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ABSTRACT The laser ablation of a photosensitive triazene poly-

mer was investigated with a ns XeCl excimer laser over a broad
range of thicknesses (10–400 nm). We found that the ablation threshold fluence increased dramatically with decreasing
film thickness for films thinner than 50 nm. Ablation on substrates with different thermal properties (sapphire, fused silica,
PMMA) was investigated as well, and a clear influence of the
substrate material was obtained. A mathematical model combining thermal diffusion and absorption effects was used to
explain the experimental data. The model is in good agreement
with the experimental data and shows that heat diffusion into the
substrate plays a crucial role for the ablation process of very thin
films.
PACS 52.38.Mf; 44.05.+e;
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Introduction

Laser ablation finds a broad range of applications
because it allows us to create microstructures by dry etching,
deposit material from a target to a substrate, perform analysis of fragments and is also used for some special applications,
such as laser plasma thrusters [1, 2].
Material deposition by laser ablation is a useful tool
in the field of materials processing. The pulsed laser deposition (PLD) technique allows us to transfer and produce films of inorganic [3, 4] and organic materials [5–8].
Matrix-assisted pulsed laser evaporation (MAPLE) can be
applied to transfer small molecules from a frozen matrix to
a substrate [8, 9]. One of the most promising techniques to
transfer organic thin films is laser-induced forward transfer (LIFT), which allows us to deposit and pattern materials
in the same process [10–14]. It consists of the following
steps: a transparent substrate is coated with the material
that has to be transferred. This so-called donor substrate is
placed in front of a receiver plate and a laser pulse is applied through the donor. The coated material absorbs the
laser pulse and is ablatively ejected and deposited on the
receiver.
u Fax: +41 56 310 2688, E-mail: thomas.lippert@psi.ch

This method is appropriate for metal deposition but not
for sensitive materials, such as polymers, because these may
be damaged by the thermal load and photochemical reactions due to irradiation. A modification of the technique can
solve this problem. The principle is the application of a twolayer system: a sacrificial layer acting as an absorber and the
transfer material are successively coated on the donor substrate. Upon receiving the laser pulse, the sacrificial layer absorbs the energy, is decomposed into gaseous fragments and
provides the thrust for propelling the top layer onto the receiver [15]. Furthermore, the absorbing material protects the
top layer from the laser pulse and is specially designed to decompose at low fluences. Among various polymers, triazenebased polymers (TP) show the lowest ablation threshold at
308 nm and are therefore the most promising materials for this
application [16–18].
It has been shown that this sacrificial layer allows us to
transfer quantum dots [19], living cells embedded in a matrix [20] and even functional pixels of organic light-emitting
diodes [21].
The understanding of the ablation mechanism of the
sacrificial release layer is thus of primary importance to
optimize the transfer process. Laser ablation has been extensively studied, both theoretically [22, 23] and experimentally. Several models have been proposed for ablation
of polymers, involving photochemical effects (direct bond
breaking) [24–28], photothermal effects (thermally broken
bonds) [29–32], photophysical (mechanical stress) [33] or
a combination of them. Many investigations were published
on the ablation of polymers but, up to now, mainly for thick
films (micrometer range or thicker). Very few studies report the ablation of thin films (sub-micrometer to nanometer
range), where the optical penetration depth and the thermal
diffusion length are of the same order of magnitude as the film
thickness.
This work focuses on the influence of thermal diffusion
on the ablation behavior of thin films of a triazene polymer,
which is particularly adapted as a sacrificial layer. The motivation is to gain knowledge of this specific system for the
LIFT application. We investigated the influence of the film
thickness and substrate material on the threshold fluence of
triazene films upon irradiation at a wavelength of 308 nm. We
also developed a mathematical model describing the temperature distribution in the film to explain the observed effects.
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Experimental

