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MATERIALS SCIENCE

Programmable and scalable transfer printing with high
reliability and efficiency for flexible

inorganic electronics

Chengjun Wang’, Changhong Linghu’, Shuang Nie', Chenglong Li', Qianjin Lei', Xiang Tao?,
Yinjia Zeng’, Yipu Du’, Shun Zhang’, Kaixin Yu', Hao Jin? Weiqiu Chen’, Jizhou Song‘*

Transfer printing that enables heterogeneous integration of materials in desired layouts offers unprecedented
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opportunities for developing high-performance unconventional electronic systems. However, large-area integration
of ultrathin and delicate functional micro-objects with high yields in a programmable fashion still remains as a
great challenge. Here, we present a simple, cost-effective, yet robust transfer printing technique via a shape-conformal
stamp with actively actuated surface microstructures for programmable and scalable transfer printing with high
reliability and efficiency. The shape-conformal stamp features the polymeric backing and commercially available
adhesive layer with embedded expandable microspheres. Upon external thermal stimuli, the embedded micro-
spheres expand to form surface microstructures and yield weak adhesion for reliable release. Systematic experimental
and computational studies reveal the fundamental aspects of the extraordinary adhesion switchability of stamp.
Demonstrations of this protocol in deterministic assemblies of diverse challenging inorganic micro-objects illustrate
its extraordinary capabilities in transfer printing for developing high-performance flexible inorganic electronics.

INTRODUCTION

Advances in high-performance inorganic electronics with flexibility
and stretchability have enabled novel applications in bio-integrated
health-monitoring devices (1-4), curvilinear electronics (5), defor-
mable displays (6, 7), etc. A crucial step in manufacturing these un-
conventional electronic systems relies heavily on heterogeneous
integration of inorganic materials with soft polymeric substrates,
which requires the transfer of tiny, ultrathin, and delicate functional
components (i.e., inks) from their fabricated rigid wafers to target
soft polymeric substrates. However, the well-established pick-and-
place techniques (i.e., single-ejector needle or vacuum nozzles) are
unable to meet this stringent requirement (8, 9). As an emerging
manufacturing technique, transfer printing enables the assembly of
multiscale and classes of materials on demand using a soft stamp
and has been demonstrated to be a promising solution (10-17). A
reliable transfer printing critically depends on the switch of stamp/
ink interfacial adhesion strength from the strong state for successful
retrieval to the weak state for easy release of inks. Various strategies
based on tunable dry adhesive have been proposed to develop trans-
fer printing such as kinetically controlled transfer printing (14) and
gecko- or aphid-inspired transfer printing (15-17). Among all these
schemes, stamps with surface engineered microstructures show the
unique capability in achieving weak adhesion for releasing, which
makes them suitable in transfer printing of tiny, ultrathin, and deli-
cate inks with high yields.

In addition to the large adhesion switchability, the manipulation
of stamp/ink interfacial adhesion in a programmable and scalable
manner to enable a reliable selective transfer printing is highly de-
sired in practical applications, where variable pitch spacing or den-
sities of inks across a large area on receiver substrates are needed
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(12). For example, the well-established microscale, ultrathin bare dies
such as inorganic light-emitting diodes (LEDs) or photodiodes can
be prepared densely on fabricated source wafers for cost savings and
then transfer printed onto target substrates with desired layouts in a
relatively sparse form for on-demand usage, e.g., micro-LED displays
(5, 6, 18-20) and wearable optoelectronic sensors (1, 2, 12, 21). A few
previous attempts including pneumatic or stimuli-response material-
based actively actuated stamps (15, 16, 22, 23) and passively selective
stamps with predefined elastomeric posts (12, 17, 19) have presented
valuable proof of this concept. However, each method has its own
drawbacks in terms of individually addressable ability, adhesion
switchability, or scalability. Laser-assisted transfer printing due to
the rapid and localized heat delivery by the laser is considered as the
most promising solution to overcome the above drawbacks and, thus,
to ensure a reliable selective transfer printing. Typically, two laser-
assisted transfer printing strategies have been used to transfer the
functional inks. One is laser-induced forward transfer process, which
relies on thermal-induced mechanical mismatch or the irradiation-
induced damage of a surface thin layer to release and print inks, at
an undesired high laser power (24-27). The other is to construct
thermal-induced shape change for tuning adhesion upon absorbed
heat from the laser despite the slow response in thermal-sensitive
material and sophisticated preparation of stamp (15, 20, 28, 29).
These protocols are effective to assemble diverse materials in various
structural layouts. However, the programmable and scalable transfer
printing of tiny, ultrathin, and delicate inks in a high-throughput
manner still remains as a difficult challenge.

Here, we report a simple, cost-effective, yet robust transfer printing
technique with high reliability and efficiency that combines large-
area manufacturing capability in a high-throughput manner and
programmable transfer printing of tiny, ultrathin, and delicate elec-
tronic or optoelectronic components on demand. The prototype uses
the shape-conformal thin sheet with embedded thermal expandable
microspheres in its adhesive layer to serve as stamp instead of tradi-
tional thick elastomeric stamp for transfer printing. Initially, the
small size of embedded expandable microspheres can ensure a flat
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topography and a negligible effect on strong adhesion of the adhe-
sive layer. Upon exposure to external thermal stimuli, i.e., 90°C, the
marked volume expansion of microspheres rapidly induces the sur-
face hierarchical microstructures and therefore ensures extremely
weak adhesion for reliable release of inks attached on the stamp onto
various receiver substrates. Through a homemade programmable
and highly localized laser heating system with the automated trans-
lational stage or scanning laser beam functionality, the selective and
scalable transfer printing capability of this protocol is easily realized
in a highly efficient way. Systematic experimental and computational
studies reveal the underlying mechanism of the extraordinary abili-
ties of the thermal releasable adhesive with embedded expandable
microspheres with the gentle processing laser power to achieve
complete thermal stimuli to expandable microspheres and, simulta-
neously, without any thermal damages to transferred functional

A

Adhesives

Adhesion layer

Exposed to
external stimuli

objects. Demonstrations of this protocol in programmable transfer
printing of Si nanomembranes, Si nanomembrane-based photodiodes,
polyimide-based thin film sensors in a large-area manner, as well as
the fabrication of ultrathin inorganic LED array-based flexible dis-
play, illustrate its robust capabilities in transfer printing of tiny, ultra-
thin, and delicate electronic or optoelectronic bare dies and its great
potential in ultrathin flexible electronics manufacturing.

