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ABSTRACT

This paper demonstrates a new mode of automated micro transfer printing called laser micro transfer
printing (Ll TP). As a process, micro-transfer printing provides a unique and critical manufacturing route
to extracting active microstructures from growth substrates and deterministically assembling them into
a variety of functional substrates ranging from polymers to glasses and ceramics and to metallic foils to
support applications such as flexible, large-area electronics, concentrating photovoltaics and displays.
Laser transfer printing extends micro-transfer printing technology by providing a non-contact approach
that is insensitive to the preparation and properties of the receiving substrate. It does so by exploiting
the difference in the thermo-mechanical responses of the microstructure and transfer printing stamp
materials to drive the release of the microstructure or ‘ink’ from the stamp and its transfer to substrate.
This paper describes the process and the physical phenomena that drive it. It focuses on the use of this
knowledge to design and test a print head for the process. The print head is used to demonstrate the new

printing capabilities that LWTP enables.
© 2012 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In micro-transfer printing (. TP), a patterned viscoelastic stamp
is used to pick up and transfer functional microstructures made
by conventional microfabrication techniques in dense arrays on
typical growth/handle substrates (such as silicon, germanium, sap-
phire or quartz) to a broad range of receiving substrates such as
transparent, flexible and stretchable polymers, glass, ceramics and
metallic foils. This provides an efficient pathway to the manufac-
ture of flexible electronics and photovoltaics, transparent displays,
wearable electronics, conformal bio-compatible sensors and many
more [1,2]. Fig. 1 [1,2,5-8] provides a few examples of the types of
devices or systems that are realized by transfer printing.

Fig. 2 shows a schematic of the process along with photographs
of the donor substrate with microstructures (also referred to as
‘ink’) and a receiving substrate with printed microstructures. The
transfer printing stamp is typically made of molded polydimethyl-
siloxane (PDMS) and patterned with posts to selectively engage
microstructures on the donor substrate. The ink is picked up by
adhesion to the PDMS posts. Printing occurs when the ‘inked’ stamp
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is subsequently brought into contact with a receiving substrate, fol-
lowed by a slow withdrawal of the stamp. Adhesiveless transfer
printing exploits the viscoelastic rate-dependent adhesion at the
stamp-inkinterface to enable eitherretrieval or printing via control
of the separation velocity [3,4]. This approach to printing fabri-
cated microstructures without adhesives simplifies downstream
processing and is easily automatable by integrating on to a pro-
grammable, computer controlled positioning stage. Fig. 3 shows an
automated micro-transfer printing machine developed at the Uni-
versity of Illinois. The major components of the system include (a)
an automated XY-stage for positioning, (b) a Z-stage for moving
the stamp up and down and controlling the separation speed and
force, (c) an orientation stage that assists in obtaining parallel align-
ment between stamp and the receiving and donor substrates and
(d) imaging system used for alignment and monitoring the prin-
ting process. The typical size of the printed inks ranges from 10s
of microns up to the millimeter scale. The microstructure donor
substrate is usually densely packed and can be of centimeter scale.
The receiving substrate’s dimensions are, in general, several times
larger, especially when the ink is sparsely distributed on it. The
stamp surfaces are typically patterned with posts with the same
lateral dimensions as the microstructures being printed.

While the process is simple and easy to implement, its robust-
ness is dependent on the properties and preparation of the surface
of the receiving substrate. For successful printing, the adhesion
between the ink and receiving surface must be sufficient to extract
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Fig. 1. Some examples of devices made using transfer printing. (a) Transparent carbon nanotube based transistors [5]. (b) GaN transistors on plastic substrate [7]. (c) LED on

stretchable substrate [1]. (d)

the ink from the stamp and, when these conditions are satisfied, the
surface much be clean and flat so that good contact is developed
with the ink. Thus, printing on low-adhesion surfaces, patterned
surfaces or soft gels can be challenging.