The structure of the triazene polymer (TP) is
shown in Fig. 1 and it was synthesized as described in [34].
Films of TP were prepared by spin coating from solutions
in chlorobenzene and cyclohexanone (1 : 1 w/w). Substrates
for spin coating were fused silica (Suprasil 2, Heraeus,
1-mm thick), sapphire (Stecher ceramicparts GmbH, Uetendorf, Switzerland, 1-mm thick) and polymethyl methacrylate (PMMA, Maagtechnic, Dübendorf, Switzerland, 1.2-mm
thick). Ablation experiments were performed with a pulsed
XeCl excimer laser (Compex, Lambda Physik, tFWHM =
30 ns) at 308 nm with a repetition rate of 2 Hz. The fluence
was adjusted with an attenuator plate. A square mask with an
aperture of 2 mm was applied to utilize a homogeneous part of
the beam, which was focused by a lens onto the sample with
a magnification of 0.25, yielding a spot size of 500 µm. The
sample was mounted on a motorized translation stage, perpendicular to the beam and with the film facing the incident laser
beam. The pulse energy at each fluence was measured by a pyroelectric energy meter (Molectron J4-09 or Gentec QE 50)
placed at the end of the beam line and an average on 100 pulses
was used. For measuring some energy ranges, a beam splitter
was used to reduce the intensity of the beam.
The computer-controlled system allowed us to create
a matrix of points for each sample, where the pulse energy
and the number of pulses were varied. The ablation depth
was measured by profilometry (Ambios XP-1 profilometer),
allowing measurement down to 3 – 5 nm. The spot size was
measured by an optical microscope (Zeiss Axioplan) coupled
with a digital camera (Leica DC500). Scanning electron microscopy (SEM) pictures were taken with a Philips XL30 FEG
environmental scanning electron microscope device.
For each fluence, the ablation depth was plotted versus the
pulse number (1 to 10 pulses) and the slope over the linear
domain yielded the ablation rate. The latter was plotted versus the fluence, giving the characteristic ablation curve, which
was fitted by the phenomenological equation
d=

1
Φ
ln
,
αeff Φth

(1)

where d is the ablation rate, αeff the effective absorption coefficient, Φ the fluence and Φth the threshold fluence. A second
method was also used, where the ablation rate was determined
by a single pulse. Rates determined as described above (multipulse) were compared with this single-pulse method and no
differences were found. The second method was preferred for
very thin films, where one shot was sufficient to ablate the
major part of the film.
Absorption coefficients of the TP films and substrates
were measured by spectrophotometry (Varian Cary 50 Scan)
and the refractive index of TP was measured by ellipsometry.

FIGURE 1

Formula of the triazene polymer

The thermal diffusivity of TP was measured with the laser
flash technique (Netzsch Micro Flash) using the two-layer
method: the thermal diffusivity of an aluminum plate (2-mm
thick) was measured first as reference and a second time after
being coated with a thick layer of TP (110 µm). The thermal
diffusivity of the polymer was calculated by subtracting the
contribution of the aluminum plate. The heat capacity of TP
was measured by differential scanning calorimetry (DSC) and
a value of 1100 J/kg K at 25 ◦ C was obtained. For the density
measurement, a piece of a thick film was floated in an aqueous NaCl solution by adjusting the density of the solution,
which was measured at the end. A density of 1100 kg/m3 was
obtained by this method. The thermal conductivity was calculated from the thermal diffusivity, density and heat capacity.
The physical properties of the three substrates were obtained
from the literature [35–37].
3

Mathematical model

A mathematical model based on the linear heat
transfer equations was used to compute the temperature of
the film–substrate system directly after the laser pulse. The
spot size is sufficiently large compared to the characteristic
thermal length, allowing us to model the problem with onedimensional differential equations for the heat transfer. The
indices f and s refer to film and substrate respectively and h
is the film thickness. The substrate thickness is H , which is
much larger than h , allowing the simplification H = ∞. The
heat-balance equations are
1 ∂Tf
∂ 2 Tf
= 2 + Q f (z, t)
χf ∂t
∂z
for the film 0 ≤ z ≤ h ,
1 ∂Ts
∂ 2 Ts
= 2 + Q s (z, t)
χs ∂t
∂z
for the substrate h < z < ∞ .

