhe, Germany) was chosen. First, the sample was placed on the central of
the stage of the step profiler. The stage was rotated to adjust the sample direction. Then, we lowered
the probe to near the sample surface, as well as set (a) the size of the field of view, (b) the measurement
length, and (c) the moving speed and pressure of the probe. Subsequently, we selected the starting
point and started the measurement. Finally, we analyzed the measured data to obtain the width
of the sample. For the same measurement point, we repeated the measurement process for 5 times
and took the average value as the measurement result. For the sake of reducing the measurement
error, it was forbidden to touch the step profiler during the whole measurement process. During the
measurement process of the post width, the pressure and the movement of the probe would cause
convex deformation to the post, leading to the measurement error, which could be eliminated by
reducing both the pressure and the moving speed of the probe.

For the purpose of measuring the height/depth of posts and molds, the laser confocal microscope
(OLS 5000, Olympus Corp., Tokyo, Japan) was chosen. First, the sample was placed on the central of
the stage of the laser confocal microscope. The stage was rotated to adjust the sample direction.
Then, the appropriate objective lens was selected and was lowered to near the sample surface.
The objective lens would automatically focus by itself. Next, we selected the measurement area
and set the size of the scanned field of view. Subsequently, we set the starting point, the ending point,
the speed, and the accuracy of scanning and started measurements. Finally, we analyzed the measured
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data to obtain the depth/width of the sample. For the same measurement point, we repeated the
process five times and took the average value. For the sake of reducing the measurement error, it was
forbidden to touch the laser confocal microscope during the whole measurement process.

For the purpose of measuring the elastic modulus of stamps, AFM (Atomic Force Microscopy,
Cypher S, Asylum Research, Santa Barbara, CA, USA) was chosen. First, the elastic coefficient of
the AFM cantilever was calibrated. Generally, the elastic coefficient of the AFM cantilever played
an important role for the measurement of the elastic modulus. By contract, that of the cantilever
provided by the manufacturer usually endured the shortcoming of a relatively large uncertainty
and might deviate from the actual value. In avoiding errors caused by sample deformation during
calibration, the sapphire (Crystal Technical Material Corp., Anhui, China), much harder than the tip,
was used for calibration. In addition, for the sake of avoiding changes in sensitivity, it was prohibited
to move the installation position of the cantilever and the laser spot during the entire calibration
process. Second, the AFM cantilever was used to measure its force-displacement curve against the
stamp, which was cut to a size of about 1 cm by 1 cm for measurements. After that, the stamp was
glued to the metal sheet which was magnetically attracted to the AFM stage. Then, AFM’s contact
mode was selected, using a 20x objective lens and a probe of AC160TS-R3, with the depth inserted
into the post of ~1 um. Third, the force-displacement curve was fitted to the DMT (Derjaguin, Muller,
and Toporov) model to obtain the value of the elastic modulus. Finally, five different points on the
same sample were measured, and their average value was regarded as the elastic modulus of the
sample.

3. Results and Discussion

3.1. Size Measurement

The height and the depth of posts and molds measured by the step profiler show more accurate
results than the width measurement. Due to the taper nature of the probe used in the step profiler,
the cross section of the probe in contact with the sample varies at different heights or depths.
In addition, the diameter of this cross section equals the error in measuring the width of the sample.
For measurements, the laser confocal microscope adopts an optical principle, which does not affect
measured samples, resulting in higher measurement accuracy. Through measurements and analysis,
we obtain that, for both top and bottom faces, the average error between the post’s width and the
mold’s width can be controlled within 5%. Similarly, the standard deviation of the height of posts
fabricated in the same batch can be controlled within 0.5 pm.