RESULTS

The construct of shape-conformal stamp toward
high-reliability transfer printing

Figure 1A schematically illustrates the novel concept design to con-
struct a shape-conformal stamp with large adhesion switchability
and, therefore, high transfer printing yields. The strategy features a
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Fig. 1. The mechanism of shape-conformal stamp with large adhesion switchability and demonstrations for transfer printing of ultrathin Si nanomembranes.
(A) Schematic illustration of the novel concept design to construct a shape-conformal stamp with large adhesion switchability. (B) SEM images and (C) corresponding profile of
TRT stamp before and after heating on a hotplate. (D) The measured surface roughness of the TRT stamp and (E) energy release rate of the TRT stamp with the glass slide
after being uniformly heated on a hotplate at various temperatures. (F) SEM images of the ultrathin, inorganic u-LED (285 um by 285 um by 4.6 um) on the TRT stamp before
and after heating on a hotplate, respectively. (G) Optical image of transfer-printed ultrathin Si pellets (400 um by 400 um by 200 nm) on the PDMS substrate under bending
deformation. (H) Optical image of large-area Si nanomembrane (2 cm by 2 cm by 3 um) transfer printed onto the Pl substrate. Photo credit: CW. and C.Lin., Zhejiang University.
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shape-conformal bilayer thin sheet consisting of the polymeric
backing layer and commercially available adhesive matrix with em-
bedded expandable microspheres to serve as a stamp. Initially, the
small size of expandable microspheres can ensure a flat topography
and, thus, a negligible effect on adhesion strength of the strong ad-
hesive layer. The extremely large volume expansion of microspheres
upon external stimuli (e.g., heat and hydro) can rapidly induce hier-
archical microstructures on the surface of the adhesive layer and
decrease the adhesion strength markedly. It is noted that the ex-
pandable microspheres can be easily prepared through large volume
change of liquid-vapor transition of liquids entrapped inside the
elastomeric matrixes (30) or thermoplastic polymer shells by sus-
pension polymerization method (31), as well as hydrogel particles
from absorbed water (32, 33), etc. Here, to illustrate the working
mechanism of the proposed scheme, the commercially available
thermal release tape (TRT; no. 3195, Nitto) with embedded thermal-
ly expandable microspheres in its adhesive is chosen as an example.
The thermally expandable microspheres with hydrocarbons encap-
sulated inside thermoplastic polymer shells were first prepared and
then randomly and uniformly dispersed into the adhesive layer of
TRT in both depth and width directions. The liquid-vapor transi-
tion of inner hydrocarbons and softening of thermoplastic polymer
shells at a given temperature, i.e., 90°C, lead to large volume expan-
sion of microspheres from around 10 to 45 pm in diameter without
any gas bubbles generated (34). The observed microscopic topography
and measured surface profile (step profilometer, Bruker DektakXT,
GER) of the TRT stamp before and after heating on a hotplate at
90°C (Fig. 1, B and C) show the simple yet robust way to actively form
visible surface hierarchical microstructures on a shape-conformal
stamp through external thermal stimuli.

Furthermore, quantitative studies of the surface roughness R,
(arithmetical mean deviation of the profile) and energy release rate
(or adhesion strength) of the TRT stamp at various given temperatures
are also conducted (Fig. 1, D and E). The representative peeling
force of the TRT stamp with glass slide as a function of displacement
is given in fig. S1A. It is observed that both the surface roughness R,
and adhesion strength of the TRT stamp have abrupt changes at the
same temperature, i.e., 80°C, which implies the occurrence of liquid-
vapor phase transition. The similar dependences of the surface
roughness and adhesion strength on the temperature increase vali-
date that the extremely weak adhesion of the TRT stamp at 90°C is
attributed to the large increase in surface roughness, which indi-
cates the importance of surface microstructures for adhesion modu-
lation. The excellent adhesion switchability of the TRT stamp is also
applicable to other commonly used materials for flexible inorganic
electronics such as polished silicon and polyimide film, as shown in
fig. S1B. It should be pointed out that the adhesion switchability of
the TRT stamp with in situ actively controllable microstructures
greatly surpasses those elastomeric stamps with the predefined sur-
face relief microstructures in most previous designs (15, 17) since it
can ensure very large contact area and strong adhesion between the
stamp and inks for reliable retrieval and, simultaneously, extremely
small contact area and weak adhesion for successful release of inks
to various receiver substrates via external thermal stimuli. We mea-
sured the surface adhesion strength of flat polydimethylsiloxane
(PDMS) stamp (the commonly used soft elastomeric stamp cur-
rently for assemblies of flexible inorganic electronics) with polished
silicon wafer, as shown in fig. S1C. It is shown that the strong adhe-
sion for picking at 25°C is 22.68 J/m? (fig. S1B) for the TRT stamp
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and 3.97 J/m” at 2000 um/s peeling speed for the PDMS stamp, while
the weak adhesion for releasing is too small to measure with the load
cell at 90°C for the TRT stamp (less than 0.2 J/m? based on the mini-
mum force of the load cell measured, i.e., 2 mN) and 2.56 J/m? at 50 um/s
peeling speed for the PDMS stamp. Figure 1F shows the scanning
electron microscopy (SEM) images of microscale inorganic LED chip
(285 um by 285 pm by 4.6 um) adhered on the TRT stamp before
and after heating on a hotplate at 90°C, which illustrates the excel-
lent strong and weak adhesion switchability of the TRT stamp to
ultrathin inks via actively actuated surface microstructures.