(2)

(3)

Here T is the temperature, χ the thermal diffusivity and
Q(z, t) describe the distribution of the absorbed laser intensity
within the film and substrate. These terms can be written in the
following form:
Φ
g(t)Ff (z) ,
tl
Φ
Q s (z, t) = g(t)Fs (z) .
tl
Q f (z, t) =

(4)
(5)

Here Φ is an average laser fluence, the g(t) function describes
the pulse shape:


t
t
g(t) = exp −
,
(6)
tl
tl
and tl = 0.409tFWHM (the duration of the pulse at the full width
at half maximum). Although it does not correspond exactly to
the excimer double peak pulse shape for 308-nm pulses, we
noticed that this simplification affected only marginally the
results. The function F(z) in (4) and (5) represents the distri-
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bution of the laser intensity along the z coordinate:
αf
(1 − Rf)qf (z) ,
κf
αs
Fs (z) = Ts qs (z) ,
κs
Ff (z) =

(7)
(8)

where α is the absorption coefficient for the film and the substrate, κ the thermal conductivity, q(z) the normalized distribution of the laser intensity and Rf and Ts the film reflectivity
and substrate transmittivity, respectively. Rf depends on the
film thickness according to the following relation, valid for
normal incidence [38]:


 rmf e−2iψ + rfs 2
2

 .
Rf = |r| =  −2iψ
(9)
e
+ rmfrfs 
The index m refers to the medium (air). rmf and rfs are the amplitude reflection coefficients on the boundaries medium/film
and film/substrate respectively, given by
√
√
√
√
εf − εs
εm − εf
rmf = √
(10)
√ , rfs = √
√ .
εm + εf
εf + εs
The function ψ is proportional to the film thickness h :
ψ=

2π √
h εf ,
λ

(11)

where λ is the laser wavelength. Thus, Rf is determined by
h and the three relative dielectric permittivities of the film,
medium and substrate, respectively: εf , εm and εs . ε is given by
the refractive index n and the extinction coefficient k , according to
√
ε = n + ik ,

k=

αλ
.
4π

(12)

As the optical properties of the medium (air) are close to vacuum, we take εm = 1.
Determining qf and qs in (7) and (8) would require us
to solve the Maxwell equations. However, for simplicity we
make the following assumptions:
1. The absorption coefficient of the substrate is smaller by
several orders of magnitude than that of the film. Therefore, we assume that Fs (z) = 0.
2. The distribution of the intensity in the film is derived from
Lambert–Bouguer’s law of absorption (1 − Rf )e−αf z .
After these simplifications the initial equations (2) and (3) become


1 ∂Tf
∂ 2 Tf
αf Φ t
t −αf z
= 2 + (1 − Rf)
exp −
e
,
(13)
χf ∂t
∂z
κf tl tl
tl
1 ∂Ts
∂ 2 Ts
= 2 .
(14)
χs ∂t
∂z
Equations (13) and (14) should be solved with boundary conditions. For the outer region we consider thermal insulation:


∂Tf 
κf
= 0 , Ts (z)z→∞ = 0
(15)

∂z z=0
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and a continuity of temperature and thermal flux between film
and substrate:




∂Tf 
∂Ts 


Tf z=h = Ts z=h , κf
= κs
.
(16)
∂z z=h
∂z z=h
The initial temperatures are equal to zero:


Tf (z)t=0 = Ts (z)t=0 = 0 .

(17)

This problem can be solved easily by applying the Laplace
transform:
f (z, p) =
T

∞

e− pt Tf (z, t) dt ,

(18)

e− pt Ts (z, t) dt .