We study the average deviation between the width of the post and designed mask pattern width
as shown in Figure 2f and conclude that the deviation value shows relatively stable regardless of the
size. Because angles of light coming from different mask patterns appear relatively consistent during
exposure. The overall average deviation of the top face is positive (16.84 um), while that of the bottom
face is negative (—3.23 um). Due to the expansion of PDMS during curing, the deviation of the top face
stays positive. Next, the deeper the photoresist mold becomes, the harder it is to ensure the verticality
of the side wall during development, resulting in a negative deviation of the bottom face of the post.

In this set of experiments, sizes of fabricated posts range from 20 um to 180 um. The post
should size closely to the chip, so that transfer printing can be better performed. Equally notably,
for transferring flip chips, the top surface of the chip instead of PN pads (P-pad and N-pad of the LED
chip) is attached to posts of the stamp. Therefore, flip chips with any PN gap value (the gap between
P-pad and N-pad of the LED chip) can be adapted to posts. When the adhesion force between the
post and the chip can overcome the force between the chip and its carrier substrate, the chip can be
successfully picked up by the stamp.

Kim [18], Lee [34], Ahmed [35,36], and Yang [37] have pioneered their work by employing
casting and curing method to fabricate cuboid-post stamps, the width of whose posts are over 100 pm;
in comparison, our posts of stamps contain the widths from 20 um to 180 um. Furthermore, we
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study the average error between the post’s width and the mold’s width. Filipponi [39] et al. fabricate
pyramidal posts, while we fabricate cuboid posts. The average error between the post’s width and the
mold’s width can be controlled within 5% both in their and our work.
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Figure 2. Fabricated molds and stamps as well as stamps” measurement results (a) fabricated molds
under the optical microscope; (b) fabricated stamps according to the molds in Figure 2a under the laser
confocal microscope; (c) enlarged view of the stamp in Figure 2b under the laser confocal microscope;
(d) 3D image of posts in Figure 2b under the laser confocal microscope; (e) schematic illustration of
a stamp; (f) average deviation between the width of the post and design width. Red dots represent the
average deviation between the width of the top face of the post and designed width; black rectangles
represent the average deviation between the width of the bottom face of the post and designed width.
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3.2. Development Effect under Different Conditions

Figure 3a—e shows several types of morphologies of photoresist molds during the development
process, including successful and failed ones. We apply semi-ellipsoid fitting to the successful
morphologies as shown in Figure 3a,f and Equation (1) for the purpose of exploring development laws
of the mold and providing the reference for subsequent researchers to fabricate molds and stamps.

(2) (b)

() (d)

Figure 3. Several morphologies of molds during the development process, including successful and
failed ones; (a—e) five different mold development morphologies under a laser confocal microscope
(OLS 5000, Olympus Corp., Tokyo, Japan); (f) schematic illustration of a semi-ellipsoid.

After the photoresist has been developed, it remains in the exposed parts of the photoresist
mask, as shown in Figure 2a. Figure 3 provides morphologies of the photoresist during the
development. The photoresist in patterned parts on the silicon substrate is gradually removed over
time. The morphologies of the mold fall into five categories, as illustrated in Figure 3. Among them,
the semi-ellipsoidal shape illustrated in Figure 3a is of the majority. A variation of this kind is
a truncated-cone, with a relative flat bottom, as shown in Figure 3b. Figure 3a shows the normal
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morphology during the development, and Figure 3b shows the morphology that the photoresist is
about to be completely removed.

Categories other than these two are considered as failures, as illustrated in Figure 3c,e, which show
either a hill-like projection or a convex, or other irregular shapes. The morphology in Figure 3d is
formed by the overflowed photoresist, and morphologies in Figure 3c,e can be attributed to uneven
stirring during development.

