
Abstract. The ejection of ultradispersed diamond from a
metallised target surface irradiated by nano- and subnano-
second laser pulses is experimentally investigated. Several
targets with different transparent bases (quartz, polymethyl-
methacrylate) and absorbing metal coatings (titanium,
aluminium) are investigated. The effect of the metal layer
thickness and pulse width on the range of energy densities in
which the ejection of diamond nanopowder is due to the
transverse strain of metal layer is analysed. The heating of
the target rear surface from which transfer occurs, in
dependence of the target and laser pulse parameters, is
estimated.
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1. Introduction

Currently, laser-induced forward transfer (LIFT) is the
most promising alternative to such recognised techniques
for forming thin-layer surface microstructures as contact
and jet microprinting. Laser transfer combines êexibility,
high spatial resolution, and universality; i.e., it can be
applied to many urgent nano- and biomaterials. During the
last ten years, numerous studies have convincingly dem-
onstrated a very wide range of applications of this method:
from formation of various elements for microelectronics
devices based on metal and multicomponent nanopowders
[1 ë 4] and polymers [5, 6] to design of biosensors; biochips;
and complex structures based on proteins [7, 8], DNA
[9, 10], and living cells [7, 8, 11].

Various versions of buffer layers are widely used to
reduce the thermal and radiative effect of laser radiation on
the material transferred. Possible types of buffer are a thin
metal [12, 13] or polymer [3, 5] élm located between the
transferred material and thick transparent base, as well as a
liquid matrix [1, 4, 7, 8], in which the transferred material is
uniformly distributed. The target is irradiated from the side

of the base, and the main material is ejected from its surface
as a result of complete or partial evaporation of the buffer,
which is also transferred to the substrate. However, the
buffer layer can be used in another way. The parameters of
the metal [14, 15] or polymer [16] élm, as well as the
irradiation conditions, can be chosen so as to make the
élm remain on the target but undergo short-term local
blistering under laser irradiation to provide ejection of the
main material from the target.

Important advantages of blistering laser transfer are its
absolute purity (i.e., it is only the main material that is
transferred), applicability for solid and liquid materials, and
effective isolation of the material transferred from heating
by laser pulses (using a suféciently thick buffer). In our
opinion, metal buffer layers have certain technological
advantages in comparison with polymer ones: existence
of developed techniques for deposing metal élms on large
areas, absence of special requirements for the radiation
wavelength, and more convenient control of the transfer
process.

In our érst experiments [14] blistering was initiated by
fairly short (50 ps) laser pulses; however, subsequent exper-
imental studies [15] showed that in principle longer
(nanosecond) pulses can also be used. This result is of
practical importance, because nanosecond laser systems are
widespread: from solid-state (IR and visible) lasers to
excimer (UV) laser systems, which provide a high spatial
resolution. Unfortunately, an evident consequence of apply-
ing longer laser pulses is deeper penetration of thermal wave
into the metal coating, as a result of which the material
transferred is more heated. This problem can be solved by
increasing the metal coating thickness. However, this
approach has a limitation: according to the existing exper-
imental data [15], an increase in the coating thickness is
accompanied by successive narrowing of the intensity range
where blistering can be implemented.

The purpose of this study was to analyse the possibilities
of controlling the liquid-free laser transfer in the blistering
regime by varying the target parameters. We experimentally
investigated the ejection of ultradispersed diamond (UDD)
from different targets under irradiation by nanosecond and
subnanosecond IR pulses. Targets differed by the materials
of substrate (quartz, polymer) and metal coating (titanium,
aluminium) and by the metal élm thickness. The range of
laser energy densities where blistering transfer could occur
was measured for each target and the degree of heating of
the target rear surface, which was in contact with the
material transferred, was estimated by numerical simulation.
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2. Experimental

The transparent bases of targets were polished plates of
fused silica and polymethylmethacrylate (PMMA), onto
which a thin titanium or aluminium élm was deposited by
vacuum evaporation. The thickness of the metal élm was
varied from 50 nm to 1.2 ë 1.7 mm. Deposition of titanium
élms thicker than 200 ë 300 nm on PMMA substrates met
serious diféculties because of the substrate superheating
and deformation. Thus, we performed a comparative study
of laser transfer for targets of three types: quartz/titanium,
quartz/aluminium, and PMMA/aluminium.

