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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, etc., are retrieved (i.e., picked up)

from a growth (donor) substrate via an elastomeric stamp, and

then printed onto a different (receiver) substrate.1–16 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,17 image

sensors,18–21 flexible display,22–24 deformable circuits,25,26 flexible

inorganic solar cells27 and LEDs.28Here, 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,29 in biomimetic, curvilinear electronics,30 bio-dissolvable

electronics,31 monitors for cardiac electrophysiology32 and abla-

tion therapy,33 foldable electrode arrays for mapping brain

activity,34 waterproof optoelectronics for diagnostics,35 and

epidermal electronics for health/wellness evaluation and brain–

machine interfaces.36

There exist several different approaches for transfer printing.

(1) Kinetically controlled transfer printing:1–4,7,9,13 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:8,10,15 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:5,6,11,12,14 different

mechanical loading protocols facilitate large and small adhesion

forces during retrieval and printing, respectively.

(4) Laser-driven non-contact transfer printing:16 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. 1c). 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.16 Radia-

tion from an electronically pulsed 30 W 805 nm laser diode is
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http://dx.doi.org/10.1039/c2sm25339a
http://dx.doi.org/10.1039/c2sm25339a
http://dx.doi.org/10.1039/c2sm25339a
http://dx.doi.org/10.1039/c2sm25339a
http://dx.doi.org/10.1039/c2sm25339a


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 mm core optical fiber, then collimated and

focused to a 400 mm 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
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.

This journal is ª The Royal Society of Chemistry 2012
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. 1c. For the ink, or

micro-device, we consider a silicon chip with width Lsilicon and

thickness hsilicon 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 qtotal. 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:37

v2qPDMS

vx2
þ v2qPDMS

vz2
� cPDMSrPDMS

lPDMS

vqPDMS

vt
¼ 0 (1)

where qPDMS is the temperature increase from the ambient

temperature, t is time, cPDMS, rPDMS and lPDMS are the specific

heat, mass density and thermal conductivity of PDMS, respec-

tively. The initial condition is

qPDMS|t¼0 ¼ 0. (2)

FEM shows that the natural convection on the stamp surface

(outside the stamp–silicon interface) is negligible; the insulation

boundary condition then gives

�lPDMS

vqPDMS

vz

����
z¼0

¼
(
qðtÞ for jxj#Lsilicon=2

0 for jxj.Lsilicon=2
; (3)

where q(t) is the heat flux into the stamp.

The temperature increase (from the ambient temperature) in the

silicon chip qsilicon is nearly uniform because the thermal conduc-

tivity of silicon lsilicon (160 W m�1 K�1)38 is three orders of

magnitude larger than lPDMS (0.15 W m�1 K�1).39 Its rate of

increase is related to theheat flux into the siliconchipqtotal� q(t) by

dqsilicon

dt
¼ qtotal � qðtÞ

csiliconrsiliconhsilicon
; (4)

where csilicon and rsilicon are the specific heat and mass density of

silicon, respectively. Continuity of temperature across the

stamp–silicon interface requires

qsilicon ¼ qPDMS|z¼0 for |x| # Lsilicon/2. (5)

An approximate solution of q(t) is obtained in the Appendix as

qðtÞ ¼ qtotal

�
1� exp

�
t

t0

�
erfc

� ffiffiffiffi
t

t0

r ��
; (6)

where erfc is the complementary error function,40 and

t0 ¼ c2siliconr
2
siliconh

2
silicon

cPDMSrPDMSlPDMS

(7)

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 t. The Fourier

cosine transform with respect to z, together with the boundary

condition (3) and q(t) in eqn (6), gives an ordinary differential

equation with respect to t. 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

qPDMSðx; z; tÞ ¼ csiliconrsiliconhsilicon

cPDMSrPDMSlPDMS

qtotal

2
ffiffiffiffi
p

p

ðt0
0

1� expðt0 � sÞerfc ffiffiffiffiffiffiffiffiffiffiffi
t0 � s

pffiffiffi
s

p exp

"
�z02ðL0

siliconÞ2
4s

#
�

�
erf

�
2x0 þ 1

4
ffiffiffi
s

p L0
silicon

�
� erf

�
2x0 � 1

4
ffiffiffi
s

p L0
silicon

��
8>>>><
>>>>:

9>>>>=
>>>>;
ds (8)

where x0 ¼ x/Lsilicon and z0 ¼ z/Lsilicon are the normalized coor-

dinates, t0 ¼ t/t0 is the normalized time, and

L0
silicon ¼

cPDMSrPDMSLsilicon

csiliconrsiliconhsilicon
(9)

is the normalized width of the silicon chip, and erf is the error

function.40

The finite element method is used to obtain the temperature

distributions in the stamp and silicon chip. The latter has a length

of 100 mm and a thickness of 3 mm, and is modeled as a heat

source with the total heat flux qtotal. The length and thickness of

the PDMS are 1000 mm and 300 mm, which yield the same result

as that for an infinite PDMS. The continuum element CPE8RT

for coupled thermal–mechanical analysis in the ABAQUS

package is used.41

Eqn (8) suggests that the temperature increase, normalized by

csiliconrsiliconhsiliconqtotal/(cPDMSrPDMSlPDMS), depends on the

normalized position (x0 and z0) and time (t0), and a

single combination of stamp and silicon chip properties

L0
silicon ¼ cPDMSrPDMSLsilicon/(csiliconrsiliconhsilicon). As shown

in Fig. 3, the temperature increase in eqn (8), normalized

by csiliconrsiliconhsiliconqtotal/(cPDMSrPDMSlPDMS), versus x0 ¼
x/Lsilicon agrees well with that obtained by FEM for
Fig. 3 The distribution of increase in normalized temperature of the

stamp.
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z0 ¼ z/Lsilicon ¼ 0, 0.1 and 0.2, and the normalized time t0 ¼
8.90 and L0

silicon¼ 29.0, which corresponds to csilicon¼ 708 J kg�1

K�1, rsilicon ¼ 2.30 � 103 kg m�3,38 cPDMS ¼ 1.46 kJ kg�1 K�1,

rPDMS ¼ 970 kg m�3,39 Lsilicon ¼ 100 mm and hsilicon ¼ 3 mm in the

experiment.16

The temperature increase in the silicon chip can be obtained

from the continuity at the stamp–silicon interface as

qsiliconðtÞ ¼ csiliconrsiliconhsilicon

cPDMSrPDMSlPDMS

qtotalffiffiffiffi
p

p
L0

silicon

�
ðt0
0

h
1� expðt0 � sÞerfc

ffiffiffiffiffiffiffiffiffiffiffi
t0 � s

p i

(
L0

siliconffiffiffi
s

p erf
L0

silicon

2
ffiffiffi
s

p � 2ffiffiffi
p

p
"
1� exp

�ðL0
siliconÞ2
4s

#)
ds: (10)

The normalized temperature increase in the silicon chip,

cPDMSrPDMSlPDMSqsilicon/(csiliconrsiliconhsiliconqtotal), depends only

on the normalized time t0 and a single combination of stamp

and silicon chip properties L0
silicon ¼ cPDMSrPDMSLsilicon/

(csiliconrsiliconhsilicon). This is shown in Fig. 4 for L0
silicon ¼ 29.0,

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 (1 + nPDMS)aPDMSqPDMS ¼
3aPDMSqPDMS/2, which drives delamination of the stamp–silicon

interface, where nPDMS (0.5) is the Poisson’s ratio of PDMS,

aPDMS(3.1 � 10�4 K�1)39 is the coefficient of thermal expansion

(CTE) of PDMS and is two orders of magnitude larger than the

CTE of silicon (2.6 � 10�6 K�1),42 such that the latter is

negligible.

Suo43 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 (x0,0) and the circular region in

PDMSwith the center at (x,z) (z > 0), the complex stress intensity

factor is K* ¼ pR2
ffiffiffiffiffiffiffiffiffi
2=p

p
mPDMSð3Txx þ 3TzzÞðx� x0 � izÞ�3=2

,

Fig. 4 The normalized temperature increase in the silicon chip.
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where i is the imaginary unit, 3Txx and 3Tzz are the transformation

strains, the shear modulus of PDMS mPDMS is five orders of

magnitude smaller than that of silicon, and PDMS is nearly

incompressible. This gives the stress intensity factorffiffiffiffiffiffiffiffiffi
2=p

p
mPDMSð3Txx þ 3TzzÞðx� x0 � izÞ�3=2

for a point dilatation.

For thermal strains 3Txx ¼ 3Tzz ¼ 3aPDMSqPDMS/2, the stress

intensity factor for the crack tip (�Lsilicon/2,0) is

K ¼ 3

ffiffiffiffi
2

p

r
mPDMSaPDMS

ðN
z¼0

ðN
x¼�N

qPDMSðx; z; tÞ

�
xþ Lsilicon

2
� iz

��3=2

dxdz: (11)

Substitution of eqn (8) into the above expression gives

The interfacial crack tip energy release rate43 G ¼ |K|2/

(8mPDMS) is given by
K ¼ 6mPDMSaPDMS

lPDMS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2L3

silicon

p3

r
qtotal

ðt0
0

expðt0 � sÞerfc ffiffiffiffiffiffiffiffiffiffiffi
t0 � s

p � 1

s
ds

ðN
0

exp

"
�h2ðL0

siliconÞ2
4s

#
dh

�
ðN

�N

ðx� ihÞ�1=2
exp

"
� ð2x� 1Þ2þ1

16s
ðL0

siliconÞ2
#
sin h

�
2x� 1

8s
ðL0

siliconÞ2
�
dx:

(12)