Thus, we only focus on regular ones, namely, the semi-ellipsoidal shapes. Other remaining
results cannot be processed satisfactorily. During the development process, the central area has been
developed faster than the surrounding has, resulting in the depth > the radius. The difference in
the developing speed can be attributed to (a) during exposure, the curing intensity on side walls of
the mold appears greater than that on the bottom of the mold, and (b) the developer will accelerate
the etching of the photoresist at the bottom of the mold due to the gravity. For analyses, we fit the
semi-ellipsoidal part at the bottom of molds fabricated under different development conditions with
the semi-ellipsoid equation
22
i

where parameters 4, b, and c represent the length of the three half axes of the semi-ellipsoid, respectively,

z=—c\/1—

)

as shown in Figure 3f. These data have been fitted with acceptable accuracies (average R?> = 0.93).
Due to isotropic etching of the lateral of the mold, we combine parameters a and b into one radius as

a+b

r= 5 (2)

During the development, since the etching speed at the bottom of the mold exceeds those of
laterals, the value of ¢ should surpass that of r. Therefore, we linearly fit values of c with r, as shown in
Figure 4a and

¢ = —3.04 +1.37r (24.44 < r < 94.70,R? = 0.982), (©)]

showing a slope of 1.37—etching speed in the vertical direction reaches 1.37 times that in the
lateral direction.

Primarily, the deviation between measurement dots and the fitting curve in Figure 4a originates
from the deviation between morphologies of the developed mold and the semi-ellipsoid. Values of ¢
and r are fitted from Figure 3, in which the shape of the mold during development is assumed to be
semi-ellipsoidal shape. However, it is somewhat difficult for the actual shape of the mold during the
development to precisely match the semi-ellipsoidal.

During the development process, both c and r are growing, whereas the growth is also infected
by the setting width. We plot both ¢ and r with the developing time duration t, at each setting width w,
as shown in Figure 4b,c. As observed in the figure, multivariate linear fitting results, namely, in

r=—2553+218t+0.60w (2 < t < 5,80 < w < 180, R% = 0.97), 4)

c= —46.43 +5.40t + 0.80w (2 < t < 5,80 < w < 180, R* = 0.93), (5)

conspicuously depict the linear relationship among r, ¢, and w. Slopes of 2.18 and 0.60 in Equation (4)
indicate that, for each of increase in development time duration, and each of increase in designed
width, values of r increase by an average of 2.18 and 0.60 um, respectively, and so do slopes of 5.40
and 0.80 in Equation (5). At this juncture, a relationship between r, ¢, and w, t has been established.
Next, the thickness of the photoresist fabricated in this set of experiments is approximated as 180 pm.
If the thickness differs, the relationship among c, 7, t and w may also differ slightly.
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Figure 4. The relationship between the process parameters of the mold (a) results of a linear fit of c with
r; (b) the relationship among r and development time duration ¢, the designed width w of the mold;
(c) the relationship among ¢ and development time duration ¢, the designed width w of the mold.

3.3. Elastic Modulus Measurement

To measure the elastic modulus of posts, Bao et al. use AFM and the Hertz model [17]. In our study,
the AFM and DMT model have been used instead, as shown by the inset in Figure 5a. Our rationale
lies in the fact that the Hertz model suits measurements for the elastic modulus of a rigid sample,
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whereas DMT does measurements for the elastic modulus of a viscous sample. Jiading et al. primarily
study the effect of the temperature on the elastic modulus of PDMS. In addition, we also study the
effect of the width on the elastic modulus [40].

Through AFM, we obtain the force-displacement curve of the cantilever with respect to the post
during both inserting and retrieval processes. Then, we use the DMT model to fit the retrieval curve to
acquire the value of the elastic modulus. The reason why we choose the retrieval curve instead of the
inserting curve lies in the fact that, when the probe approaches the stamp, the atomic force between
the probe and stamp will affect measurement results during inserting.