The ultradispersed diamond obtained by explosion was
placed in distilled water with a dissolved surfactant (sodium
dodecyl sulfate, 2.0 mg mLÿ1). To exclude formation of
large diamond particles (agglomerates), the suspension was
subjected to ultrasonic treatment with subsequent sedimen-
tation. Then it was distributed as a thin layer over the
metallised target surface, and, after the water evaporation, a
layer of diamond nanoparticles � 1 mm thick was formed on
the target surface. According to the atomic force microscopy
data, the particle diameter did not exceed 200 nm.

Laser pulses 500 ps and 7 ns wide were generated by a
tunable solid-state Nd :YAP laser (l � 1078 nm), operating
in the active mode locking and Q-switched regimes,
respectively. The maximum spread in energy from pulse
to pulse at a repetition rate of 5 Hz was �10%. Experi-
ments were performed in air at normal atmospheric
pressure. Laser radiation was focused through the trans-
parent base on the metal élm on the target surface into a
spot about 30 mm in diameter (at the level of 1/e). Each
target under study was irradiated with single pulses of
different energy, and the irradiated samples were inves-
tigated with an optical microscope.

The sizes of the region of diamond particle ejection and
the region where the metal layer was completely removed
were determined for the rear side of the irradiated target.
The incident energy density at the boundary of each region
was calculated based on the known size of the laser
radiation spot. A signiécant decrease in the `boundary'
energy density with an increase in the laser pulse energy was
observed in most cases. This effect is likely to be caused by
the generation of a surface acoustic wave (SAW), which
propagates from the centre of the laser spot to its periphery
and transfers an additional normal acceleration to the free
metal surface. As a result the powder can be ejected from the
target surface (or the metal layer can be removed) at a
relatively low local energy density at the periphery of the
laser spot. The size of the SAW-affected region increases
with an increase in the laser pulse energy and may
signiécantly exceed the irradiated spot size. For example,
in [17], where the laser-induced SAW was investigated
microparticles were removed from the target surface on
an area of � 1 cm2, while the laser spot diameter was about
15 mm. In our experiments the thresholds for nanoparticle
ejection and metal layer removal were found for each target;
they were determined as the limiting energy densities at the
boundary of the corresponding region at the region size
tending to zero. The thus found parameters characterise the
local laser effect.

Sometimes the microscopic study of the irradiated
targets from the side of the transparent base revealed bright
spots with a sharp contour at the base/metal interface. This
effect was interpreted as local peeling of the metal élm from

the substrate. Indeed, the total reêection coefécient of the
two newly formed interfaces [quartz/vacuum (R1) and
vacuum/metal (R2)] should exceed the reêection coefécient
of the initial metal/quartz interface (R3): R1 � R2 > R3. For
example, in the case of titanium coating these parameters
(for l � 540 nm) are R1 � 0:035, R2 � 0:495 and R3 �
0:382. The newly formed bright spot was retained with
an increase in the energy density up to complete removal of
metal from the target, which was generally preceded by
metal élm cracking and occurrence of a visible gap between
the metal and base. The minimum necessary energy density
was determined for each peeling case; to this end, the size of
the peeling region was measured for different pulse energies.

3. Simulation of target heating

In our experiments the characteristic size of irradiated
region greatly exceeded the thermal diffusion length during
the laser pulse in both the metal élm and transparent base.
Therefore, the dynamics of change in the target temperature
can be described by the one-dimensional heat-conduction
equation
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rC�T�
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K�T� qT

qz

�
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where T is temperature; and r, C(T), K(T) and a are,
respectively, the local density, speciéc heat, thermal
conductivity, and the optical absorption coefécient of the
metal. The spatial and temporal dependence of the laser
intensity in the metal layer was determined as

I�z; t� � I0�t��1ÿ R� exp�ÿaz�; (2)

where I0(t) is the time intensity proéle, approximated by the
Gaussian distribution; R is the sample reêection coefécient;
and z is the distance from the metal/substrate interface.

The temperature proéles were calculated by the énite-
difference method taking into account the temperature
dependences of the thermophysical properties [C(T ) and
K(T )] of the substrate and metal coating. The presence of
diamond powder on the target was disregarded; i.e., the heat
êux at the metal/diamond interface was assumed to be zero.
The melting and evaporation fronts were not explicitly
selected; however, the necessary expenditure of energy to
the phase transitions in the metal layer was taken into
consideration. The possibility of thermal decomposition of
quartz at T > 3070 K [18] or PMMA at T > 460ÿ 550 K
[19] was neglected in the calculations. The change in the
optical properties of metals upon heating and melting was
also disregarded.

