Pulsed laser deposition of Ni thin films on Si (100) and flexible PDMS substrates
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Abstract. The field of microfluidic devices for real-time polymerase chain reaction analysis has
seen significant advances during the last years. Our study of Ni thin films grown on
polydimethylsiloxane (PDMS) substrates was triggered by the perspective of using and integrating
such structures in future on-chip DNA amplification devices. The thin films were obtained by pulsed
laser deposition from a Ni target onto Si and PDMS supports. The samples were characterized mainly
from a structural, morphological, compositional, and optical point of view. Initial electrical
measurements, at low currents, revealed that the stripes exhibit resistance values of the order of 100
ohms.
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1. INTRODUCTION

The field of modern microfluidics has grown to be extremely vast; with its
complexity stemming both from the wide range of specific applications addressed
by microfluidic devices, as well as from the solutions proposed to achieve the
respective functionalities. The ultimate goal of most studies is the realization of
lab-on-a-chip (LOC) systems [1, 2], which are complex devices, of reduced
dimensions, that are able to perform several complementary tasks. The applications
for such devices are primarily oriented towards biomedicine [3], and they include:
polymerase chain reaction analysis [4-10], cell separation [11, 12], digital
microfluidics [13-16], mixing [17] etc..
In virtually all such applications, one of the key elements in mimicking
operations performed by standard laboratory equipment, such as microarrays [18],
is the control of heating protocols required by the respective biochemical

processes. During the last decade, many such heating/cooling technologies have
been proposed to be used in microfluidic devices. For example, some of these
approaches rely on a pre-heating of the liquid [4], and therefore they are not
performed within the actual chip. In many such instances an external thermal
reservoir is used in order to try and regulate the temperature gradient within the
chip that is placed in contact with the heater [19, 20]. The fact that these solutions
are not integrated into one device gives rise to certain constrains on their potential
fields of applications, and therefore many research groups are rather pursuing the
development of integrated technologies for LOC systems. These include the use of
Joule heating [10, 15, 21], laser heating [22], microwaves [23, 24] etc.
Despite of the remarkable progress achieved towards the development of
microfluidic systems, the obtained solutions have rarely made it into commercial
applications. One of the main reasons for this shortcoming is the complexity of
these devices, which often translates into elevated production costs. The use of
external heaters was indeed considered in order to make the chips more facile to
manufacture [19], but at the same time limiting their capabilities. In the case of the
more versatile device integrated heaters, a solution needs to be found for cheap,
robust, and easy to manufacture temperature control systems. This work represents
a first step in our effort to address these issues through the growth of Ni thin film
stripes on flexible polydimethylsiloxane (PDMS) substrates by pulsed laser
deposition (PLD) to help in designing new thin films heater system. PLD is an old
technique, which has been used extensively starting 1965, when Smith and Turner
deposited the first thin films using a ruby laser. Briefly, PLD involves the
interaction of a laser beam with a target material resulting in a plume that is
transporting the ablated species to a substrate, where a thin film is formed [25-30].
We stress out the fact that the obtaining of integrated heating elements that
are cheap, robust and flexible at the same time is non-trivial. In many cases, the
proposed solutions do not fulfill all these requirements, thus limiting their use.
Such has been the case of epoxy heaters on PDMS having reduced flexibility [21]
or the degrading of Al thin films heaters [31].

2. EXPERIMENTAL

In order to achieve optimal surface morphology and crystallographic
properties for the Ni thin films on PDMS substrates, a parametric study was first
carried out. The Ni thin films were obtained using a classical PLD setup by
ablating a Ni target (purity >99.99%) with a “Surelite II” pulsed Nd:YAG laser
system (Continuum Company).