At the width of 130 pm, the elastic modulus reaches the maximum, as shown in Figure 5a.
Figure 5b shows the elastic modules of stamps with different curing temperatures. The elastic modulus
of the stamp reaches the maximum of 25 Mpa and 38 Mpa at the curing temperature of 62 °C and
142 °C, respectively. However, the elastic modulus of PDMS is related to the proportion of curing
agent, curing temperature, curing time, and the precision of the measuring instrument. According
to experimental results, within a certain range, the more the PDMS curing agent exists, the greater
the elastic modulus becomes; the longer the curing time elapses, the greater the elastic modulus also
becomes. Consequently, the deviation between measurement dots and the fitting curve may originate
from the measuring deviation between different experiments and fitting deviation with the DMT

model. The average measuring deviation between different experiments and fitting deviation with
DMT model is ~3 Mpa (0).
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Figure 5. Elastic modulus measurement; (a) elastic modulus of posts with different widths (curing at
60 °C, height: 46 pm, inset figure: an AFM-based method for measuring the elastic modulus of a post);
(b) elastic modulus of posts with different curing temperatures (height: 46 um, width: 130 pm).
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We conduct transfer printing experiments of LEDs with stamps fabricated in our lab. Prior to the
experiment, GaN-based flip-chip LEDs are supplied by Xiamen Changelight Co. Ltd., Xiamen, China.
The LED wafer is grown on the sapphire substrate with InGaN/GaN multiple quantum wells and at
the emission wavelength of 460 nm. In addition, flip-chip LED chips are fabricated and packaged by
regular chip process with the size of 100 x 200 pm?.

After several hundred times of transfer printing experiments, we have demonstrated that
lab-made stamps have managed to transfer LEDs at a high yield. Incidentally, transfer printing
experiments carried out using our stamps have been published as independent work [41].

Choi et al. [42] acquire the pressure and peeling speed of the stamp in the printing step, while we
do the pressure and peeling speed of the stamp in the picking-up step. In our study, the best picking-up
pressure ranges from 5 to 50 mN, and the best picking-up speed ranges from 17 to 21 mm/s.

The pressure and the peeling speed of the stamp in the picking up step in Kim et al.’s [18] study
are 1 mN and 1 mm/s, respectively. The reason for differences between their pressure, peeling speed,
and that of ours lies in the fact that they pick up silicon platelets (3 um thick, 100 um x 100 um), which
are thinner and lighter than our LEDs (150 pm thick, 100 pm x 200 um).

The pressure of the stamp in the picking up step in Ahmed et al.’s [35] study is 40 mN, which lies
in the range of our best picking-up pressure (from 5 to 50 mN). What they pick up are silicon chips
(3 pm thick, 250 pm x 250 um), whose size approximately equals our LED sizes (150 pm thick,
100 um x 200 pm).

Yang et al. [37] suggest that the peeling speed should be 15.5 mm/s, while the peeling speed in
our study ranges from 17 to 21 mm/s. This means that our stamps are expected to achieve higher
transfer printing efficiencies.

4. Conclusions

Via experiments and analyses, we have determined parametric values and criteria that can serve
as the guidance for future designs of stamps. For both top and bottom faces, the average error between
the post’s width and the mold’s width can be controlled within 5%. Similarly, the standard deviation of
the height of posts fabricated in the same batch can be controlled within 0.5 pm. The average deviation
value between the width of the post and designed mask pattern width stays relatively stable and
basically independent of the size. For posts with sizes of 20 um to 180 um, the overall average deviation
of the top face is positive with the value of 16.84 um, whereas that of the bottom face is negative with
the value of —3.23 um. During the development process, the photoresist is etched in a semi-ellipsoidal
shape. Through fitting, empirical equations regarding 7, ¢, w, and t are obtained. A linear relationship
exists between r and ¢, ¥ and w, as well as c and w, respectively, and the longitudinal etching speed is
1.37 times greater than that in the lateral direction. Fitting results provide a reference for how to realize
the fabrication of high-precision posts. Factors that affect the elastic modulus of the stamp are studied,
with results showing that the width and the curing temperature play a decisive role in the elastic
modulus of the stamp. For posts of the same height, as the width increases, the elastic modulus of
the stamp exhibits a maximum value. Finally, for posts of the same size, as the temperature increases,
the elastic modulus of the stamp will show two maximum values.
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