The thermal and optical parameters of the target are
generalised in Table 1 [20 ë 24]. It was assumed that the
metal at the interface with the transparent base begins to
evaporate after reaching the boiling temperature and
absorption of necessary amount of heat (see Table 1). Based
on this assumption, we determined the threshold laser
energy density that causes metal evaporation.

4. Measurement results and discussion

The experimentally measured thresholds for diamond
nanopowder ejection and local removal of metal layer
for the quartz/titanium, quartz/aluminium, and PMMA/
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aluminium targets with metal layers of different thickness
are presented in Figs 1, 2, and 3, respectively, which show
the effect of 500-ps or 7-ns laser pulses. In addition, the
experimental data on the minimum energy density at which
local peeling of metal coating from the transparent base
occurs are given.

The threshold energy densities that initiate evaporation
of metal at the interface with the base (according to the
results of numerical simulation of the laser heating of target)
are also given for the quartz-base targets (Figs 1, 2). These
evaporation thresholds almost coincide with the metal
peeling thresholds in the cases where peeling was exper-
imentally observed. At the same time, for all the targets that
did not exhibit metal peeling (i.e., the corresponding bright
circles were absent), the calculated threshold for metal
evaporation exceeded the threshold for metal removal
from the target. This indicates that the metal layer is
removed before the evaporation onset; therefore, its local
peeling cannot be observed. Removal occurs without
evaporation due to the through melting of the metal layer,
as evidenced by the results of numerical simulation. The
good correspondence between the experimental and calcu-
lated data veriées the computational regimel used and
unambiguously establishes the nature of metal peeling.

The dependences of the thresholds of nanoparticle
ejection and metal layer fracture on the layer thickness
limit (from two sides) the range of parameters (metal
thickness and energy density) in which `pure' nanopowder
transfer in the blistering regime may occur. For the quartz-
base targets (see Figs 1, 2) the evaporation curve divides this
range into two parts. Below this curve the motion of the
metal surface, which provides diamond powder ejection, is
caused only by the laser-induced thermal expansion of the
target (mainly the metal élm). According to our estimate,
which is based on the results of numerical simulation of the
temperature proéle in the target and the data on the

Table 1.

Parameters of tar-
get components

Titanium Aluminium Quartz PMMA

Melting

temperature
�
K

1941 933

Boiling

temperature
�
K

3533 2793

Latent heat

of melting
�
J cmÿ3

1:46� 103 1:08� 103

Latent heat of

evaporation
�
J cmÿ3

4:20� 104 2:93� 104

Density
�
g cmÿ3 4.51 2.69 2.2 1.19

Thermal conduc-

tivity
�
W mÿ1 Kÿ1

14:26� 6:82� 10ÿ3T 231� 4:65� 10ÿ2Tÿ 7:64� 10ÿ5T 2

(T < 933K),

39:2� 7:34� 10ÿ2Tÿ 2:12� 10ÿ5T 2

�1:61� 10ÿ9T 3 (T > 933K)

8:22� 10ÿ14T 5 ÿ 7:54� 10ÿ10T 4

�2:6� 10ÿ6T 3 ÿ 4:26� 10ÿ3T 2

�3:57Tÿ 28:16

0.19

Speciéc

heat
�
J kgÿ1 Kÿ1

479� 0:18T 755:4� 0:477T (T < 933K),

1176.8 (T > 933K)

1:15� 7:57� 10ÿ4T 1:32� 103

Absorption

coefécient
�
cmÿ1

3:9� 105 1:2� 106

Reêectance 0.43 0.93
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Figure 1. Dependences of the threshold energy density on the metal layer
thickness for the quartz/titanium target irradiated with (a) 500-ps and (b)
7-ns pulses.
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coefécients of linear thermal expansion of titanium (a �
1:6� 10ÿ5 Kÿ1 at T < 1941 K and a � 3:9� 10ÿ5 Kÿ1 at
T > 1941 K [22]) and quartz (a � 5� 10ÿ7 Kÿ1 [25]) at a
laser energy density of 250 mJ cmÿ2 on the target, the
maximum increase in the thickness of 50-nm titanium layer
is 4.4 nm, whereas the quartz base expands by only 0.2 nm.
With an increase in the titanium layer thickness, the
absolute values of the thermal expansion of the metal
and quartz increase and decrease, respectively.