The process depicted in Fig. 2 can be scaled into a high transfer-
rate, parallel printing process by increasing the number of posts
on the stamp. As this parallelism increases, additional challenges
accrue. Small misalignments between the substrate and the stamp
get magnified as the size of the stamp increases causing substantial
variations in the printing conditions at posts in different areas of the
stamps leading to printing failures. Failure to print a microstructure
inone cycle canresultinrepeated failures at that post in subsequent
cycles, until the residual micro-structure is removed. When large
receiving substrates are involved, waviness of the substrates gives
rise to non-repeatable variability in printing conditions across the
stamp. Finally, when large area expansions are involved, i.e., the
printed microstructures has a high pitch or low areal density on the
receiving substrates, the stamps used have posts that are spaced
far apart and are therefore susceptible to stamp collapse [9,10],
especially when larger printing forces are used to compensate for
misalignments (‘wedge’ errors) between the stamp and the sub-
strate. Such collapses result in the peeling out of microstructures
by the stamp wherever contact occurs, and can damage both, the
donor and receiver substrates.

In this paper, we develop a new, non-contact mode for this pro-
cess that uses a laser to supply the energy required to drive the
release of the ink from the stamp and its transfer to the receiving
substrate. Since it does not rely on the strength of ink-substrate
interface, created by mechanically pressing the ink onto the receiv-
ing substrate, to achieve its release from the stamp, the process
does not depend on properties or the preparation of the receiving
substrate for successful printing. Further, by using a scanned laser
beam to address different inks or microstructures on the stamp,
high-throughput modes of printing, not susceptible to small wedge
errors between the stamp and the substrate, are possible. Thus, this
new process mode that we call laser-driven micro-transfer printing
(L. TP) has the potential to become a highly scalable, robust and
versatile printing process.

OLED display with printed electronics [6]. (e) Ultrathin silicon solar microcells [2]. (f) A hemispherical electronic eye camera [8].

The next section of this paper describes the laser transfer prin-
ting process and the phenomena it exploits. It also provides a
detailed design of the laser print head for prototype laser transfer
printing tool along with its calibration and testing. The third section
demonstrates successful LWTP for situations that would be diffi-
cult to achieve with conventional transfer printing. It also explores
one important parameter, separation of the stamp and receiving
substrate on the accuracy of the transfer. Finally, conclusions and
directions for future work are discussed.

2. Laser-driven micro-transfer printing
2.1. Process description

LW TP builds on micro-transfer printing technology [3,4]. It uses
the same well-developed semiconductor processing technologies
for creating donor substrates with dense arrays of printable micro-
structures, the same materials and techniques for fabricating the
transfer stamps, and the stamps are ‘inked’ with microstructures
using the same strategies [3,4]. The critical point of departure is
the printing or transfer of the ink from the stamp to the receiv-
ing substrate. Instead of using mechanical means, LWTP uses a
pulsed laser beam focused on the interface between the stamp
and the microstructure to release and drive the microstructure to
the receiving substrate. The wavelength of the laser is chosen so
that the stamp material is transparent to the laser while the ink
is absorbing. Here we choose an IR laser with wavelength 805 nm.
Additionally, the stamp material is chosen so as to have a large
mismatch in the coefficient of thermal expansion (CTE). For exam-
ple, in the prototype reported here, single crystal silicon is used
as the ink and PDMS as the stamp with CTEs of 2.6 ppm/°C and
310 ppm/°C respectively, to produce a CTE mismatch of two orders
of magnitude.

Fig. 4 shows a schematic of the LWTP process. For printing
step, the inked stamp is positioned so that the ink is close (about
6-10 wm) to the receiving substrate. A pulsed laser beam is then
focused on the interface between the stamp and the ink to cause
the transfer of the ink to the substrate. Since a PDMS stamp is
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Fig. 2. (Top) A patterned stamp with 4 posts retrieves ink from a donor substrate and transfers it to a receiving substrate, (middle) results of 3 printing cycles displaying ink
from a dense donor substrate, which is expanded on a receiving substrate, and (bottom) SEM images of representative micro-LED, shown in sequence, (left) donor substrate
before retrieval, (center) after retrieval from the Si substrate, and (right) after transfer-printing onto a receiving substrate.

transparent in the near IR range, the laser radiation is transmit-
ted through the stamp and is absorbed by the microstructure ink.
As a result, the ink heats up and acts as a heat source for the
PDMS stamp, conducting heat across the stamp-ink interface to
raise the temperature of the PDMS stamp in the vicinity of the
interface. The rise of temperature in the stamp and ink leads to
thermal expansions in both. Due to the large CTE mismatch for the
two materials (o5 =310 ppm/°C [11] for PDMS and o =2.6 ppm/°C
for silicon [12]) and their free expansion being restricted by the
contact interface between them, the thermal strain must be accom-
modated by bending (or the formation of a curvature) in the
stamp-ink composite. This stresses the interface and, when the
energy release rate due to delamination at the interface exceeds
the work of adhesion of the interface, the ink is released from the
stamp.

