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Transfer printing is an emerging technique for materials assembly and micro-/nano-fabrication. An

important emerging variant of this process involves laser-induced impulsive heating to initiate
separation at the interface between a soft, elastomeric stamp and hard micro-/nano-materials (i.e. inks)
on its surface, due to a large mismatch in coefficients of thermal expansion. The result is the active
ejection of the inks from the stamp to a spatially separated receiving substrate, thereby representing the
printing step. In the following, a thermo-mechanical model is established to analytically obtain the
temperature field, and the energy release rate for delamination at the interface between the stamp and
ink in the form of a rigid plate. The normalized critical laser pulse time for interfacial delamination
depends only on the normalized total heat flux at the interface and the normalized width of the ink
structure. This scaling law has been verified by experiments and the finite element method.

1. Introduction

Transfer printing is an emerging technique for materials assembly
and micro-/nano-fabrication. Micro-/nano-scale materials, such
as wires, membranes, platelets, efc., are retrieved (i.e., picked up)
from a growth (donor) substrate via an elastomeric stamp, and
then printed onto a different (receiver) substrate.’*¢ This tech-
nique can be valuable for the construction of unusual test struc-
tures for a variety of basic scientific studies, and also for advanced
engineering development of systems such as stretchable/flexible
semiconductor devices for structural health monitoring,'” image
sensors,'®?! flexible display,?*>* deformable circuits,>-?¢ flexible
inorganic solar cells*” and LEDs.?® Here, transfer printing enables
integration of high-performance inorganic semiconductor mate-
rials, in ultrathin geometries, with substrates of interest, such as
sheets of plastic or slabs or rubber. The resulting components are
of particular value in biomedical devices such as smart surgical
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gloves,? in biomimetic, curvilinear electronics,* bio-dissolvable
electronics,*' monitors for cardiac electrophysiology** and abla-
tion therapy,® foldable electrode arrays for mapping brain
activity,** waterproof optoelectronics for diagnostics,*® and
epidermal electronics for health/wellness evaluation and brain—
machine interfaces.?¢

There exist several different approaches for transfer printing.

(1) Kinetically controlled transfer printing:**7*13 the inks are
retrieved at rapid peel rates and then printed at slow rates onto
a receiver substrate by a viscoelastic stamp to take advantage of
its high and low adhesion strengths at the large and small peeling
rates, respectively.

(2) Surface-relief-assisted transfer printing:®'®'S stamps with
suitable surface relief structures (e.g., microtips at the corners)
enable pressure controlled switching between large and small
surface area contacts with stamps during retrieval and print,
respectively.

(3) Load-enhanced transfer  printing: different
mechanical loading protocols facilitate large and small adhesion
forces during retrieval and printing, respectively.

(4) Laser-driven non-contact transfer printing:*® a laser pulse
initiates separation at the adhesive surface due to large thermal
mismatch between the stamp and ink. As illustrated in Fig. 1, the
process starts with the retrieval of inks from a donor substrate
(Fig. 1a and b) with an elastomer (e.g., PDMS). The “inked”
stamp is then brought close (a few micrometers) to the receiving
substrate (Fig. 1¢). A pulsed laser beam, focusing on the stamp—
ink interface, causes the active ejection of the inks from the stamp
such that they land on the receiving substrate (Fig. 1d).

Fig. 2 shows a schematic of the experimental setup.’® Radia-
tion from an electronically pulsed 30 W 805 nm laser diode is

5,6,11,12,14
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Fig. 1 Schematic illustration of the laser transfer printing process: (a)
the PDMS stamp is aligned with a donor substrate to retrieve the ink,
illustrated here as a micro-device; (b) the micro-device is lifted onto the
surface of the stamp; (c) the stamp is aligned to a receiving substrate and
a laser pulse is used to deliver heat to the interface between the micro-
device and the stamp; and (d) the micro-device is transferred to the
receiving substrate and the stamp is withdrawn for the next printing cycle.

routed through a 250 pm core optical fiber, then collimated and
focused to a 400 um spot at the stamp-ink interface. To obtain
the delamination time and the corresponding laser power, the
laser pulse duration is set to values of 1, 2, 3 and 4 ms. For each
setting, the laser power gradually increases until delamination is
achieved. The receiving substrate is then replaced with a photo-
diode power meter (Thorlabs PM100D). For the same settings of
pulse duration and laser power, the energy absorbed by the chip
(or the power input to the ink—stamp system) is calculated from
measurements of the power at the power meter with and without
the ink on the stamp.