To demonstrate the extraordinary ability of the TRT stamp in
transfer printing of tiny, ultrathin, and delicate inks, a 64 by 40 ar-
ray of silicon nanomembrane pellets with in-plane size of 400 um by
400 um and thickness of 200 nm was fabricated on a silicon-on-
insulator (SOI) wafer and then completely picked up using the TRT
stamp. The detailed fabrication process of Si pellets is shown in fig.
S2A. Upon heating on a hotplate at 90°C, the surface hierarchical
microstructures of the TRT stamp are rapidly formed because of the
large volume change of expandable microspheres and dynamically
drive Si nanomembranes into the weak adhesion state to the TRT
stamp for reliable release. Figure 1G shows the optical image of
printed Si nanomembrane pellets of 64 by 40 array on a PDMS slab
in deformable form. The optical images of the Si nanomembrane
array on fabricated SOI wafer, TRT stamp, and PDMS receiver sub-
strate are shown in fig. S2B. For thinner films with a thickness of
tens of nanometers (or even thinner), this technique is not applicable
because of the potential mechanical damage risks during the thermal
expansion of stamp. Besides, the extraordinary adhesion switch-
ability of the TRT stamp makes it applicable to transfer large-area
Si nanomembrane (20 mm by 20 mm by 3 um) from the rigid SOI
wafer to flexible polyimide substrate (Fig. 1H), which is of great
importance to the manufacturing of emerging, high-performance
heterojunction hybrid electronics (35).

It is pointed out that, although the TRT has been reported previ-
ously to transfer various functional materials (36-38) onto uncon-
ventional substrates, the illustration of its underlying mechanism
from the perspective of actively controllable surface microstructures
and demonstrations of its extraordinary capability in transfer printing
of tiny, ultrathin, and delicate inks are uncovered, which provides
notable insights into constructing a shape-conformal stamp toward
high-reliability transfer printing. In addition, the actively controlla-
ble surface microstructures of the TRT stamp through in situ ther-
mally expandable microspheres ensures the strong adhesion for
reliable retrieval and weak adhesion for successful releasing of inks
simultaneously, which holds substantial advantages over those with
predefined microstructures from sophisticated design and complex
manufacturing. These unique properties of the TRT stamp facilitate a
good opportunity for laser-assisted programmable and scalable trans-
fer printing of tiny, ultrathin, and delicate inks with high efficiency
and yields, which still remains a grand challenge to the large-area
and cost-effective manufacturing of high-performance unconven-
tional electronic systems.

Programmable and scalable transfer printing via automated
translational stage

Benefitting from the rapid and extraordinary adhesion switchability
of the TRT stamp upon external thermal stimuli, a promising trans-
fer printing technique toward high yields and efficiency in a program-
mable and scalable manner can be easily developed, by combining
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the merits of digitally controllable and highly localized laser heating
system. Figure 2A schematically illustrates the basic apparatus to con-
struct the laser-assisted programmable transfer printing prototype,
which consists of a digitally controllable laser system for rapid and
localized heat delivery to induce the TRT stamp into weak adhesion
state, an optical microscopy for in situ monitoring, and the auto-
mated translational stage for the precise position and alignment be-
tween inks and laser in a programmable manner. Figure S3 shows

the optical image of the homemade programmable transfer printing
prototype with a laser beam of 808-nm wavelength and 350-pm
diameter of light spot guided by an optical fiber. To perform the
programmable transfer printing, the arrayed inks fabricated on source
wafers are first picked up using the TRT stamp and then selectively
printed onto various receiver substrates with desired patterns after
locally irradiating and releasing adhesion of the TRT stamp where in-
dividual ink to be transferred is occupied. One of the critical challenges
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Fig. 2. Programmable transfer printing of Si nanomembranes and Si nanomembrane-based photodetectors. (A) Schematic prototype of the laser-assisted pro-
grammable transfer printing system via automated translational stage. (B) Temperature increase at the interface of the TRT stamp and Si ink under various laser powers.
(€) Schematic illustration of the programmable transfer printing process: (i) preparing Si pellets on an SOl wafer, (i) picking up Si pellets using TRT stamp, (i) programmable
heating of Si pellets, and (iv) printing Si pellets on PDMS substrate. (D) Optical images of the programmable transfer printing process. (E) The selectively printed Si pellets
on an Ecoflex-coated glass tube. (F) The magnified microscopic images corresponding to (D). Scale bars, 350 um. (G) Maximum principal strain distribution of Si pellets
under the bending radius of 1.5 mm. (H) Selectively printed Si nanomembrane-based photodetectors with a robot-like pattern on PDMS substrate. (I) Dynamic response
of photodetector at various given light intensities and (J) measured /-V curve of the photodetector before and after transfer printing on PDMS receiver substrate. Photo