The use of laser driven delamination has been reported by other
researchers. Bohandy [13] was the first to report such a laser-driven
deposition process. Holmes and Saidam [14] reported a process
called Laser-Driven Release and used it for printing prefabricated
metal microstructures from a glass fabrication substrate on to a
receiving substrate. Arnold and Piqué [15] have reported widely on

what they call Laser-Induced Forward Transfer or LIFT process. In
all these approaches, the driving mechanism is laser ablation at the
interface. Much of the reported research uses pico- or femtosecond
lasers and sacrificial layers at the microstructure-support struc-
ture (stamp) interface with a low vaporization temperature and a
high absorptivity at the laser wavelength to enhance the delamina-
tion forces produced by ablation. The unique aspects, then, of LWTP,
include:

it uses microsecond scale pulses and relies on a thermo-

mechanical phenomenon based on thermal strain mismatch to

drive the transfer printing process;

(a) being a lower temperature process (250-300°C instead of
temperatures reaching 1000 °C), less damage to active micro-
structures;

(b) the properties of the stamp are tuned to achieve both, extrac-
tion of ink from the donor substrate and deposition on to the
receiving substrate;

(c) the stamp remains undamaged (because the process is driven
by a reversible strain in the stamp rather than an irreversible



R. Saeidpourazar et al. / Journal of Manufacturing Processes 14 (2012) 416-424 419

Vertical
Travel Axis

Imaging
System

-
Orientatio
stage

Fig. 3. Automated transfer printing machine showing the four axes of motion and
integrated optics.

chemical change init), thus enabling a repeated pick-and-place
process mode.

Detailed modeling and analysis of the process are described in
[23]. Here we concentrate on the design of the printing tool for the
process.

2.2. Prototype laser micro-transfer printer design

A prototype LW TP was developed by designing a printhead and
integrating it with a XYZ positioning stage. A schematic of the print
head is shown in Fig. 5. The print head was developed so that prin-
ting could be observed through the stamp. The laser radiation is
brought into the system via an optical cable from one side of the
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Fig. 4. Schematic of the LiTP steps: 1 — the PDMS stamp is aligned to the donor
substrate and approaches it to pick up ink; 2 - ink is transferred to stamp; 3 - stamp
is aligned to receiving substrate and laser pulse is used to heat up the ink-stamp
interface; and 4 - ink is transferred to receiving substrate and stamp is withdrawn
for next printing cycle.
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Fig.5. Aschematicofthe print head forlaser micro transfer printing. An optical cable
is used to bring in the laser radiation from a laser diode in this proposed design.

print head. A dichroic mirror is used to direct the laser beam toward
the stamp below it. A GRIN lens at the end of the optical cable is
used to focus the laser beam on the ink.

One of the first steps in the realization of the schematic of the
prototype print head of Fig. 5 is to estimate the power requirements
(i.e., size the laser for the print head) and perform a first-cut anal-
ysis of whether or not a thermo-mechanical delamination process
is possible without damaging the PDMS stamp. For this analysis
(and for experimental verification) we use a single crystal silicon
square with a lateral dimension of 100 wm and a thickness of 3 pm
as our model/or representative ink. First, we compute the temper-
atures at which thermal mismatch strains in the Si-PDMS system
give rise to energy release rates enough to overcome the work of
adhesion at the Si-PDMS interface. We then compute the power of
the laser system required to drive the steady state temperature of
this system past the delamination temperature.