A thermo-mechanical model is developed in this paper to
identify the mechanisms of laser-driven non-contact transfer
printing. It is shown that the mismatch between the thermo-
mechanical properties of the stamp and micro-device causes their
interfacial delamination. A scaling law is established to identify
two non-dimensional combinations of material and geometry
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Fig. 2 Laser energy incident on the ink is measured by the difference in
energy arriving at a calibrated photodiode with and without the ink
present on the stamp.

parameters that control laser-driven non-contact transfer
printing. The finite element method (FEM) is used to validate the
simple scaling law, which is useful to the optimal design of
a stamp for transfer printing.

2. Heat conduction

A heat conduction model is established for the laser-driven non-
contact transfer printing illustrated in Fig. lc. For the ink, or
micro-device, we consider a silicon chip with width Lgicon and
thickness /gjicon attached to a PDMS stamp that is much larger
than the silicon chip and is modeled as a semi-infinite solid. The
total heat flux to the stamp-silicon interface from the pulsed laser
beam is denoted by gioa. For simplicity, the analysis is two
dimensional. The origin of the coordinate system (x,z) is at the
center of the stamp-silicon interface, with x along the interface
and z pointing into the stamp.
The transient heat conduction equation in the stamp is:*’

azﬁpnms + 620PDMS _ ¢PDMsPppMS d0ppms -0
(?xz (922 APDMS at

Q)

where fOppyms is the temperature increase from the ambient
temperature, ¢ is time, cppums, Pppms and Appvs are the specific
heat, mass density and thermal conductivity of PDMS, respec-
tively. The initial condition is

fppmsli—o = 0. (@)

FEM shows that the natural convection on the stamp surface
(outside the stamp-silicon interface) is negligible; the insulation
boundary condition then gives

q(t) for |X| = Lsilicon/2
0 |0 for |x| > Liicon/2

ht aePDMS
—/APDMS Jz

; (©)

where ¢(¢) is the heat flux into the stamp.

The temperature increase (from the ambient temperature) in the
silicon chip fgj;con 1s nearly uniform because the thermal conduc-
tivity of silicon Agjicon (160 W m~' K=" is three orders of
magnitude larger than Appyms (0.15 W m~! K13 Its rate of
increaseis related to the heat flux into the silicon chip g1 — ¢(2) by

Jtotal — q(l)

dasilicon _ (4)

)
dl Csiliconpsﬂiconhsilicon

where cgicon and psiticon are the specific heat and mass density of
silicon, respectively. Continuity of temperature across the
stamp-silicon interface requires

0si1ic0n = 0PDMS|Z:0 for |X| = Lsilicon/2~ (5)

An approximate solution of ¢(#) is obtained in the Appendix as

4(0) = o {1 ~ exp (i) erfec (\/%)} , ©)

where erfc is the complementary error function,*® and

h
_ silicon

o= 2 @)
CPDMSPPDMSAPDMS

2 2
Csilicon PSilicon

represents the characteristic time in laser-driven non-contact
transfer printing.
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The Fourier transform of eqn (1) with respect to x gives
a partial differential equation with respect to z and ¢. The Fourier
cosine transform with respect to z, together with the boundary
condition (3) and ¢(#) in eqn (6), gives an ordinary differential
equation with respect to ¢. Its solution, satisfying the initial
condition in eqn (2), is obtained analytically. The inverse Fourier
transform and inverse Fourier cosine transform give the
temperature increase in the stamp as