(19)

0

s (z, p) =
T

∞
0

The inverse transforms are given by
1
Tf (z, t) =
2πi
1
Ts (z, t) =
2πi

γ+i∞

f (z, p) d p ,
e pt T

(20)

γ −i∞
γ+i∞

s (z, p) d p .
e pt T

(21)

γ −i∞

The Laplace transform converts (13) and (14) into a set of ordinary differential equations
f
d2T
p  (1 − Rf)Φ −αf z
− T
e
=0,
f+
dz 2
χf
(1 + ptl )2
s
d2T
p
− T
s = 0.
dz 2
χs

(22)
(23)

These equations should be solved with the boundary conditions

f 

∂T
 =0, T
s (z)
=0,

z→∞
∂z z=0



s 


∂T
 .
f 
s  , κf ∂ Tf 
T
=
T
=
κ
(24)
s
z=h
z=h
∂z 
∂z 
z=h

z=h

The solutions of (22) and (23) are given by
 



p
p

Tf = a exp −
z + b exp
z
χf
χf
αf χf
(1 − Rf)Φ −αf z

−  2
e
,
κf αf χf − p (1 + ptl )2
 

s = c exp − p z .
T
χs

(25)
(26)

The unknown constants a, b and c can be obtained from the
boundary conditions (24). The inverse Laplace transform is
complicated to solve analytically but it can be solved numerically. The result gives the temperature of the TP film for each
time and position.
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Experimental results and discussion

4.1

General considerations

A SEM picture of an ablation crater is shown in
Fig. 2. The film is 360-nm thick and six pulses of 90 mJ/cm2
were applied. The triazene polymer exhibits a clean ablation
behavior. The edges of the crater are sharp and no debris or redeposited material is visible in the vicinity of the crater. The
origin of the wavy shape of the edges is unclear so far, but
may arise from optical effects or from shock-wave propagation during the ablation.
The ablation rate was measured as explained above. No
incubation was detected during multipulse ablation. Figure 3 shows a typical ablation curve and its corresponding fit obtained from (1). Three domains are visible: no
ablation is observed below the threshold fluence; the ablation rate just above the threshold shows a logarithmic dependence on the fluence, according to (1); finally, at high
enough fluences the ablation rate is limited by the film
thickness. It is interesting to note that the ablation rate deviates from the fit in the range where ablation rates similar
to the film thickness are predicted. In this fluence range
a smooth transition to the theoretical limit (i.e. film thickness)
is observed.

FIGURE 2 Scanning electron microscopy of an ablation crater after six
pulses at 90 mJ/cm2 . Film thickness is 360 nm. The sample was coated for
the SEM analysis with a 3-nm layer of Pt for electrical conduction

FIGURE 3 Ablation curve of TP on a fused-silica substrate. The film thickness is 148 nm

4.2

Influence of the film thickness

The influence of the film thickness on the ablation
threshold is an important parameter for the application of triazene as sacrificial layer in the LIFT process. TP films with
a thickness between 10 and 400 nm were therefore investigated in detail. Figure 4 shows the measured threshold fluences (•) versus film thickness for ablation experiments using
fused-silica substrates. The threshold fluence is constant at 20
to 25 mJ/cm2 for films thicker than 50 nm. The absence of oscillations in the threshold fluence suggests that interference
effects are not important. Below 50 nm, a steep increase of the
threshold fluence with decreasing thickness is observed. The
clear influence of the film thickness on the ablation threshold
of TP was a priori not expected.
To understand this phenomenon a thermal model of the
evolution of the surface temperature versus film thickness was
developed as described in Sect. 3. The temperature profiles for
film thicknesses between 10 and 400 nm were computed. The
applied parameters are summarized in Table 1. The absorption
coefficients at 308 nm, α308 , are expressed relative to the base
e, consistently with (13), and a pulse duration tFWHM = 30 ns
was applied. Figure 5 shows the result of the calculation as
a temperature evolution of the film surface (z = 0) for a constant fluence Φ0 = 25 mJ/cm2 , corresponding to the threshold
fluence for thick films. Each curve corresponds to a different film thickness. It should be noted that all temperatures are
expressed relatively to the initial temperature (i.e. room temperature) and are not absolute temperatures. The model allows
us notably to calculate the peak temperature Tmax reached by
the film. It clearly appears that this maximum temperature of
the film surface depends on the thickness. The thinner the film,
the lower the peak temperature. Above 180 nm all temperature
profiles tend to merge into each other and Tmax approaches
a constant value of T0 ≈ 1450 K.

