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Abstract

Contemporary and next-generation commercial and defense-related platforms offer countless applications for thin-film polymer
coatings, including the areas of microelectronics, optoelectronics, and miniature chemical and biological sensors. In many cases,
the compositional and structural complexity, and the anisotropy of the material properties preclude the processing of many of
these polymers by conventional physical or chemical vapor deposition methods. The Naval Research Laboratory has developed
several advanced laser-based processing techniques for depositing polymer thin films for a variety of structures and devices. The
two techniques detailed in this work, matrix-assisted pulsed laser evaporation(MAPLE) and MAPLE direct-write(MAPLE DW),
are based on the concept of laser absorption by a matrix solution consisting of a solvent and the desired polymer. MAPLE is a
physical vapor deposition process that takes place inside a vacuum chamber, while MAPLE DW is a laser forward-transfer
process that is carried out under atmospheric conditions. Both processes have been successfully used in the fabrication of thin
films and structures of a range of organic materials and systems. Examples of their use in the fabrication of two types of chemical
sensors, together with a comparison of the performance of these laser-processed sensors and that of similar sensors made by
traditional techniques are provided.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polymeric and other organic thin films and multilayers
are important for a wide range of applications, including
electronics, optoelectronics and sensors. Thin polymer
films can be deposited by a variety of techniques that
range in their complexity and applicability. The choice
of deposition technique to use depends upon the physi-
cochemical properties of the material, the film quality
requirements and the substrate that is being coated. The
simplest methods involve the application of a liquid
solution of a polymer in a volatile solvent, including
aerosol, dip coating and spin coatingw1x. There are
some techniques that are applicable to bulk polymer
materials, such as vacuum evaporationw2x. Furthermore,
there are techniques that involve in situ polymerization
on a substrate surface using plasmaw3x, electrochemical
w4x, catalytic or photo-activated processesw5,6x. For
organic thin films, Langmuir–Blodgett dip coating using
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self-assembled monolayers is the most common method
to functionalize surfaces with single biomolecular layers
w7,8x. However, most of the currently available tech-
niques are not generic enough to be capable of simul-
taneous deposition of polymer thin films without
affecting their chemical integrity and physicochemical
properties, while producing thin, uniform and solvent-
free coatings, in discrete or continuous fashion. Further-
more, most of these techniques are not appropriate for
the fabrication of multilayers, since they rely on the
application of a solvent solution containing the material
of interest, which may dissolve any previously deposited
layers.

Pulsed laser deposition(PLD) is a vapor deposition
technique that has been applied with great success to
the deposition of thin films of almost any inorganic
material availablew9x. The mechanisms responsible for
PLD are highly energetic and depend on the ultraviolet
(UV) laser pulse parameters, as well as the properties
of the target material. PLD systems are comprised of a
few basic elements, making their set-up simple and
straightforward. Earlier work with UV PLD has shown
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Fig. 1. Schematic diagram showing the main components of the
MAPLE system.

the ability of this technique to deposit thin films of
various types of polymer materials. In general, UV PLD
has been successful when used to deposit addition-type
polymers, such as poly-tetrafluorethylene(PTFE) w10x
and poly-methylmethacrylate(PMMA) w11,12x. In these
cases, the polymer material is depolymerized during the
ablation process and repolymerizes when it reaches the
substratew13x. Clearly, UV PLD of polymers is limited
to a small class of materials.

Recently, a new technique for depositing polymeric
and organic thin films named matrix-assisted pulsed
laser evaporation(MAPLE) has been developedw14x.
MAPLE deviates from PLD in the way the target is
prepared and in the laser energy regime under which
the laser–material interactions at the target take place.
Details of the MAPLE process have been provided
elsewherew14x. Briefly, MAPLE is a laser evaporation
technique for growing thin films of organic and poly-
meric materials, which involves directing a pulsed laser
beam(ls193 nm; fluence of 0.01–0.5 Jycm ) onto a2

frozen target(y40 to y160 8C) consisting of a solute
polymer or organic compound dissolved at a low con-
centration(0.05–1.0 wt.%) in a volatile solvent matrix.
Fig. 1 shows a schematic of a MAPLE system. The
resulting matrix preferentially absorbs the incident laser
pulse, and the collective action of multiple collisions of
the evaporating solvent molecules with the embedded
solute results in the soft desorption of the latter, with
little or no damage to its structure and functionality. The
desorbed molecules can be collected on a substrate to
form a film, while the higher-vapor-pressure solvent
molecules are pumped away. The MAPLE deposition
process has been successfully used to deposit different
types of polymer and organic materials, including che-
moselective polymersw15x, non-linear optic polymers
w16x, carbohydratesw17x, biocompatible polymersw18x
and even active proteinsw19x.