Csilicon psiliconhsilicon qtotal

CPDMSPpDMSAPDMS Zﬁ

Oppms (X, z,t) =

1 - exp(l/ — r)erfc Vi —1 _Z/Z(L/silicon)z
! eXp ) X
NG 4t
J dt  (8)
0

orf 2X' +1 orf 2x -1
4\/% silicon 4\/% silicon

where X' = X/Lgjicon and z’ = z/Lgjicon are the normalized coor-
dinates, ' = t/ty is the normalized time, and

/ _ cppMsPppMs Lsilicon 9
siieon Csilicon Psiliconsilicon ©)
is the normalized width of the silicon chip, and erf is the error
function.*®

The finite element method is used to obtain the temperature
distributions in the stamp and silicon chip. The latter has a length
of 100 um and a thickness of 3 pum, and is modeled as a heat
source with the total heat flux g, The length and thickness of
the PDMS are 1000 um and 300 um, which yield the same result
as that for an infinite PDMS. The continuum element CPESRT
for coupled thermal-mechanical analysis in the ABAQUS
package is used.*!

Eqn (8) suggests that the temperature increase, normalized by
CsiliconPsiliconIsiliconGtotal/ (CPDMsPPDMsAPDMS),  depends on  the
normalized position (x’ and Z/) and time (7), and a
single combination of stamp and silicon chip properties
Llsilicon = CPDMSpPDMSLsilicon/(csiliconpsiliconhsilicon)- As shown
in Fig. 3, the temperature increase in eqn (8), normalized
versus x' =

FEM for

by  CsiliconPsilicon/lsiliconqtotal (CPDMSPPDMSAPDMS)s
X/Lgiicon agrees well with that obtained by

3.0 T T T T

, = Analytical ]
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Fig. 3 The distribution of increase in normalized temperature of the
stamp.

z' = z/Lgjicon = 0, 0.1 and 0.2, and the normalized time ¢ =
8.90 and L' gjj;con = 29.0, which corresponds to ¢gjicon = 708 T kg™!
K™, psiticon = 2.30 x 103 kg m™3,*® cppys = 1.46 kJ kg™ K7,
ppoms = 970 kg m > Ljicon = 100 pm and /gjicon = 3 pm in the
experiment.'¢

The temperature increase in the silicon chip can be obtained
from the continuity at the stamp-silicon interface as

0 _ Csiliconpsilicohhsilicon Gtotal
silicon (l ) - B ]
CPDMSPPDMS/APDMS \/ELsilicon

¢

X ”1 —exp(l — r)erfcx/t—’t“r}

0
Ly, L, 2 ~(Lljieon)’
silicon o silicon <= 1— exp silicon dr. (10)
NN AN [ 4t

The normalized temperature increase in the silicon chip,
cppMSPPDMSAPDMSsiticon/ (CsiliconPsiliconsilicondiotal)> depends only
on the normalized time ¢ and a single combination of stamp
and silicon Chlp properties L,silicon = CPDMSpPDMSLsilicon/
(Csiliconpsiliconhsilicon)~ This is shown in Flg 4 for L/silicon = 2905
which agrees well with the results obtained by FEM.

3. Delamination of the stamp-silicon interface

For plane-strain analysis, the temperature increase in Section 2
yields the in-plane thermal strain (I + vppms)appmsfdppms =
3appmsfppms/2, which drives delamination of the stamp-silicon
interface, where vppms (0.5) is the Poisson’s ratio of PDMS,
appms(3.1 x 107* K~1)* is the coefficient of thermal expansion
(CTE) of PDMS and is two orders of magnitude larger than the
CTE of silicon (2.6 x 107¢ K'),** such that the latter is
negligible.