To compute the delamination temperature, we use the approach
originally proposed by Stoney [16] for an infinitely thin film and
modified by Freund [17] for finite film thickness. We use silicon
as the thin film (thickness, hc =3 m) and PDMS as the substrate
(thickness, hs =100 wm) to model film delamination. As previously
mentioned, the PDMS stamp has a higher coefficient of thermal
expansion; thus, when heated, the PDMS would expand more than
the Si ink, although the expansion is constrained due to a com-
mon interface shared by the two materials. As a result, strains
accrue in both the materials. To estimate this strain, we assume
a constant, uniform temperature distribution throughout the ink
and the immediate vicinity of the post on the stamp. The strain
energy exists solely because of an incompatible elastic mismatch
strain that arises when the temperature is increased by an amount
AT above room temperature (the conditions at which the interface
was created) due to heating by laser pulse, as no external applied
tractions or stresses exist in the system. Consequently, the Si chip
undergoes a biaxial tensile stress; assuming the printing chip is an
isotropic, elastic, homogenous material; its strain energy density at
the interface is given by, U(z="5hs):

2
U‘z:hs/zz%(%_’(%+8m) (1)
where the elastic modulus (E.=179.4GPa) and Poisson ratio
(ve=0.28) denote the elastic constants of silicon [3]. Hence,
the strain energy density is composed of the mid-plane exten-
sional strain, &y, the strain arising from the mismatch in
thermal expansion coefficients between the chip and substrate,
em, and the curvature, «, of the chip about a center of curvature
equivalent to half of the substrate’s thickness, hs/2. The mismatch
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Fig. 6. Schematic of the thermal mismatch strains resulting in bending induced
delamination of the silicon printing chip from the PDMS stamp. (a) Geometry of
the initial setup. (b) Resulting forces and moments on the system as a result of
the thermal mismatch strains. (c) To relieve strain energy, the system deforms in
bending. The PDMS stamp is more compliant and as a result its curvature is more
pronounced. (d) Deformation due to bending in the system produces delamination
of the printing chip from the stamp. The delamination front at the interface moves
from the corners of the chip toward its center.

in thermal expansion coefficients of the stamp and chip produces
a strain, em =(as — ac)AT.

The potential energy, V, is found by integrating Eq. (1) with
respect to the height of the system. By taking the variants of
the potential energy and checking for stability of the system
(i.e. 0V/0g,=0 and dV/dk=0), we obtain two equations and two
unknowns, the midplane extensional strain (&,) and the curvature
(k), that can be solved to yield.

kst(1+ h)

“=1 + 4hm + 6h2m + 4h3m + h4m2’

(2a)

est(1+h3m)

g0 = ,
° " 1+ 4hm +6h2m + 4h3m + h4m?2

(2b)

where «st = (66 /hs)hm and gt = —emhm

In these equations, shorthand notation is used where h (=h¢/hs)
and m (= EX(1 — vs)/Es(1 — v¢)), refer to the ratios of the thick-
nesses and biaxial moduli of the chip to the substrate, respectively.
Also, ks and &g refer to the solution of the Stoney equation, where
the chip is infinitely thin. From this analysis, the stress in the chip
at the interface is given by:

EC hS
Oc = Eo—K—=+¢€ 3
c=q e ( o 5 + m) (3)
The strain energy accumulation in the system is relieved by defor-
mation, giving rise to a curvature of the microstructure/stamp
system, as shown in Fig. 6. The bending strain energy associated
with this curvature produces the driving force for delamination at
the ink-stamp interface. The energy release rate associated with
such delamination due to relaxation of bending strain is given by:
11—

2
G= 2E, (0c —0a) he (4)

where o is the applied external stress, which is zero in this case.
When this energy release rate is greater than the adhesion energy
of the Si-PDMS interface, one can expect delamination to occur and
the ink to be released from the stamp. We use the above analysis to
arrive at a relationship between the energy release rate, G (J/m?),

1.6 T T T r

-
I

Energy Release Rate, G, (J/m 2)
[=]

] 100 200 300 400 500
Chip Temperature (in deg C)

Fig. 7. The energy release rate of the PDMS-100 m x 100 wm x 3 um  silicon
ink-stamp system as a function of chip temperature is calculated by the finite-
thickness correction to Stoney’s formulation [16] by Freund [17].

and the temperature to which the system is raised above room
temperature, AT (°C). This is shown in Fig. 7.

A number of investigators have reported values in the range
of 0.05-0.4]/m? for the adhesion energy of Si—-PDMS interfaces
[4,10,18-20]. From Fig. 7, if we choose a conservative value of
0.5]/m? for G, we get a corresponding delamination temperature
between 275 and 300 °C. This value is well within the range that
PDMS can withstand without decomposing, especially for short,
millisecond, durations [21].