The concept of using a sacrificial material, which
absorbs most of the laser radiation and in the process
releases the material of interest, has been adapted to a
laser forward-transfer technique, MAPLE direct-write or
MAPLE DW w20x. MAPLE DW evolved from the
combination of laser-induced forward transfer(LIFT)
with MAPLE w21x. LIFT is a technique that employs a
focused, pulsed laser beam to vaporize a thin film from
a laser-transparent donor substrate in air and at room
temperaturew22x. The material then condenses onto an
acceptor substrate placed in close proximity(25–75
mm) to the donor substrate. However, since LIFT results
in vaporization of the material to be transferred, it is
not compatible with the transfer of polymer materials.
The combination of the matrix absorption of MAPLE
with the LIFT transfer process gave rise to MAPLE
DW, whereby the matrix containing the polymer is
coated on the donor substrate.

MAPLE DW was originally developed to fabricate
and rapidly prototype mesoscopic electronic devices
utilizing matrices containing metallic, dielectric or resis-
tive materialsw21x. This approach, however, is gentle
enough to successfully form patterns and three-dimen-
sional structures of a wide variety of organics, including
chemically sensitive polymers, active proteins and anti-
bodies, as well as viable cellsw23,24x.

MAPLE DW involves the forward transfer of mate-
rials from a UV-transparent support onto a receiving
substrate. The transfers are performed by mixing the
active or sensitive material in a UV-absorbent matrix to
form an ‘ink’. The ink is then applied to the UV-
transparent support to form the ‘ribbon’, as shown in
Fig. 2. A focused UV laser pulse is directed through the
backside of the ribbon so that the laser energy interacts
with the matrix at the support interface. The UV micro-
scope objective that focuses the laser at the interface
also serves as an optical guide to determine the region
of the ribbon to be transferred. Layers of matrix near
the support interface evaporate due to localized heating
from the laser–material interaction. This vaporization
releases the remaining ink by gently and uniformly
propelling it away from the support. The MAPLE DW
process allows for the generation of patterns in a non-
lithographic fashion, since it is a direct-write process
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Fig. 2. Schematic diagram illustrating the MAPLE DW process.

w25x, and as such it is ideally suited for rapid prototyping
applications.

In this work, we discuss the use of both techniques
for the deposition of chemoselective polymers for chem-
ical sensor applications. Two types of chemical sensors,
surface acoustic wave(SAW) and chemiresistors, are
used to demonstrate the capabilities of MAPLE and
MAPLE DW when coated with chemoselective poly-
mers. Finally, the response of these sensors when
exposed to dimethylmethylphosphonate(DMMP)
vapors is compared to that of similar sensors fabricated
by spray coating.

2. Experimental

2.1. MAPLE of chemoselective polymers

The MAPLE deposition system consists of a pulsed
laser deposition chamber with a liquid nitrogen-refrig-
erated target holder capable of maintaining a 2.5-cm-
diameter matrix target frozen solid during the deposition.
Prior to its mounting inside the chamber, the target was
immersed in liquid nitrogen. A rotary substrate holder
allowed the substrates to be mounted parallel or normal
to the surface of the frozen MAPLE target. Typical
target–substrate distances ranged between 3 and 5 cm.
The substrates were at room temperature, while the
target temperature was held betweeny90 andy110
8C during deposition. A Lambda Physik LPX-305i
excimer laser operating with an ArF mixture(20-ns
pulse length at 193 nm) and firing at rates between 5
and 10 Hz was used. The excimer laser beam was
incident on the target at a 458 angle and was focused
onto a spot 0.02 cm in area. The laser fluence at the2

target was varied between 0.1 and 0.2 Jycm . The laser2

beam was rastered over the target surface while the
target was rotated to avoid excessive heating and erosion
of a single spot on the target, which could lead to
damage of the matrix surface. Several of the films were
deposited under vacuum at a chamber pressure of less
than of 0.1 Pa and the rest under a dry-nitrogen
background pressure of 6.7 Pa.