Suo*® obtained the complex stress intensity factor for an
interfacial crack tip between two dissimilar materials subjected to
a uniform transformation strain within a circular region of radius
R. For the interfacial crack tip at (x(,0) and the circular region in
PDMS with the center at (x,z) (z > 0), the complex stress intensity

. . \—3/2
factor is K* = 7mR*\/2/muppms (el + L) (x — xo — iz) 2,
o L) L] L] L] L]
8 bk Analytical
< = ——FEM
42 [ . =20
al = - =
. 10 ‘silicon N o
|
Q‘E £ 8 4
gl .3
S ©
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o e

2
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Fig. 4 The normalized temperature increase in the silicon chip.
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where i is the imaginary unit, ¢%, and &I, are the transformation
strains, the shear modulus of PDMS wuppms is five orders of
magnitude smaller than that of silicon, and PDMS is nearly
incompressible. This gives the stress intensity factor

2/t uppms (€ W—i—s,,)(x xo —iz) % for a point dilatation.
For thermal strains ¢, = ¢ = 3appmsfppms/2, the stress
intensity factor for the crack tip (— Lgjjicon/2,0) is

© o

= 3\/7/’LPDMSOZPDMS J J Oppms (X, 2, 1)

z=0 x=—

(X + Lsilicon _

-3)2
5 iz) dxdz. (11)

Substitution of eqn (8) into the above expression gives
The interfacial crack tip energy release rate®® G = |K[/
(Buppms) is given by

normalized width of the silicon chip Lgjicon/Lo. Fig. 5 shows the
Scaling law in eqn (15), tdelaminalion/lo versus QlolaI/QOa for Lsilicon/LO
=3, 5,10, and 29.0. The laser pulse time of 1, 2, 3 and 4 ms in the
experiment correspond to absorbed laser power by the ink (100
x 100 x 3 pm polished SCS squares) 0.0672, 0.0403, 0.0269 and
0.0222 W, respectively, which give the total heat flux 6.72 x 10°,
4.03 x 10° 2.69 x 10° and 2.22 x 10° W m~2.1¢ The results from
experiments and FEM, shown in Fig. 5 for Lgjicon/Lo = 29.0,
agree very well with the analytical model.

5. Discussions and concluding remarks

Laser-driven non-contact transfer printing avoids direct contact
between the silicon chip (ink) and receiver substrate, and initiates
delamination of the stamp-ink interface by the laser pulse. This is
because the stamp and silicon chip have a large mismatch in
thermal properties (specific heat, thermal conductivity, and

CYE o < 2
K = 6:uPDMSaPDMS glllcon lal eXp t — T)erfc r—1— 1 exp _7]2 (L,si]icon) dn
APDMs 4z

(28 —1)7+1
167

XJ(

—

-1 /2exp [

2
(LilllCDn) :| sin h |: 58 (Lilllcon) :| d‘g

’ (12)

2
G=9 OpPDMS Csilicon Psiliconsilicon
= JMppMS
p TCCPDMS PPDMS

©

X 0

X T (- in)_l/zexp{

e 167
The energy release rate, normalized by uppms(@ppms/

APDMS)z[Csiliconpsiliconhsilicon/(wCPDMS,DPDMS)]3q%olala depends OIlly
on the normalized time, #/t, and normalized width of the silicon
chip, L

!
silicon-

4. Scaling law for the laser pulse time for
delamination

The stamp-silicon interface delaminates when the crack tip
energy release rate in eqn (13) reaches the work of adhesion v of
the interface (e.g., 0.15 J m 2 for stamp-silicon interface)'®,

G=1r. (14)

Its substitution into eqn (13) gives a scaling law for the critical
time gejamination Of Stamp-silicon interfacial delamination,

T delamination Gtotal Lsmcon
e _ p(f, Loten) (1)
fo g0 Lo

where ¢, is given in eqn (7), and

3
_ ApDMs Y ( CPDMSPPDMS ) I Csilicon Psiliconsilicon
= Ly =——"—"".
appMs || MppMs \CsiliconPsiticon lsilicon CPDMSPPDMS

(16)

The normalized delamination time #gejamination/fo depends only
on two parameters: the normalized total heat flux g,1/qo and the

2
"exp(f — t)erfeV/t — 1 — 1 1" (Lijicon ’
P ) - dr [ exp [(1) dn (13)

(26 - 1)*+

3
) qlotal (L/SIIICOII )

47

26 —1
L;ilicon)2:| sin h |:g87(L;ilicon)2:| dé
T

coefficient of thermal expansion) such that the temperature rise
due to laser pulse gives a large thermal stress, which drives
interfacial delamination.