credit: CW. and S.N., Zhejiang University.
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in achieving the programmable transfer printing prototype is to
choose the favorable laser power for adequate irradiation of the
TRT stamp and, meanwhile, avoiding undesired performance deg-
radation of functional inks due to temperature increase. To optimize
a gentle laser power, a finite element model is established to deter-
mine the temperature field of the TRT stamp under various applied
laser powers. As an illustrative example, here in the finite element
analysis (FEA), Si pellet with a thickness of 3 um is taken as the
representative ink and a thin slab of PDMS (1 mm thick), due to its
excellent optical transmission at the given laser wavelength for in
situ monitoring and heat delivery, is chosen as the receiver substrate
and laminated onto the TRT stamp with Si pellet inks. Thus, laser
energy from the programmable laser system can directly transmit
the PDMS receiver substrate and be absorbed sufficiently by the Si
pellet to heat the TRT stamp into the weak adhesion state. The geo-
metric model of FEA is schematically illustrated in fig. S4A. The
temperature distributions at the interface of the TRT stamp and Si
ink under various absorbed laser powers are investigated (Fig. 2B),
and the contour of temperature increase at the laser power of 15 mW
is given in fig. S4B. It is observed that a relatively low laser power of
15 mW at 800-ms duration can induce a desired temperature in-
crease for activation of the TRT stamp into the weak adhesion state.
In terms of the optical reflectivity and transmission loss of the Si pellet
in practical applications, the applied laser power of the programmable
laser system is required relatively higher than the absorbed laser
power of Si pellet based on a simple theoretical evaluation (24), as
described in the Supplementary Materials.

To demonstrate the programmable transfer printing capability,
a 40 by 40 array of Si pellets (350 um by 350 pum by 3 um) was fabri-
cated on an SOI wafer. Figure 2C shows the schematic images of the
programmable transfer printing process, which involve (i) preparing
Si inks on the SOI wafer, (ii) picking up Si inks from the SOI wafer
using the TRT stamp, (iii) laminating a PDMS slab onto the TRT
stamp as temporary receiver substrate and programmable irradiation
of Si inks to be transferred via automated translational stage with
one cycle of pulse input of localized laser (800-ms duration and ap-
plied power of 0.15 W), and (iv) separating the TRT stamp with
PDMS to yield Si inks with predefined patterns on PDMS receiver
substrates. Figure 2D shows the corresponding optical images of the
programmable transfer printing process, where a simple “ZJU” pattern
formed by discrete Si pellets was selectively transfer printed onto a
slab of PDMS receiver substrate. It is noted that the patterns of se-
lectively transfer-printed inks on the PDMS receiver substrate can
be easily and digitally controlled into more complex patterns through
external programmable design and also can be picked up again from
the PDMS substrate with another TRT stamp and printed onto other
types of target receiver substrates that are a little bit sticky through
global heating. Figure 2E shows the ZJU pattern on an Ecoflex-coated
curvilinear glass tube (diameter, 18 mm), which was transfer printed
from the Si pellets of ZJU on the PDMS receiver substrate. For non-
sticky substrates such as glass and silicon wafer, the high transfer
yields may not be ensured since the surface force dominates the
gravity and the releasing of the inks poses the central challenge. The
corresponding microscopic images and measured surface roughness
of the Si pellets on fabricated SOI wafer, TRT stamp before and after
programmable heating, and PDMS receiver substrate are shown in
Fig. 2F and fig. S5. No damage or surface roughness change as well
as residual adhesive of the Si pellets due to the expansion of micro-
spheres were observed during the transfer printing process. In addition,
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the optimized laser power has little thermal disturbance to neighbor-
ing inks during programmable laser heating. The associated defor-
mation and strain in the Si pellet array due to bending deformation
of the TRT stamp for picking up inks from source wafers (Fig. 2C-ii)
were also investigated by FEA. It is observed that the maximum
principal strain in the Si pellet array is less than 0.375% after being
wrapped around a glass rod with the radius of 1.5 mm (Fig. 2G),
which is smaller than its fracture strain (~1%). These results demon-
strate that the TRT stamp-based laser-assisted programmable and
scalable transfer printing prototype via automated translational stage
has promising ability in selective transfer printing of tiny, ultrathin,
and delicate inks with high yields.

To quantify the effect of the laser-assisted programmable trans-
fer printing on the performance of functional inks, a 39 by 39 array
of Si photodetector was prepared on an SOI wafer. The Si photo-
detector was fabricated by selective doping to define two p-n junctions
in a back-to-back configuration. The details of the fabrication pro-
cess are schematically illustrated in fig. S6. The rapid response of the
laser system and highly programmable capability of the automated
translational stage make it convenient and efficient to achieve com-
plex patterns, which is critical to the high assembly rate for the
manufacturing of high-performance unconventional electronics.
Figure 2H shows the optical image of selectively printed Si photo-
detectors with a complex robot-like pattern on the PDMS receiver
substrate out of an array of 39 by 39. The schematic inset shows the
programmable heating pattern of the inks, and the magnified image
on its right hand shows the details of the Si photodetector including
two back-to-back n-p dopant regions. The measured dynamic re-
sponse of the photodetector with and without light illumination at
two given light intensities and a 3-V bias is shown in Fig. 21. The
current versus voltage (I-V) characteristics of the Si photodetector
are also measured before (on fabricated rigid SOI wafer) and after
(on soft PDMS substrate) transfer printing (Fig. 2J). No notable
performance degradation was observed after laser-assisted pro-
grammable transfer printing onto a soft PDMS substrate compared
with those on an SOI wafer, which further verifies the extraordinary
capability of the programmable transfer printing prototype in selective
transfer of tiny, ultrathin, and delicate inks.

Programmable and scalable transfer printing via scanning
laser beam functionality
To demonstrate the programmable and scalable capability of the TRT
stamp toward large-area transfer printing of functional inks in a high-
throughput manner, a homemade galvanometer mirror-based, digitally
controllable laser system with scanning laser beam functionality is
established (fig. S7). Since the commercially available TRT can absorb
about half of the laser energy at the given laser wavelength of 1064 nm
from the measured optical absorption spectrum (fig. S8A), to enhance
the reliability of transfer printing and decrease the required laser
power for heat delivery, a thin layer of black polyester thin film, which
can fully absorb the laser power, is adhered onto the backside of the
TRT stamp (fig. S8, B and C).