G ¼ 9mPDMS

�
aPDMS

lPDMS

�2�
csiliconrsiliconhsilicon

pcPDMSrPDMS

�3

q2totalðL0
siliconÞ3

�

����������

Ðt0
0

expðt0 � sÞerfc ffiffiffiffiffiffiffiffiffiffiffi
t0 � s

p � 1

s
ds

ðN
0

exp

"
�h2ðL0

siliconÞ2
4s

#
dh

� ÐN
�N

ðx� ihÞ�1=2
exp

"
� ð2x� 1Þ2þ1

16s
ðL0

siliconÞ2
#
sin h

�
2x� 1

8s
ðL0

siliconÞ2
�
dx

����������

2

:

(13)
The energy release rate, normalized by mPDMS(aPDMS/

lPDMS)
2[csiliconrsiliconhsilicon/(pcPDMSrPDMS)]

3q2total, depends only

on the normalized time, t/t0, and normalized width of the silicon

chip, L0
silicon.
Fig. 5 The scaling law for delamination of the stamp–silicon interface.
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 g of

the interface (e.g., 0.15 J m�2 for stamp–silicon interface)16,

G ¼ g. (14)

Its substitution into eqn (13) gives a scaling law for the critical

time tdelamination of stamp–silicon interfacial delamination,

tdelamination

t0
¼ f

�
qtotal

q0
;
Lsilicon

L0

�
; (15)

where t0 is given in eqn (7), and

q0 ¼ lPDMS

aPDMS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

mPDMS

�
cPDMSrPDMS

csiliconrsiliconhsilicon

�3
s

;L0 ¼ csiliconrsiliconhsilicon

cPDMSrPDMS

:

(16)

The normalized delamination time tdelamination/t0 depends only

on two parameters: the normalized total heat flux qtotal/q0 and the
This journal is ª The Royal Society of Chemistry 2012
normalized width of the silicon chip Lsilicon/L0. Fig. 5 shows the

scaling law in eqn (15), tdelamination/t0 versus qtotal/q0, for Lsilicon/L0

¼ 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

� 100 � 3 mm polished SCS squares) 0.0672, 0.0403, 0.0269 and

0.0222 W, respectively, which give the total heat flux 6.72 � 106,

4.03 � 106, 2.69 � 106 and 2.22 � 106 W m�2.16 The results from

experiments and FEM, shown in Fig. 5 for Lsilicon/L0 ¼ 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
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, mass density rPDMS and rsilicon, thermal

conductivity lPDMS, coefficient of thermal expansion aPDMS,

shear modulus mPDMS, and work of adhesion g of the interface. It
Soft Matter, 2012, 8, 3122–3127 | 3125



also depends on the thickness hsilicon and width Lsilicon of the

silicon chip, and the total heat flux to the stamp–silicon interface

qtotal from the pulsed laser beam. The scaling law in eqn (15)

shows that the critical laser pulse time tdelamination for stamp–

silicon interfacial delamination depends only on the total heat

flux qtotal and width Lsilicon of the silicon chip. All 8 properties

and thickness of the silicon chip only appear to normalize

tdelamination, qtotal and Lsilicon. 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

Lsilicon � L0, the scaling law in eqn (15) can be obtained

analytically as

ð
tdelamination

t0

0

1� exp

�
tdelamination

t0
� s

�
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tdelamination

t0
� s

r
s3=4

� ds ¼ 3:071

lPDMS

aPDMS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

mPDMS

cPDMSrPDMS

csiliconrsiliconhsilicon

r
qtotalLsilicon

:

(17)

For a representative total heat flux 6.72 � 106 W m�2, the

delamination time is tdelamination ¼ 4.51 s, 71.3 s and 4.44 � 104 s

for the silicon chip width Lsilicon ¼ 1 mm, 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

v2qPDMS

vz2
� cPDMSrPDMS

lPDMS

vqPDMS

vt
¼ 0 is adopted to estimate the

heat flux into the stamp q(t). The Fourier cosine transform

~qPDMS ¼ ÐN
0

qPDMSðzÞcosðbzÞdz, together with the boundary

condition in eqn (3), give

cPDMSrPDMS

lPDMS

v~qPDMS

vt
þ b2~qPDMS ¼ qðtÞ

lPDMS

: (A1)

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

~qPDMSðb; tÞ ¼ 1

cPDMSrPDMS

ðt
0

qðsÞexp
�
� lPDMSb

2

cPDMSrPDMS

ðt� sÞ
�
ds:

(A2)

The inverse Fourier cosine transform then gives

qPDMSðz ¼ 0Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pcPDMSrPDMSlPDMS

p ðt
0

qðsÞffiffiffiffiffiffiffiffiffiffi
t� s

p ds, which also

equals qsilicon from the continuity condition in eqn (5). Its

substitution into the integral form of eqn (4) yields

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pcPDMSrPDMSlPDMS

p ðt
0

qðsÞffiffiffiffiffiffiffiffiffiffi
t� s

p ds

¼ 1

csiliconrsiliconhsilicon

2
4qtotalt�

ðt
0

qðsÞds
3
5: (A3)
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The above equation is solved by the Laplace transform, which

gives eqn (6).
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