Laser-driven non-contact transfer printing involves 8 proper-
ties of the stamp, silicon chip and their interface: the specific heat
CPDMS and Csilicon, 1MASS deHSity PPDMS and Psilicons thermal
conductivity Appms, coefficient of thermal expansion appys,
shear modulus uppvms, and work of adhesion vy of the interface. It

N
=}
1<}

e Analytical
—FEM
B Experiment

@
=]
T

tdelamination / Z‘0

100 =

50 =

Lyjicon /Lo =29.0

0.00 0.05 0.10 0.15 0.20

qtotal / qO

Fig. 5 The scaling law for delamination of the stamp-silicon interface.
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also depends on the thickness /gjj;con and width Lgycon of the
silicon chip, and the total heat flux to the stamp-silicon interface
Giota1 from the pulsed laser beam. The scaling law in eqn (15)
shows that the critical laser pulse time ?Zgejamination fOr stamp—
silicon interfacial delamination depends only on the total heat
flux giorar and width Lgyicon of the silicon chip. All 8 properties
and thickness of the silicon chip only appear to normalize
tdelaminations Jrotal aNd Lgjlicon. This scaling law has been verified by
experiments and FEM, and gives a critical laser pulse time for the
laser-driven non-contact transfer printing.

It should be pointed out that, for a very small silicon chip
Lgjicon < Lo, the scaling law in eqn (15) can be obtained
analytically as

T delamination

! delamination

1 Lo
to 1— exp( delamination _ ‘L') erfc ;
0 0

t
374

0 a7

ApDMs Y CPDMSPPDMS
QAppMs MppMms Csilicon Psili hsilicon
x dr = 3.071 S silicon .
qtotalLsilicon

For a representative total heat flux 6.72 x 10° W m~2, the
delamination time is Zgeamination = 4.51's, 71.3 s and 4.44 x 10*s
for the silicon chip width Lgjcon = 1 pm, 500 nm and 100 nm,
respectively, which are much larger than the laser pulse time (~1
ms) such that, at small silicon chip widths, the stamp-silicon
interface may not delaminate during the laser pulse time.

Appendix. Heat flux into the stamp

An approximate heat conduction model

0°0ppms _ cppMsPPDMS 90PDMS
922 APDMS Jt
heat flux into the stamp ¢(¢z). The Fourier cosine transform

=0 is adopted to estimate the

OppMS = [ Oppms(z)cos(Bz)dz, together with the boundary
0
condition in eqn (3), give

; a0 . ‘
¢pDMSPppMms 9VPDMS +520PDMS _ 6]( ) ' (A1)
APDMS at APDMS

Its solution, satisfying the initial condition in eqn (2), is
t

~ 1
frpms (B, 1) = ———— in(f)exp -
CPDMSPPDMS 5

APDMSBZ

_POMSE (;— 1) |dr.
CPDMSPPDMS

(A2)

cosine transform then
1 J’ q(x)
\/TeppMsPpDMs APDMS Jo VI — T
equals fgjicon from the continuity condition in eqn (5). Its
substitution into the integral form of eqn (4) yields

The inverse Fourier gives

Oppms(z = 0) = dr, which also

t

! J (@) 4.

\/WCPDMSPPDMSAPDMS 0 Vi—1

t

1 A

=———— | Grotat? — J q(t)dr|. (A3)
0

Csilicon Psilicon hsilicon

The above equation is solved by the Laplace transform, which
gives eqn (6).
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