For thin metal layers thermal expansion is the only
mechanism responsible for the acceleration and ejection of
diamond powder. However, with an increase in the metal
layer thickness the eféciency of the thermal deformation
mechanism reduces, as evidenced by the gradual increase in
the ejection threshold. The excess of the ejection threshold
above the metal evaporation (peeling) threshold indicates
that blistering transfer becomes impossible without the
formation of a bubble élled with hot vapour at the base/
metal interface. Obviously, when considering the parameter
range above the evaporation curve, one must take into
account not only the thermal expansion of the metal layer
but also its motion as a whole, caused by the expanding
vapour.

The calculated metal evaporation curve is an important
reference, which allows one to estimate more exactly the
effect of experimental conditions on the ejection and metal
removal thresholds. For example, the increase in the pulse
width from 500 ps to 7 ns is accompanied by a signiécant
decrease in both thresholds with respect to the evaporation
curve, although the absolute thresholds change only slightly.

Apparently, the initial reason is the increase in the char-
acteristic propagation length of thermal wave during the
pulse. On the one hand, this causes deeper melting of the
metal layer and facilitates its removal, which becomes
possible at lower temperatures at the base/metal interface.
On the other hand, a thicker layer is subjected to thermal
expansion, which increases the ejection eféciency and
reduces the corresponding threshold energy density.
Replacement of titanium with aluminium also decreases
both thresholds with respect to the evaporation curve. At
the same time, the threshold magnitudes signiécantly
increase, mainly because of the large reêection coefécient
of aluminium (see Table 1).

In this case, we can suggest a complex effect, caused by
the change in the coating parameters. The decrease in the
metal removal threshold is facilitated by both the larger
thermal wave propagation length in aluminium due to its
higher thermal conductivity (KAl � 237 W mÿ1 Kÿ1 4 KTi

� 16 W mÿ1 Kÿ1 at T � 300 K) and its lower melting
temperature. The relative decrease in the ejection threshold
can be explained by the enhancement of the thermal
deformation, which is caused by heating the metal layer
to a larger depth because of the high thermal conductivity of
aluminium and its higher (in comparison with titanium)
thermal expansion coefécient.

Replacement of a quartz substrate with a polymer one
(Fig. 3) signiécantly affects all measured parameters. First
of all, the calculated temperatures of aluminium élm peeling
from PMMA turned out to be much lower than the
aluminium boiling temperature (2520 8C): for different
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Figure 2. Dependences of the threshold energy density on the metal layer
thickness for the quartz/aluminium target irradiated with (a) 500-ps and
(b) 7-ns pulses.
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targets under study they were in the ranges of 550 ë 750 8C
(irradiation by 500-ps pulses) and 400 ë 600 8C (7-ns pulses).
This fact indicates that the metal layer peeling is caused by
the thermal decomposition of the polymer substrate. It is
known that upon slow (furnace) heating, the thermal
decomposition of PMMA begins at 190 ë 280 8C (depending
on the production technology) and is completed at 350 ë
400 8C [19]. One might suggest that the higher temperature
threshold of thermal decomposition for forming a gas
interlayer at the PMMA/aluminium interface, which was
found in our calculations, is caused by the short time of laser
heating (at a limited decomposition rate). This is evidenced
by the aforementioned tendency of the calculated peeling
temperatures to increase with a decrease in the laser pulse
width from 7 to 500 ps. The second speciéc feature of the
targets with a polymer substrate is the coincidence of the
ejection threshold with the metal peeling threshold. This
means that in all cases the powder ejection from the target is
primarily due to the formation of a gas bubble.

Note that the ejection of microparticles from the target
surface, which is caused by the thermal expansion of target
surface layer under pulsed laser irradiation, was previously
investigated by many researchers in terms of the problem of
so-called dry laser cleaning (see, for example, [26, 27] and
references therein). However, the data obtained in these
studies cannot be directly compared with the results of our
experiments even when both dry laser cleaning and blister-
ing transfer are caused by the same thermal deformation
mechanism. The main reason is the radically different design
of the targets used for blistering transfer: in contrast to the
uniform targets subjected to laser cleaning, they consist of
two layers: a transparent base and an absorbing metal.
Hence, in this case the consideration must performed with
introduction of some new parameters that are important for
blistering transfer, including the metal layer thickness and
the removal threshold for this layer under laser irradiation.
A comparison of the parameters that are common for the
effects under consideration also suggests their qualitative
difference. For example, it was experimentally shown and
theoretically substantiated that the laser cleaning threshold
signiécantly increases with an increase in the pulse width
[26, 28]. However, in our experiments the thresholds of
particle ejection from the target (at a éxed thickness of metal
layer) were almost independent of the pulse width. Never-
theless, the approaches and methodology that were
developed to analyse laser cleaning appear to be promising
for studying the blistering transfer.