In the description of the process, we stated that the laser heats
up the Si ink that, in turn, heats up the interface and the PDMS in
the vicinity. To do this, we used a COMSOL®! finite element model
with the Si ink acting as the heat source. The strength of the heat
source is varied and the corresponding steady state temperatures
are computed. Fig. 8 shows the schematic of the model consist-
ing of a 100 wm x 100 wm x 3 pm thick silicon chip is attached to
a200 pm x 200 wm x 100 pm high PDMS post. The bottom surface
of the PDMS stamp (in Fig. 8) is fixed and the bottom surface of
the silicon ink is constrained to move with the top surface of the
post on the PDMS stamp. Other surfaces in this model are free to
move. The heat source in the model is the square-shaped area at the
stamp-ink interface. The exposed surfaces of the silicon and PDMS
lose heat to the surroundings by convection. The model uses 75,000
nodes to perform a transient heat transfer analysis in COMSOL 3.5
for runintervals up to 5 ms (our typical laser pulse times range from
1 to 5 ms) with the silicon ink, PDMS and surroundings initially at
27 °C. Fig. 8 shows the results of one run, in which 135 m] of heat is
input into the system over a 3.4 ms interval. From this simulation,
one can see that the temperatures reached in the system are about
584 °K, slightly higher than 300 °C, sufficient to cause delamination
without damaging the stamp.

From this value of heatinput rate, that we approximate to 150 mJ
over 4ms or 0.0375W we can now calculate the power required
in the laser pulse. To do so, we need to account for reflective and
transmission losses as well as for the intensity distribution in the
beam. For 800 nm radiation, the coefficient of absorption for silicon,
ac=103 cm~! or its absorption depth is about 10 wm. The intensity

1 Registered Trademark of The COMSOL Group.
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Fig. 8. Finite element model of the post and ink showing (top) temperature gra-
dient in the post and attached ink and, (bottom) a slice of the post showing the
temperature gradients and the deformed.

of the radiation emerging from a 3 pm thick sheet of silicon as a
fraction of the intensity of the incident radiation, Iy, is given by:

L — exp(-ach) (5)
0

which for h=3 pm becomes approximately 0.75. With 75% of the
radiation lost to transmission, only 25% of the radiation that enters
the silicon is available for heating the ink. Next we deal with the
fraction of the beam area that is incident on the silicon ink. The
major consideration here is to uniformly heat the ink across its
lateral dimension. If one considers a Gaussian beam, then too small
of a beam diameter will result in a hot spot at the center of the ink.
The power, P(r), contained within a radius r of the beam is given by
(see, for example, [22]):

92
P(r) = P(c0) [1 —exp <02)£>} (6)
(i

where P(oc0) is the total power in the beam and wy is the beam
radius. For r=0.23wyq, the intensity drop from the beam center to
the perimeter of the circle is 0.1 or 10%. This will provide relatively
uniform heating, but only 10% of the beam energy is contained in
the circle. Finally, one must deal with the reflectivity of polished
silicon, which at 800 nm is 0.328. Thus only 67.2% of the radiation
incident on the ink is absorbed by, or transmitted through, it.

In summary, to provide the required 0.0375W of heating, the
beam power in the plane of the ink-stamp interface must be:

0.0375

P=025x01x0672

~2.25W (7)

i "

o ! xust:’ent

XYZ Stage
TV

Fig. 9. Photograph of the laser micro-transfer print head.

Thus, itis not only feasible to perform thermo-mechanically delam-
inate the model silicon ink from the PDMS stamp by exploiting the
mismatch in CTEs, it is possible to do so with a moderately powered
diode laser.

Fig.9 shows a photograph of the print head. A Jenoptik® continu-
ous wave, fiber-coupled (fiber core diameter of 0.2 mm), passively
cooled, 808 nm 30 W laser diode with electronic pulse control is
used. A higher power rating was chosen to be able to account for
losses in the coupling and cable, accommodate different materials
and thinner and larger lateral dimension inks. The pulse resolution
for the laser is 1 ms. The print head is integrated on to a custom-
assembled, gantry-type XYZ positioning stage. The stage has 1 wm
resolution, 150 mm of travel in the X and Y direction and 100 mm
of travel in the Z direction. It is fitted with high (1 mm) resolution
optics, capable of observing the process through the stamp. Except
for the difference in the print head, the structure of the printer is
very much like that shown in Fig. 3.