A fluoroalcoholpolysiloxane polymer, hereafter
referred to as SXFAw26x, was the material deposited by
MAPLE for these experiments. SXFAyCHCl 0.5 wt.%3

solutions were used to prepare the MAPLE targets. ST-
cut quartz(417-MHz) SAW two-port resonator devices
(RF Monolithic Inc) were used as mass sensor trans-
ducers. Each SAW device was rinsed in CHCl and then3

plasma-cleaned prior to being coated. Thin films of
SXFA were deposited by MAPLE and by aerosol spray-
coating on Si(100) witness substrates and on SAW
devices for comparison purposes. A 0.1 wt.% SXFAy
CHCl solution dispensed through an airbrush was used3

to spray-coat the SAW devices.
The response of the SXFA-coated SAW devices was

evaluated by challenging them to controlled exposures
of DMMP vapors, a nerve agent stimulant. The tests
were performed in a sealed test chamber with a con-
trolled flow of dry air. The frequency shift of the SAW
devices was monitored as a function of time using a
SR620 frequency counter(Stanford Research Systems
Inc). Mixtures of DMMP vapor and dry air at concen-
trations of approximately 0.1 mgym were introduced3

into the chamber for a few seconds and then purged
with dry air. For the vapor tests, one SAW device with
a 15-nm-thick spray-coated SXFA film was tested
against a 35-nm-thick SXFA MAPLE-deposited film.

The surface morphology of the MAPLE-deposited
and spray-coated SXFA films was evaluated using an
optical microscope and a Dimension 3000 atomic force
microscope(Digital Instruments Inc).

2.2. MAPLE DW of chemiresistive polymer composites

Borosilicate glass discs, double-side polished and 5.0
cm in diameter by 3 mm thick, were used as ribbon
supports. The polymer composite ribbons were prepared
by spray coating a solution containing 0.1 g of polye-
pichlorohydrin (PECH; average MWs700 000;
Aldrich) and 0.01 g of acetylene carbon black(Alfa)
mixed in 50 ml of chloroform. The coated side of the
ribbons was kept at a distance of 100–200mm from the
substrate with a spacer. Both the substrate and ribbon
were held in place using a vacuum chuck over theX–Y
substrate translation stage. The third-harmonic emission
of a Nd:YAG laser,ls355 nm(Spectra Physics), was
directed through a circular aperture and a 10= objective
lens, resulting in a 85-mm-diameter spot at the ribbon
with a laser fluence of 0.1 Jycm .2

All the components for the chemiresistor sensors were
fabricated by MAPLE DW. First, a series of silver
electrodes was deposited by MAPLE DW onto polyim-
ide substrates. Then, 1 mm=4 mm pads of PECHy
carbon were deposited by MAPLE DW on top of the
electrodes. To verify the operation of the MAPLE DW
sensors, similar pads of PECHycarbon were spray-
coated onto a separate set of silver electrodes. The
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Fig. 3. AFM images of SXFA films on silicon substrates deposited
by: (a) spray coating;(b) on-axis MAPLE; and(c) off-axis MAPLE.

response of the PECHycarbon sensors was evaluated by
exposing them to controlled exposures of DMMP vapor
streams ranging in concentration from 25 to 100 mgy
m . The voltage drop across the electrodes was measured3

with a HP 34401A digital multimeter as a function of
time.

3. Results and discussion

3.1. MAPLE deposition of SXFA thin films

Thin films of SXFA were deposited on silicon sub-
strates and on the surface of SAW devices using
MAPLE. Depositions were performed with the surfaces
to be coated mounted either parallel or perpendicular to
the surface of the frozen target. With a target–substrate
distance of approximately 4 cm and with their surfaces
parallel to each other, as shown in Fig. 1, films approx-
imately 100 nm thick were deposited after 20 000 laser
shots. We refer to this as the ‘on-axis’ configuration.
When the substrate was mounted with its surface per-
pendicular to the surface of the frozen target and with
its edge 4 cm from the target, films approximately 35
nm thick were deposited after 20 000 laser shots. This
configuration is called ‘off-axis’ hereafter. Despite the
higher deposition rate with the substrate mounted on-
axis, the surface morphology of the resulting films
deteriorated as the film thickness increased. For the
MAPLE depositions performed in this geometry, it was
difficult to prepare SXFA films with thickness over 20
nm and with smooth and uniform surfaces. Rather, most
of the films exhibited a number of scattered surface
features greater than 10mm in diameter that became
more densely packed with increased film thickness.
These features appear to be droplets of SXFA polymer
and are similar to the droplets observed in the films
deposited by spray coating, except smaller. The reason
for the formation of these droplets is not well under-
stood. However, they appear to originate from the target
during the laser evaporation process and follow a straight
path from the target towards the substrate. The droplet
concentration decreases away from the central film
region.