TP
Fused silica
Sapphire
PMMA
TABLE 1

α308 [cm−1 ]

n [–]

κ [W/(cm K)]

χ [cm2 /s]

2.3 × 105
8.8 × 10−1
1.7 × 100
6.4 × 101

1.64
1.49
1.81
1.55

1.3 × 10−3
1.4 × 10−2
3.3 × 10−1
1.9 × 10−3

1.0 × 10−3
8.1 × 10−3
1.1 × 10−1
1.1 × 10−3

Physical properties of the TP and the substrates

FIGURE 4 Measured (•) and calculated (solid line) threshold fluences of
triazene as function of the film thickness. Substrate is fused silica
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the exothermic decomposition of the triazene leads to a temperature increase in the order of several hundreds of K and
heat removal may occur by fragments. These effects become
important for a significant ablation depth. Considering the
threshold fluence, we are at the point where the ablation depth
is virtually zero, meaning that the decomposed amount of material is very low. If we compare the decomposition energy of
a very thin layer with the energy provided by the laser pulse,
the ratio converges to zero when the fluence becomes closer
to the threshold. Therefore, the decomposition energy can be
neglected for predicting the threshold fluence. This explains
why, despite these simplifications, the model describes the experimental behavior very well.
4.3

Now, for films thinner than 60 – 80 nm, no ablation occurs at 25 mJ/cm2 , contrary to thicker films. There is thus an
obvious relationship between the peak temperature and the
ablation onset. To quantify it, we consider that a certain temperature is needed for ablation to start. This temperature is
defined as Tth and depends on both fluence and film thickness. For films thicker than 180 nm, this threshold temperature
is T0 , which corresponds to the observed constant threshold
fluence, while for thinner films a higher fluence is needed to
reach T0 .
Using the model, we recalculate the temperature profiles
for each h by varying Φ. The fluence needed to reach T0 is then
the threshold fluence Φth , which satisfies the relation
Tmax (h, Φth ) = T0 .

(27)

The results of this calculation are shown in Fig. 4 (solid
line) together with the experimental data points. The model
correlates very well with the experiment. A significant change
in the calculated threshold appears below 100 nm. This originates from two effects. Firstly, the diminution of the absorbed
photons starts to affect the ablation below the optical dis−1
tance h opt ≈ αeff
. In this case, h opt is 45 nm. The second effect
is due to the large differences in thermal conductivities between the substrate
and the film. Below the thermal diffusion
√
length h th ≈ 2χf tl = 85 nm, the films start to be thermally
influenced by the substrate. In the case of a better conducting
substrate, it acts a heat sink and a higher fluence is needed for
the film to reach the threshold temperature.
Returning to Fig. 3, the smooth transition from the fitted
curve to the theoretical limit can now be explained. The closer
to the substrate, the better the heat is transferred. Therefore,
compared to the bulk polymer, the layer close to the substrate
needs to receive more heat to reach the threshold temperature
and undergo ablation. As shown in Fig. 4, the threshold fluence rises abruptly with decreasing thickness, thus explaining
the asymptotic transition in Fig. 3.
It has to be pointed out that our thermal model does not account for all possible terms in the heat balance. In particular,