To perform the programmable and scalable transfer printing, a
25 by 28 array of strain sensor (400 um by 400 um by 8 um) was
fabricated on a rigid silicon wafer to serve as the representative inks
for transfer printing (Fig. 3A). The fabrication process is schemati-
cally illustrated in fig. 9. The strain sensor array was then completely
picked up using the black polyester thin film-coated TRT (B-TRT)
stamp, and Fig. 3B shows the optical image of the strain sensor array
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Fig. 3. Programmable and scalable transfer printing in a highthroughput manner via scanning laser beam functionality. Optical images of the flexible strain sen-
sor array (A) on fabricated Si substrate and (B) on B-TRT stamp, respectively. (C) Selectively printed strain sensors on the PDMS substrate. (D) Optical image of strain sen-
sors on the B-TRT stamp with a 10 by 10 array heated by the scanning laser beam. Optical images of strain sensors (E) printed on the PDMS substrate and (F) left on the
B-TRT stamp after programmable and scalable transfer printing. (G) Schematic layout of ZnO thin film-based flexible SAW sensor. Optical images of flexible SAW sensor
array (H) on fabricated glass substrate with (I) the magnified view of IDTs, and (J) on B-TRT stamp. Optical images of the flexible SAW sensors (K) printed on the PDMS
substrate and (L) left on the B-TRT stamp after programmable and scalable transfer printing. The measured resonant frequency of the flexible SAW sensor (M) as a function
of temperature increase and (N) before and after transfer printing on the PDMS substrate at 70°C. Photo credit: C.W., Zhejiang University.

on the B-TRT stamp in deformable form. Here, to demonstrate that
the B-TRT stamp is also applicable for selective transfer printing of
ultrathin inks via the programmable transfer printing prototype
with the automated translational stage shown in fig. S3. We first
studied the transfer efficacy of the B-TRT stamp on heating parameters
of the localized laser by selective transfer printing of a 3 by 3 array
of strain sensors, where all strain sensors except the central one
were heated under various heating powers and durations, as shown
in fig. S10. It is shown that three repetitive cycles of pulse input can
achieve adequate heating of the B-TRT stamp for successful transfer
printing of all desired inks, while excessive heating (more than eight
cycles) will cause thermal disturbance to neighboring inks due to
the heat transfer. Furthermore, more complex patterns such as a
television screen-like pattern inspired with Tetris mania that con-
sists of the discrete strain sensors with variable densities can be easily
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transfer printed through the programmable heating of the B-TRT
stamp where individual strain sensor to be transferred was occupied
(fig. S11 and Fig. 3C).

Furthermore, by using the scanning laser beam functionality, the
scalable transfer printing of functional inks in a high-throughput
manner can be achieved, which remains a difficult challenge for
previous transfer printing techniques. To obtain a desired laser
power and scanning speed for reliable and high-reliability transfer
printing, the surface roughness of the B-TRT stamp under various
applied laser powers and scanning speeds was measured after being
heated by the scanning laser beam with the same scanning pattern
(8-mm by 8-mm square). The optical images of the B-TRT stamp
before and after being heated by the scanning laser at a constant
scanning speed of 2000 mm/s and applied laser power of 0.588 W
are shown in fig. S12 (A and B). The corresponding SEM images
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and measured profile (fig. S12C) show the uniform topography across
various positions of the B-TRT stamp, similar to these heated on a
hotplate, which indicates the feasibility of large-area and selective
transfer printing of functional inks via the laser-assisted scanning
heating of the B-TRT stamp. Figure 3D shows the optical image of
the strain sensor array on the B-TRT stamp with a 5-mm by 5-mm
scanning heating square region occupied by a 10 by 10 array of strain
sensors heated by scanning laser beam. The scanning speed was set
as 2000 mm/s, which takes only 3.72 s to complete the whole scan-
ning process (movie S1), and is highly efficient for large-area and
selective transfer printing of functional inks onto various receiver
substrates. Figure 3E shows the corresponding optical image of the
printed strain sensors of a 10 by 10 array on a PDMS substrate, and
no visible damage and undesired disturbance of position were ob-
served from the magnified microscopic image. The optical image of
the strain sensors left on the B-TRT stamp after the programmable
and scalable transfer printing via the scanning laser beam is shown
in Fig. 3F. It is shown that the scanning laser beam can hold high
scanning precision and has little thermal transfer effect on adjacent
functional inks not to be transferred.