When comparing different target conégurations and
laser irradiation regimes from the point of view of maximum
reliability and reproducibility of blistering transfer, it is
expedient to use the concept of relative operating range of
energy densities DF, which is determined by the expression

DF � �Frem ÿ Feject ÿ dFrem ÿ dFeject�=Feject; (3)

where Frem is the threshold for metal layer removal; Feject is
the threshold for powder ejection from the target; and dFrem

and dFeject are the spreads in measuring the corresponding
thresholds. The dFrem and dFeject values are partly deter-
mined by the conventional error in measuring the
experimental parameters (pulse energy, size of ejection or
metal removal region); however, real êuctuations of ejection
and removal thresholds at different points of the target
make a larger contribution to these values. These êuctua-

tions can be caused by microdefects on the substrate or
élm, nonuniform powder distribution over the target
surface, etc. Note that the operating range can be negative
(hatched area in Fig. 4) if the total spread of removal and
ejection thresholds (dFrem � dFeject) exceeds the difference in
their average values (Frem ÿ Feject). In practice this means
that the inequality Feject < F < Frem (F is the current energy
density) cannot be reliably implemented for multiple
transfer at different points of the target. Moreover, in
view of inevitable êuctuations of the laser pulse energy
(�10% in our case), reliable pure transfer of the nano-
powder from different points of the target could be
implemented only at DF > 0:2. According to the data in
Fig. 4, the operating range for the targets with titanium
coating systematically decreased with an increase in the
coating thickness; thus, the condition DF > 0:2 was satiséed
for only targets with suféciently thin titanium élms. A
reverse tendency was observed for targets with aluminium
coating; correspondingly, targets with a thick metal layer
were of practical interest in this case. The operating range
for these targets somewhat expanded with an increase in the
pulse width.

An additional factor that must be taken into account
when choosing the optimal transfer conditions is the
possible heating of the material transferred. In the érst-
order approximation one can assume that the free metal
surface is accelerated until the maximum temperature is
reached at the substrate/metal interface, after which slowing
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down begins. Hence, the inertial powder ejection from the
target is expected to occur approximately at the end of the
laser pulse. The results of calculating the increase in the
temperature of the metal élm free surface, DT, at this instant
for all targets satisfying the condition DF > 0 are shown in
Fig. 5. As was suggested, the expected heating temperature
of transferred material varies in a wide range, decreasing
with an increase in the metal élm thickness.

The `safe' heating level of transferred material depends
on its nature. For diamond nanopowder, as for most other
inorganic materials, a short-term heating to 100 ë 300 8C
does not lead to any structural changes. For many organic
materials the safe level is much lower: from 1 to 10 8C.
Nevertheless, a comparison of Figs 4 and 5 allows one to
draw justiéed conclusions about the prospects of practical
application of targets of different types. In particular,
targets with titanium coating do not appear promising
for heat-sensitive materials, because heating with
DT < 100 8³ can be implemented only for targets with a
narrow operating range (DF < 0:2). Irradiation of targets
with aluminium coating by nanosecond pulses is also
undesirable, because for different substrates the heating
of the free metal surface is DT > 1000 8³ (quartz) or
DT > 300 8³ (PMMA). An increase in the coating thickness
to several micrometers cannot signiécantly improve the
situation, judging from the slope of the corresponding
curves in Fig. 5b. Shortening the laser pulse to 500 ps
sharply decreases the heating temperature for both types

of targets with aluminium coating. The PMMA/aluminium
target demonstrates the best characteristics. At a metal layer
thickness of 1.3 mm the relative operating range is DF � 0:7,
and the heating of the free metal surface does not exceed
1 8C. Moreover, proceeding from the tendencies observed,
one would expect further improvement of both parameters
with an increase in the coating thickness.

5. Conclusions

We demonstrated wide possibilities for controlling blister-
ing laser transfer by changing the target parameters
(substrate material, type of metal coating, and its thickness)
and the laser pulse width. The choice of the target
determines the relative operating range of energy densities
in which nanopowder undergoes blistering transfer, as well
as the mechanism of acceleration of the free metal surface
and the degree of heating of particles before their ejection.
Shortening of the laser pulse reduces its thermal effect on
the material transferred. The comparison of targets of three
types revealed the best combination of characteristics [i.e.,
maximum operating range (DF � 0:7) with minimum
heating of the material transferred (DT � 1 8³)] for the
PMMA/aluminium target irradiated with subnanosecond
(500 ps) pulses.
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