2.3. Calibration and testing

The prototype printer along with the laser printing head is
calibrated to relate the beam power available at the ink-stamp
interface for different current settings of the laser. Also, the validity
numbers used in the analysis and design of the printer are verified.

To relate the current settings on the laser and the beam energy
as it arrives at the stamp-ink interface, a photodiode power meter
with a pre-calibrated reader (Thorlabs PM100D) is used, as shown
in the schematic of Fig. 10. This power meter is chosen to have a
very fast response time (<200 ns) compared to the laser pulse width
(typically >1 ms), high optical power range (5 wW to 5 W) to with-
stand the intensity of the beam, high resolution (1 nW) and large
inlet aperture (312 mm) to be able to easily capture the entire laser
beam during a pulse. A data acquisition card captures the analog
output of the calibrated reader at a sampling rate of 40kHz and
stores it on a PC for subsequent analysis. The laser pulse time is set
to 10 ms and the laser is pulsed with different current settings. The
readings taken are averaged after those corresponding to the first
and last milliseconds of the pulse are deleted to get rid of transi-
ents. This is repeated three times for each current setting. As can
be seen in Fig. 10, the relationship between beam-power at the
ink-stamp interface and the current setting for the laser is linear,
with a threshold current of 5amps. The calibration is done in the
current range of 5amps to 13 amps, with the beam power ranging
from 0 to 5.25 W (sufficient for laser printing, with our model inks).
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Fig. 10. Beam power at the stamp-ink interface plane as a function of the laser
current.

To verify the delamination conditions previously stated,
a two-step experiment is performed. The model ink
(100 wm x 100 wm x 3 wm silicon square) is loaded on to the
stamp using the standard transfer printing pick-up step [3,4].
Next the printing step is attempted. Here the pulse duration is
set to 4ms and pulses of increasing power (obtained by gradually
increasing the current) are used until the power level at which
transfer occurs is reached. This gives us the minimum energy input
settings for a 4 ms pulse at which transfer of the ink takes place.
After this, the receiving substrate is replaced with the photodiode
power meter and two laser power recordings are made with the
same pulse times but a current setting just a little bit lower than
that needed to achieve transfer. The first measurement is made
with the beam passing through an empty stamp and the second is
made with the ink on the stamp. Integrating the power measures
across the duration of the pulse gives us the total energy arriving
at the power meter due to the pulse. The difference between the
total energy arriving at the photometer with and without the
ink gives us the sum of the energy reflected and absorbed by the
ink. Knowing the reflectivity, we can obtain the energy absorbed
by the ink and available for heating the ink. Also, in Eq. (7) we
had computed the beam power at the plane of the ink-stamp
interface required for delamination and transfer to be around
2.25W. Examining the power recording will allows us to verify the
design.

Fig. 11 shows the power recordings by the photodiode power
meter. Integrating the areas under the curves, it can be seen that
the difference in energy reaching the power meter is 0.224 mJ.
Accounting for the reflectance of the silicon inks, we get 0.134 m]
of energy available for heating the ink, a value very close to that
predicted by the thermo-mechanical delamination analysis. Addi-
tionally, from this recording, it can be see that the beam power
required for delamination is around 2.5 W, while 2.25W was the
computed power requirements. Thus, the approach to designing
the print head can be considered to be reasonably accurate.

3. Demonstrating LpnTP

LW TP provides new capabilities for transfer printing technology.
As previously claimed, it is relatively independent of the prop-
erties and topography of the receiving surface. Hence, it should
be possible to print on surfaces with low adhesion energy, struc-
tured surfaces where contact area is a small fraction of the surface,
non-flat surfaces. Each of these cases was tested and demonstrated
to be feasible. Additionally, the possibility of printing on liquids
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Fig. 11. Power recordings for 4 ms laser pulses with current setting at 10 amps with
ink on stamp (top) and with a bare stamp (bottom). The difference in areas under
the power curves gives the energy absorbed and reflected by the ink.

and gels is also demonstrated. Finally, positional errors for prin-
ting on low adhesion energy are experimentally characterized. We
used the model ink, 100 wm x 100 wm x 3 wm Si squares, for these
demonstrations. Further, the printing for these demonstrations was
conducted with the pulse times set to 4 ms, and the power level set
to 2.5W.