To quantify the effect of the laser-assisted programmable and
scalable transfer printing on the performance of functional inks
transferred, flexible surface acoustic wave (SAW) devices were fabri-
cated and transfer printed via the scanning laser beam functionality.
The schematic image in Fig. 3G highlights the layout of the flexible
SAW sensor, which consists of a layer of ZnO piezoelectric thin film
on flexible Kapton polyimide substrate, interdigital transducers
(IDTs), and reflecting gratings. The resonant frequency of the SAW
sensor that is defined by the width and pitch of IDTs under the given
thickness of the ZnO thin film is sensitive to the external environ-
ment stimuli (e.g., temperature and strain) and can be measured by
the network analyzer. Figure 3H shows the optical image of the fabri-
cated wafer-scale flexible SAW sensor array on a 4-inch glass substrate.
The fabrication process of the flexible SAW sensor array is illustrated
in fig. S13. The magnified microscopic image of IDTs (width and
pitch, 2.5 pm) and reflecting gratings are shown in Fig. 31, which
gives the wavelength and corresponding resonant frequency of the
SAW sensor of 10 um and 165.6 MHz at room temperature, respec-
tively. The ZnO piezoelectric thin film that was sputtered on Kapton
substrate by direct current (dc) reactive magnetron has substantial
effect on the performance of the flexible SAW sensor. Thus, the typical
x-ray diffraction spectrum and the cross-sectional SEM image of the
ZnO thin film were performed (fig. S14). A large peak at 34.3° was
observed, which represents the (0 0 0 2) crystal orientation, similar
to these previously deposited on Kapton substrates (39-41). Figure 3]
shows the optical image of the wafer-scale SAW sensor array on the
B-TRT stamp picked up completely from their fabricated glass sub-
strate. By using the programmable and scalable scanning laser beam
functionality, the SAW sensor array attached on the B-TRT stamp
can be selectively transfer printed onto a slab of PDMS receiver sub-
strate on demand. Figure 3K shows the optical image of the selec-
tively transfer-printed SAW sensors on a PDMS slab, corresponding
to a square scanning heating pattern in fig. S15 and the optical image
of the SAW sensors left on the B-TRT stamp after the programmable
and scalable transfer printing is shown in Fig. 3L. Flexible SAW de-
vices have wide applications in biochemical sensing (39, 41), micro-
fluidics (40), and substantial advantages in developing wireless and
passive sensors (42). Here, the fabricated flexible SAW sensor is
sensitive to the temperature change and can be used to monitor the
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temperature or respirations of the human body. Figure 3M shows
the measured resonant frequency of the flexile SAW sensor as a
function of temperature increase, which holds good linear relationship
for temperature sensing. The resonant frequency of the fabricated
SAW sensor on the glass substrate and PDMS substrate, respectively,
was also measured (Fig. 3N). It is observed that the resonant frequency
of the SAW sensor has a little shift before and after the programmable
transfer printing via the scanning laser beam. However, it will not
affect their envisioned applications for biosignals sensing and micro-
fluid actuations since the relationship between the resonant frequency
and the sensing environmental factors such as temperature and de-
formation is more critical for sensing applications, which is basically
independent of the small change of the initial resonant frequency.
In short, the results here demonstrate the feasibility of the program-
mable and scalable transfer printing prototype via the scanning la-
ser beam functionality.

Selective transfer printing of ultrathin inorganic p-LEDs

for flexible display

Inorganic microscale LEDs (u-LEDs) that outperform the organic
LEDs in important properties such as brightness, lifetime, and effi-
ciency have enabled a broad spectrum of emerging applications in
deformable displays (5, 6, 18-20), wearable optoelectronic sensors
(1, 2, 12, 21, 43), and skin phototherapy (44). Here, with the aid of
the TRT stamp-based programmable transfer printing prototype,
ultrathin u-LED array-based flexible display can be easily developed
in a highly efficient and low-cost manner. To fabricate the ultrathin
u-LED array-based large-area flexible display, the InGaN u-LED bare
dies fabricated on sapphire wafer were first picked up to the TRT
stamp by the standard laser liftoff process. The schematic image in
fig. S16 shows the main steps to harvest wafer-scale, ultrathin u-LED
bare dies from their native sapphire wafer to the shape-conformal
TRT stamp, which involve (i) preparing the InGaN p-LED bare
dies with trench etching on a 4-inch sapphire wafer, (ii) laminating
the TRT stamp with pu-LED bare dies on the sapphire wafer, and (iii)
picking up the p-LED bare die array from the sapphire wafer after
the laser liftoff process by a commercially available laser liftoff ap-
paratus (DSI-SC8016, Han’s Laser Technology Co. Ltd.). It is noted
that the process is also applicable for the TRT stamp to harvest other
types of tiny, ultrathin, and delicate bare dies or chips from their
fabricated wafer in large-area form as long as the bare dies or chips
can be adapted to the traditional laser liftoff process.

Figure 4A shows the optical image of the harvested wafer-scale
ultrathin, tiny u-LED bare dies (285 pm by 285 um by 4.6 um) on
the TRT stamp in a relatively dense form (pitch, 295 um). The mag-
nified detail of the p-LED bare die on the TRT stamp is shown in
Fig. 1F. By using the programmable transfer printing prototype with
the automated translational stage shown in fig. S3, a 10 by 10 array
of u-LED in a sparse form (pitch, 885 um) was selectively printed
onto a temporary PDMS receiver substrate from a myriad of u-LEDs
attached on the TRT stamp. Figure 4B shows the selective transfer
printing pattern through the programmable laser heating, and the
optical image in Fig. 4C shows the printed u-LED array on a temporary
PDMS receiver substrate with the magnified image on its right hand.
To fabricate the ultrathin inorganic p-LED-based flexible display, a
layer of polyimide thin film was first spin coated on a cleaned glass
slide (5 cm by 6 cm) and baked on a hotplate at 110°C for 50 s. Then,
the printed u-LED array on the temporary PDMS substrate was trans-
fer printed onto the polyimide iodide (PI)-coated glass substrate
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Fig. 4. Transfer-printed ultrathin p-LED array for flexible display and healthcare. (A) Optical image of transferred p-LEDs on the TRT stamp from the fabricated 4-inch
sapphire wafer by the standard laser liftoff process. (B) Schematic illustration of selectively transfer printing pattern from dense form on the TRT stamp into sparse array
for usage. The red squares indicate the u-LEDs to be transferred from the TRT stamp. (C) Optical image of selectively transfer-printed u-LEDs in a 10 by 10 array on the
PDMS temporary receiver substrate. (D) Optical image of u-LEDs transfer printed onto the polyimide substrate from the PDMS temporary receiver substrate using the TRT
stamp. (E) I-V curve of the u-LED on the fabricated sapphire wafer and receiving polyimide substrate, respectively. (F and G) Schematic and optical images of the fabricated
inorganic u-LED array-based flexible display. (H) Optical image of u-LED array-based flexible display wrapped around a glass tube with displayed letters of ZJU.
(I) Flexible display attached on the medical tape and mounted onto skin for phototherapy. Photo credit: C.W., Zhejiang University.