A detailed knowledge of the ablation behavior with
other substrates can give very useful information for two aspects. The validity of the model can be checked, which predicts an influence of the thermal conductivity of the substrate
on the threshold fluence. The other aspect is related to the
envisioned application, i.e. LIFT. It will be advantageous for
certain processes to use a polymeric material as substrate instead of fused silica. The influence of the substrate on the
threshold fluence was therefore investigated with two other
materials. Sapphire was chosen as a highly conductive material and PMMA as a low conductor. For the latter, the ablation threshold is high enough (900– 1100 mJ/cm2 [39, 40])
to ensure that the substrate does not undergo ablation in the
investigated fluence range.
The influence of the substrate material on the threshold
fluence is presented in Fig. 6. The dots are the measured points
while the lines represent the values calculated with the model,
using the parameters in Table 1. The same effect of the thickness is observed for the two other substrates but, as predicted,
with different magnitudes which depend on the material. Ablation on sapphire exhibits the strongest thickness-related effect, followed by fused silica, while the polymeric substrate
(PMMA) has the lowest influence on the threshold fluence.
The error in the fluence and thickness measurements is estimated to be 10%. Almost all experimental points fit the

FIGURE 6 Influence of the substrate material on the ablation threshold.
The points are experimental data: ( ) sapphire, ( ) fused silica, ( ) PMMA.
The solid lines are computed from the model: (up) sapphire, (middle) fused
silica, (down) PMMA


FIGURE 5 Evolution of the film surface temperature for different thicknesses of film (h [nm] written on each curve) at a constant fluence of
25 mJ/cm2 . Temperature is given relative to room temperature. Substrate is
fused silica

Influence of the substrate material
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corresponding curve within the uncertainty. Although some
points still deviate, the trend is a clear difference between the
substrates.
The experiments confirm the validity of the model. The
substrate with the higher thermal conductivity will transfer
more heat and thus reduce the maximum temperature reached
at the film surface. On the other hand, PMMA has a thermal
conductivity similar to TP and thus acts thermally as an extension of the TP layer. In this case the increase of the threshold
fluence is mainly due to the reduced amount of photons absorbed within the small thickness, as reported by Daminelli et
al. [41] for the ablation of hydrogenated carbon films coated
on an insulating substrate. It appears from Table 1 that the absorption coefficient of PMMA is higher than for sapphire and
fused silica. One could argue that it is not clear whether the
lower thermal conductivity or the higher absorption is responsible for the observed effect. Considering that the absorption
coefficient of PMMA is more than a thousand times lower
than that of TP, the fluence absorbed by the substrate remains
negligible.
4.4

Considerations on the mechanism

This work shows that the thermal contribution
plays an important role in the ablation of very thin triazene
films, as discussed previously for thick samples [17, 42, 43].
However, it is difficult to conclude the ablation mechanism
from these experiments. As a matter of fact, we focused specifically on very thin films and showed that their threshold
fluence is higher than for bulk polymer, originating from thermal diffusion and a laser penetration depth larger than the film
thickness. For thin films, it is possible to prove the thermal
contribution in the ablation process, which is more difficult in
bulk material. It may therefore not be feasible to extrapolate
a general ablation mechanism from the observations on very
thin films. Moreover, the mechanism consists of a mixture of
thermal degradation, photochemical and thermally activated
photochemical bond breaking, which cannot be quantified
with the analysis of the threshold fluence and ablation rate.
The nature of the mechanism cannot be assessed without a detailed analysis of composition of the ablation products [24].
Additionally, it has been shown that a switch from a photochemical to a photothermal mechanism can happen with
increasing laser fluence [22, 44, 45]. For these reasons, we believe that a definitive conclusion on the mechanism cannot be
drawn from this work.
5

Conclusions

The triazene polymer is a suitable material for
LIFT applications due to the clean ablation behavior and low
threshold fluence. For film thicknesses below 50 nm a pronounced change of the threshold fluence is observed. The
developed model describes the experimental data very well,
showing that the thermal diffusion into the substrate and the
reduced number of absorbed photons are responsible for the
increase of the threshold fluence for low film thicknesses. The
validity of the model has been confirmed by changing the substrate material, where a strong effect related to the thermal
conductivity of the substrate is demonstrated. These results
reveal an important aspect of the laser ablation of polymers

and have a large implication in the processing or application
of thin films.
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