In addition to the flexible PDMS substrates (1 cm2 samples), rigid Si (100)
cut into 1 cm2 substrates polished on both sides were also employed to collect the
ablated material. Both types of substrates, i.e. the Si and PDMS were cleaned in
successive baths of acetone, ethanol, and double distilled water prior to the
depositions. Many different growth parameters were varied during our initial
parametric study. Two wavelengths were considered for the ablation laser source:
355 and 532 nm, respectively. The pulse repetition rate was 10 Hz for all samples,
however the pulse energy and spot sizes were varied between 9 and 36 mJ and 0.3 0.9 cm2, respectively, thus resulting in laser fluences between 1.5 and 4.8 J/cm2.
The number of pulses delivered to the target in these experiments was between
36,000 and 144,000.
The Ni thin films were obtained in vacuum (10-5 mbar). The distance between
target and substrate was initially set at 6 cm, but ultimately it was lowered to 4 cm
in order to compensate for the poor deposition rate of Ni. Most of the samples were
grown at room temperature (RT), although some attempts were made to grow at
substrate temperatures up to 200 °C in order to smooth out morphological
irregularities. This, however, gave rise to a non-negligible surface oxidation of the
samples, and therefore the best performing samples were obtained at RT.
The morphology of the deposited Ni thin films was investigated by atomic
force microscopy (AFM) using a XE100 Park instrument operated in non-contact
mode. The surface roughness of the films was investigated on several different
areas and dimensions from 5×5 µm2 to 40×40 µm2. In addition, AFM
measurements were carried out to determine the thickness of the deposited thin
films. XRD measurements were performed in Bragg-Brentano geometry (θ − 2θ,
between 35° and 60°) using a PANalytical X'Pert PRO MRD diffractometer.
Spectroellipsometry (SE) was used to cross-check material characteristics
obtained from XRD results and also to infer information about film thickness.
Optical measurements were carried out with a Woollam Variable Angle SE
(VASE) system, equipped with a high pressure Xe discharge lamp incorporated in
an HS-190 monochromator.
A secondary ion mass spectrometry (SIMS) system, from Hidden Analytical,
was used to probe the surface and in-depth element composition of the Ni thin
films. Finally, preliminary conductivity measurements at low currents were carried
out on the Ni thin film stripes grown on PDMS substrates using a digital
multimeter.

3. RESULTS AND DISCUSSION
In this work we will discuss three sets of selected samples that were of the
highest quality, prepared following our parametric study. Some of the experimental
conditions under which the Ni thin films were processed are common to all three
samples, and they include: 532 nm laser ablation wavelength, 10 Hz pulse
repetition rate, spot area of 0.75 mm2, Ni target to substrate distance of 4 cm,
residual atmosphere of 10-4 mbar, and substrate kept at room temperature. Other
growth parameters that are not common to all samples have been summarized in
Table I.

Sample
A
B
C

Collector
Si (100) +
PDMS
Si (111) +
PDMS
PDMS with
mask

No. of
pulses

Elaser
(mJ)

Laser
fluence
(J/cm2)

36,000

18

2.4

36,000

36

4.8

144,000

36

4.8

Table I. Growth conditions of selected samples.

Although the films deposited on PDMS are more relevant in view of the
perspective applications, the growth of Ni films on Si substrates was also chosen
either in order to alleviate constraints imposed by specific analysis techniques, such
as SIMS and ellipsometry, or to render the analysis and interpretation of results
more straightforward, as in the case of XRD.
The AFM images of samples A (top) and B (bottom) on areas of 40 × 40 µm,
for both types of substrates are shown in Fig. 1. The Ni thin films grown on Si
substrates exhibit considerably lower roughness values, of the order of tens of nm,
as compared to those obtained on PDMS supports, which have roughness values
exceeding 100 nm. The origin of this large difference resides in the intrinsic nature
of the PDMS substrate surface, which exhibits a ridged like morphology. Although
the ridged aspect of the substrate greatly alters the morphology of the samples
grown on PDMS, Ni films grown on both types of substrates are continuous, and
without cracks.

Fig. 1 – AFM images over areas of 40 × 40 µm of sample A (top) and sample B (bottom) grown on Si
(left) and PDMS (right) substrates, respectively.

Spectroscopic ellipsometry measurements were acquired in the 300-1700 nm
spectral range, with a step of 2 nm and the beam incident at an angle of 70°. The
optical constants (n and k) are not measured directly in ellipsometry, instead they
are deduced from the polarization change in amplitude ratio (Ψ) and phase
difference (∆) of the incident radiation as a result of its interaction with the
material of interest. In order to quantify n and k, certain assumptions need to be
made about the thickness and roughness of the obtained films. In our case, each of
the two samples was fitted with a 3-layer model, which assumed: i) the Si
substrate; ii) a native layer of SiO2 having a thickness of 3 nm; and iii) the top Ni
film. The refractive index (n) and extinction coefficients (k) inferred from the
ellipsometry data are shown in Fig. 2, and compared to a reference from the SE
database [32].

Fig. 2 – Refractive indexes and extinction coefficients (inset) determined from spectroellipsometry
measurements for samples A and B, as compared to the values of Ni from ref. [32].