with the TRT stamp via the global thermal stimuli on a hotplate
(Fig. 4D). To check the optoelectronic performance of the u-LEDs
during the programmable transfer printing process, the I-V charac-
teristic of the u-LED was measured on the fabricated sapphire wafer
and target PI substrate, respectively (Fig. 4E). The consistency of
the current-voltage curves indicates that the laser-assisted program-
mable transfer printing technique in this context has little effect on
the performance of the transferred u-LED bare dies. Owing to the
ultrathin feature of the u-LEDs, it is convenient to assemble the
printed pu-LEDs into individually addressable array by using con-
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ventional microfabrication process. Figure 4F shows the exploded
view of the ultrathin p-LED-based flexible display, which consists
of the ultrathin PI supporting layer, PI insulating layers, and PI en-
capsulating layer, as well as the n-metal and p-metal interconnects.
The detailed fabrication process of the flexible display is described
in Materials and Methods and schematically illustrated in fig. S17.
The optical image of the fabricated ultrathin p-LED-based flexible
display in 10 by 10 pixels is shown in Fig. 4G, which covers a total
in-plane size of 2.19 cm by 2.79 cm and thickness of around 15 um.
The geometry and magnified image of the flexible display are given
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in fig. S18. Because of the extraordinary flexibility of the fabricated
flexible display, the device can be wrapped around a glass tube (diam-
eter, 20 mm) with displayed patterns, i.e., “Z,” “],” and “U” (Fig. 4H),
where a soft ACF cable is used to connect the flexible u-LED display
device with the external programmable power supply and software
(movie S2). Furthermore, the flexible u-LED display can be adhered
on the medical tape (Silicone adhesion tape, 3M) and then well in-
tegrated onto the skin with various patterns displayed (Fig. 4I), which
has important applications in wearable displays and phototherapy
of psoriasis (44). In addition to the p-LED assembly, the quantum
dot transfer printing can be another potential application of the
current technique, which can be even more challenging than a solid
film of the same thickness. Some researchers have reported specific
transfer printing methods to assemble high-resolution quantum
dot display (45, 46).

DISCUSSION
In summary, we presented a simple, cost-effective, yet robust transfer
printing technique, which combines the merits of the programmable
and scalable assembly capability of tiny, ultrathin, and delicate func-
tional components with high reliability and efficiency. Demonstrations
of this protocol involve selective and large-area transfer printing of
electronic or optoelectronic components including Si nanomembranes,
Si nanomembrane-based photodiodes, and polyimide-based thin
film sensors, as well as the manufacturing of ultrathin inorganic
LED array-based flexible display. The results reported herein over-
come the substantial limits of currently available transfer printing
prototypes and imply several impressive consequences. First, the
design of in situ actively actuated surface microstructures in this
context provides a simple yet robust way to enable strong adhesion
for reliable retrieval of inks from fabricated substrates and, simulta-
neously, weak adhesion for successful release of inks to various re-
ceiver substrates through external thermal stimuli. The predefined
surface relief microstructures in most previous designs will unex-
pectedly decrease the adhesion strength of the stamp extremely
and lead to low yields for picking up inks from the source wafers.
Second, the transfer printing prototype has the ability to release tiny,
ultrathin, and delicate functional components in a programmable
and scalable manner into spatially organized arrangements with arbi-
trary layouts from myriads of inks attached on the stamp, which is crit-
ically essential to large-area manufacturing of high-performance
wearable electronics in a highly efficient and low-cost manner. To-
gether, the innovative transfer printing prototype opens up a simple,
cost-effective yet robust route toward large-area integration of ultra-
thin and delicate functional micro-objects with high yields in a pro-
grammable fashion and could create engineering opportunities in
widespread applications such as wearable health-monitoring devices,
deformable displays, and heterojunction hybrid electronics.
However, there are also several facets that should be improved in
the future. One is that the adhesion switch of the TRT stamp needs
to be triggered by external temperature (~90°C) through a program-
mable laser system. Although the temperature is not too high for
most functional components, it may cause thermal degradation for
certain types of temperature-sensitive devices such as the perovskite-
based optoelectronic devices (45, 46). Another is that the current
approach is well suitable to transfer components of hundreds of micro-
meters while it may have difficulty in the transfer printing of
smaller functional components with the resolution depending on
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the size of expandable microspheres (~45 um in this work). Thus,
the scalable design for the size and shape of expandable micro-
spheres is expected to further widen its utility for smaller and thinner
functional components or even nanomaterial assemblies.

MATERIALS AND METHODS

Adhesion strength tests

The energy release rate that is used to quantify the adhesion strength
of the TRT stamp was measured at various temperatures by a peel-
ing test apparatus. To prepare the test sample, the TRT stamp was
first cut into desired sheet with the size of 1 cm by 10 cm and attached
onto a cleaned glass slide. Then, the TRT sheet on the glass slide was
mounted on a hotplate and connected to the load cell of tensile and
compression tester (Instron 5944). The 90° peeling test was performed
at various temperatures at a constant peeling speed of 1000 pm/s to
obtain the maximum peeling force. The energy release rate was cal-
culated by averaging the maximum peeling force with TRT sheet
width from seven repetitive trials.

Fabrication of ultrathin Si nanomembrane pellet array

To prepare the silicon nanomembrane pellet array, an SOI wafer with
200-nm-thick single crystalline Si on top was cleaned and spin coat-
ed with AZ 5214 photoresist at 2000 rpm for 40 s and then baked on
a hotplate at 110°C for 60 s. The geometry of the Si square pellet
(400 um by 400 um) of the 69 by 69 array was defined by ultraviolet
photolithography with a dose of 200 mJ cm ™, followed by developing
for 50 s by an NMD 2.38% developer. Thereafter, the Si pellet array
was patterned by inductively coupled plasma (ICP) etching for 60 s
under a sulfur hexafluoride environment [gas flow, 50 standard cubic
centimeters per minute (sccm)]. To avoid the floating away of Si
pellets after full removal of the buried SiO; layer, the photoresist
anchors for the Si pellet array were formed by photolithography after
etching of exposed SiO; buffer layer in buffer oxide etchant (BOE) (6:1).
The Si pellet array was lastly separated from the SOI wafer by immer-
sion in the concentrated hydrofluoric acid (49%) for 180 min after full
undercut etching of the SiO, buffer layer. The fabrication process of
the Si pellets with 3-um thickness follows the similar procedures.