Printing silicon inks on silicon surfaces is generally difficult with
flat PDMS stamps because of the low adhesion at the Si-Si inter-
faces.Itis easily accomplished by the LwPT process. Fig. 12(a) shows
a small array of silicon chips printed on to a silicon substrate to
bridge gold traces that were pre-patterned on the surface. Fig. 12(b)
shows a multi layered structure of silicon squares which would be
extremely challenging to achieve with conventional transfer prin-
ting as contact is made only at the corners of the squires. Fig. 12(c)
demonstrates the printing of a silicon chip between two pedestals.

To demonstrate printing of inks on non-flat surfaces printing
on spherical surfaces, including the surface of a liquid droplet was
performed. Fig. 13 shows some results where silicon squares are
successfully printed on individual spheres, a non-uniform array of
beads and on the surface of a NOA droplet.

Finally, to demonstrate printing on partial and recessed sur-
faces,anumber of substrates with different features were prepared.
Fig. 14 shows examples of printing on ledges, beams and inside
concave features. Some of these printing demonstrations exhibit
the kind of precise placement that the process is capable of pro-
ducing. This precision in placement is dependent on a number of
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Fig. 12. Examples of structures constructed by laser micro-transfer printing. (a) Optical micrograph of silicon squres printed on a silicon substrate with gold traces; (b) a 3-D
pyramidal structure built of silicon squires; and (c) a bridge structure build by printing a silicon plate on two bars patterned on a silicon substrate. (Scale: silicon squares in

micrographs have sides of 100 wm.)

Fig. 13. Examples of printing on curved surfaces, (left) printing on a single 1 mm ceramic sphere, (middle) printing on a non-uniform array of 500 pm silica beads, and (right)
printing on to a liquid NOA droplet. (Scale: in all the micrographs, the printed squares have sides of 100 pm.)

Fig. 14. Examples of printing on partial and recessed surfaces. (Left) A silicon square printed on to a AFM cantilever, demonstrating assembly on an active structure, (middle)
printing on a ledge, and (right) printing into recessed spaces. (Scale: in all the micrographs, the printed squares have sides of 100 pm.)

set-up factors such as precise centering of the beam on the ink.
It is also dependent on process variables, the key variable being
the ‘stand-off’ or distance of the stamp from the receiving sub-
strate. To characterize this dependence, printing was performed
at the lowest energy for reliable delamination (4 ms pulses with
the power setting at 2.5W and the same model ink) with different
stand-off heights on to a substrate patterned with fiducials. First
the stamp is brought into close to the substrate and aligned to the
fiducial on the substrate using the optics on the printer (about 1 pm
resolution) and the positioning stages (also 1 pm resolution). It is
then withdrawn to the appropriate height and transfer printed. The
error in the transfer process is obtained through image analysis of
frames taken after alignment (with the ink still on the stamp) and
after printing. This experiment is conducted for different stand-off
heights ranging from 5 p.m to 300 .m, with 5 repetitions at each
stand-off height. Fig. 15 shows the observed dependence of transfer
errors on printing stand-off height. Within the resolution of exper-
imental observations, the transfer errors become insignificant at
stand-off heights of about 20 um.

Lateral Displacement of
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Fig. 15. Lateral transfer errors as a function of stand-off height.
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4. Conclusions

In this paper we have demonstrated a new mode of transfer
printing and prototyped an automated transfer printing machine
to implement it. In this mode of micro-transfer printing, a laser
supplies the energy to drive a thermo-mechanical delamination
process that releases the ink from the stamp and transfers it to
the receiving substrate. A procedure for designing the print head
is developed and verified. This new printing mode that we call
laser micro-transfer printing (L TP) extends the versatility of micro
transfer printing by making the process virtually independent of
the properties and preparation of the receiving substrate. Thus,
printing on low adhesion surfaces, curved, partial and recessed
surfaces, operations that are typically difficult in more conven-
tional modes of the process, are easily performed in this process
mode as demonstrated on a prototype laser micro-transfer printer.
With successful demonstration of this process, process studies are
underway to understand and parameterize the process.
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