One straightforward observation is that the optical constants for sample B are
in good agreement with theory, whereas sample A exhibits a marked departure
from these values. This discrepancy originates from the fact that these films have
thicknesses of the order of tens of nanometers, which tend to be about the same
order of magnitude as their respective roughness. More specifically, the Ni film on
sample A was determined to have a thickness of 30 nm, whereas on sample B it is
about 60 nm thick. However, the roughness of sample A was determined to be
around 40 nm, whereas that of sample B is only 20 nm. Therefore, the roughness of
sample A will impact its optical properties to a larger extent, thus explaining the
differences of optical constants with respect to the reference values.
The low thickness of sample A also made it very difficult to achieve a
reliable characterization of its crystalline quality by XRD. This is why in Fig. 3
only the diffractograms for sample B; both on Si and PDMS substrates are
displayed. For the Si substrate, the spectrum was acquired using a 1 degree offset
of the incident beam in order to cancel out substrate contributions. This was not
necessary for the Ni film grown on PDMS, and therefore the diffractogram of this
particular sample exhibits improved signal-to-noise ratio. Sample B on PDMS
exhibits the two highest intensity characteristic peaks assignable to the Ni cubical

system, namely the (111) and (200) reflections, in agreement with the PDF card
#00-004-0850. This is a first indication that our obtained films are of pure Ni,
without the presence of NiO which would have negatively impacted their
functional properties.

Fig. 3 – Diffractograms of sample B grown on PDMS (top) and Si (bottom), as compared to the
respective substrates. The spectra are shifted in intensity for clarity.

The SIMS analyses shown in Fig. 4 were performed on the samples grown on
Si substrates in order to check their in-depth homogeneity and composition. In the
case of sample A, there are significant fluctuations in the depth profile of the Ni
film. This agrees well with AFM results that showed high roughness values, and it
also helps explain the different optical constants measured by SE for this sample,
as compared to those expected from theory. On the other hand, the depth profile of
the Ni thin film in sample B shows very little variations, which once again agrees
with AFM and SE results. For both samples, the interfaces are sharp, with
negligible inter-diffusion of elements between the deposited Ni films and the
substrate. The mass scan in the inset of sample B reveals that the film does not
contain impurities, and is composed mainly of the two isotopes of Ni (58Ni and
60
Ni), in their respective natural abundances. The other elements discernable in the
mass scan are the Si substrate and the ones originating from the instrumental
background.

Fig. 4 – Depth profile of Ni and Si elements for sample A (top) and sample B (bottom) grown on Si
(100) substrates. The inset in the plot of sample B is a mass scan of the respective thin film.

All of the undertaken analyses have ultimately revealed the superior quality
of sample B, with respect to sample A, in terms of morphology, in-depth
homogeneity and optical properties. However, resistivity measurements on these
samples showed resistance values of the order of 10-20 ohms. Such resistance
values are rather low when considering the tentative applications for these layers as
heaters relying on the Joule effect. As a consequence, sample C was obtained using
four times the number of pulses applied for sample B in order to increase the Ni
film cross-section, and hence its resistance. Sample C was grown by applying a
mask to the PDMS substrate, thus achieving the growth of three identical stripes
having sizes of 13 x 3 mm, with 2 mm spacing between adjacent stripes, as
illustrated in Fig. 5.

Fig. 5 – Schematic representation of the layout (left) and photo (right) of sample C.

The electrical resistance of each stripe on sample C was determined to be
around 100 ohms, a value that shows potential towards the development of thin
films based heaters for microfluidic devices [33]. Our sample was developed with
the specific aim to resolve issues related to robustness, miniaturization and ease of
processing. Therefore, sample C was also subjected to tens of bending cycles,
which did not cause a degradation of its electrical properties. These results indicate
that our Ni thin film stripes show great potential towards integration in more
complex microfluidic devices, a task which we will undertake in our upcoming
studies.

4. CONCLUSIONS
In the present work we have taken the first steps towards finding a cheap,
robust and miniaturized solution that addresses some of the issues of microfluidic
devices with Joule effect based heating, such as reduced flexibility [21] or heater
degradation [31].
Our parametric study of Ni thin films growth on Si and PDMS substrates
allowed us to determine the optimal growth parameters for high quality Ni thin
films having good adherence and coverage of their respective substrates. XRD
measurements reveal the achievement of a pure Ni phase, without the presence of
NiO. In addition, the films obtained using a laser fluence of 4.8 J/cm2 show
improved optical parameters and in-depth homogeneity, with respect to those
processed at 2.4 J/cm2. The higher fluence was also used to process Ni thin films
stripes having resistance values of around 100 ohms, which makes them suitable
for use in microfluidic devices [33]. Due to their excellent robustness, the electrical

properties of the Ni/PDMS constructs are preserved over tens of bending cycles,
and therefore in our subsequent studies they will be used in the realization of
microfluidic devices.
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