Fabrication of the Si nanomembrane-based photodetector
The fabrication involves selective doping of an SOI wafer with
3-um-thick top single crystalline silicon (p-type; resistivity, 15 ohm-cm).
A layer of SO, (800 nm) was first deposited by plasma-enhanced
chemical vapor deposition onto the cleaned SOI wafer (2.5 cm by
2.5 cm) to form a diffusion mask for n-dopant. The doping win-
dows were defined by photolithography and wet etching in BOE (1:6)
for 5 min. The phosphorous-based spin-on-dopant (Phosphorous,
PDC5-2500, Futurrex) was then spin coated at 4000 rmp for 60 s and
dried in air for 10 min. Then, two coated samples with coated sides
were placed to face each other and baked on a hotplate at 200°C for
60 s, followed by annealing at 950°C for 5 min at N, flow of 80 sccm
to form two back-to-back p-n diodes. The photodetector array was
patterned and released from the Si wafer by following the same pro-
cedures for the Si nanomembrane pellet array aforementioned.

Fabrication of flexible strain sensor array

To prepare the strain sensor array, a thin layer of SiO; (300 nm thick)
was first deposited onto a cleaned 4-inch silicon wafer. Then, the poly-
imide precursor (ZKPI-305IIE, POME) was spin coated at 2000 rpm
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for 60 s and cured on a hotplate at 80°C for 60 min, 110°C for
60 min, and 230°C for 120 min, respectively. The metal layers (Cr/Au,
5 nm/150 nm) were then deposited on the polyimide layer by an
e-Beam evaporator and patterned through ultraviolet lithography
and the liftoff process. Thereafter, another layer of polyimide as en-
capsulation was formed, and the whole bilayer polyimide film was
patterned by ICP to obtain strain sensor array. Last, the strain sensor
array was connected by photoresist anchors and released from the
Si substrate by immersion in BOE (1:6). The released strain sensor
array was then held with a PDMS-coated glass slide and picked up
using the B-TRT stamp for transfer printing after removal of the
photoresist anchors with acetone.

Fabrication of flexible SAW sensor array

To fabricate the flexible SAW sensors, a Kapton polyimide film of
25-um thickness was laminated onto a PDMS-coated glass slide to
serve as the substrate due to its excellent flexibility, chemical stability,
and wide operating temperature range. As previously reported, a
ZnO piezoelectric thin film was deposited on the Kapton film by dc
reactive magnetron at a mixture of Ar and O, with 100 and 50 sccm
flow rates, and constant deposition temperature and pressure, i.e.,
200°C and 2 Pa, respectively. The bias voltage at metallic Zn target
(99.99% purity and 100 mm diameter) and applied power during
deposition were set as 75 V and 175 W, respectively, to yield a layer
of ZnO with ~3-pm thickness at a deposition rate of 0.5 pm/hour.
The interdigitated transducer electrodes and reflecting gratings
(AL 100-nm thick) were fabricated by standard ultraviolet photo-
lithography and electronic beam (e-beam) evaporation, followed by
the liftoff process to define the wavelength of the SAW sensor of
10 um and corresponding resonant frequency of ~165.66 MHz at
room temperature. The ZnO piezoelectric thin film was patterned
by wet etching in dilute HCI solution (1:10). Thereafter, a layer of
PMMA was spin coated on top of SAW sensors for temporary pro-
tecting. The Kapton film was cut into desired rectangular size
(7 mm by 4 mm) to form SAW sensor array and picked up using the
B-TRT stamp for transfer printing.

Fabrication of flexible p-LED display

To fabricate the u-LED array-based flexible display, u-LED array was
selectively transfer printed onto a PDMS slab by the programmable
transfer printing prototype. Then, the polyimide precursor (ZKPI
3051IE, POME) was spin coated onto a cleaned glass slide at 4000 rpm
for 60 s and baked on a hotplate at 110°C for 50 s. The printed
u-LED array on the PDMS slab was picked up using the TRT stamp
and transfer printed again onto the PI substrate after heating on
hotplate at 90°C for 40 s to release the adhesion of the TRT stamp.
Thereafter, the PI substrate was baked on a hotplate at 80°C for 60 min,
110°C for 60 min, and 230°C for 120 min, respectively. The polyimide
precursor (ZKPI 305IID, POME) was spin coated at 2000 rpm for
60 s and baked on a hotplate to form an insulating layer and followed
with ultraviolet lithography and ICP etching to create via holes for
metal interconnect. Cr and Au metal layers (10 and 400 nm, respec-
tively) were deposited and patterned by photolithography and the
liftoff process to form p-metal interconnect. Another layer of PI thin
film (ZKPI 3051ID, POME) was spin coated at 2000 rpm for 60 s
and baked to form an insulating layer and followed with ICP etching
to create via holes for n-metal interconnect. Then, Cr and Au metal
layers (10 and 400 nm) were deposited and patterned by photo-
lithography and the liftoff process to form n-metal interconnect.
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Last, another layer of PI thin film (ZKPI 305I1E, POME) was spin
coated at 2000 rpm for 60 s and baked to form an encapsulating
layer. The shapes of the flexible u-LED display device and contact
pads were defined by ICP etching of the whole PI layer with pat-
terned Al as etching mask. The device was released from the glass
slide by immersion in BOE.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/25/eabb2393/DC1
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