It was possible to deposit smoother films at a reduced
deposition rate by placing the substrates away from this
region or in the ‘off-axis’ configuration. Fig. 3 shows a
comparison between the surfaces of three SXFA films
as evaluated with an atomic force microscope(AFM).
Fig. 3a shows an AFM image from a spray-coated
SXFA film, revealing a root mean square(RMS) surface
roughness of approximately 20 nm. This image illus-
trates the high degree of roughness characteristic of the
spray-coated films caused by evaporation of the solvent
present on the film as it is being deposited. Fig. 3b
shows a SXFA film deposited in the ‘on-axis’ MAPLE
configuration. The RMS surface roughness for this

sample was of the order of 22 nm. The large peaks
observed in the image are due to the droplets present
on these films. It is worth noting that the film morphol-
ogy between the droplets is rather uniform. Finally, Fig.
3c shows the AFM image from a SXFA film deposited
in the ‘off-axis’ MAPLE configuration. The RMS sur-
face roughness for this film was of the order of 6 nm.
Clearly, by reducing the density of droplets, a significant
improvement in surface morphology can be achieved.

In order to compare the performance of the MAPLE-
deposited SXFA films against that of the spray-coated
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Fig. 4. Optical micrographs showing the surface of SAW devices coat-
ed with SXFA by(a) spray coating and(b) off-axis MAPLE.

Fig. 5. Frequency response of MAPLE and spray-coated SXFA SAW resonators when exposed to DMMP vapors at a concentration of 0.1
mgym (;10 ppb).3

films, we coated two 417-MHz SAW devices. The spray-
coated film, approximately 15 nm thick, resulted in a
SAW frequency shift of approximately 500 kHz. The
second SAW device was MAPLE coated in the ‘off-
axis’ configuration, with an SXFA film approximately
35 nm thick resulting in a frequency shift of approxi-
mately 1200 kHz. Fig. 4 shows optical micrographs
corresponding to each of these sensors. The response of
these sensors was evaluated against low exposure(-
0.1 mgym ) to DMMP vapors. The DMMP concentra-3

tions used for these tests correspond to doses of the
order of 10 ppb. The resulting SAW response from both
devices is plotted in Fig. 5. Both the spray-coated and
MAPLE-coated SAW devices showed a fast initial
response, of the order of milliseconds, for a 5-s DMMP
exposure. In fact, Fig. 5 reveals that the frequency shift
from the MAPLE-coated SAW was slightly greater than
that of the spray-coated SAW sensor, while the former
had a slightly faster signal response. This demonstrates
that the chemoselective properties of the SXFA films
are not affected by the MAPLE deposition process.
When the DMMP vapor was turned off, the SAW
frequencies return to their original value, albeit more
slowly, due to the time it takes to remove all traces of
DMMP vapor from the test chamber.

3.2. Performance of chemiresistor sensors

Using dispersions of conductive materials, such as
carbon and non-conductive chemoselective polymers,
gas sensors based on conductimetric techniquesw27,28x
are fabricated. In the correct ratio, the polymerycarbon
composite becomes conductive and its resistance chang-
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Fig. 6. Optical micrograph of a chemiresistor gas-sensor element fab-
ricated by MAPLE DW.

Fig. 7. Response of a MAPLE DW and a spray-coated PECHycarbon
chemiresistor sensor to various concentrations of DMMP vapors rang-
ing from 5 (25 mgym ) to 20 ppm(100 mgym ).3 3

es when exposed to different vapors. These types of
chemical sensors, known as chemiresistors, are simple
in concept and operation. For this work, PECH was
selected, since it is a polymer with a range of solubilities
for numerous analytes, making it ideal for the fabrication
of chemical gas sensors with a similarly wide detection
capability.

Fig. 6 shows a micrograph of a typical PECHycarbon
chemiresistive pad fabricated by MAPLE DW across a
set of silver interdigitated electrodes that were also
prepared by MAPLE DW on a polyimide substrate. In
order to evaluate the performance of the chemiresistors
prepared by MAPLE DW, similar PECHycarbon pads
were fabricated by spray coating, placed side by side
and exposed to calibrated concentrations of DMMP
vapor. The results of the vapor tests are shown in Fig.
7. The results indicate that the response of the MAPLE
DW and that of the spray-coated chemiresistors was

similar and showed sensitivity of the order of ppm. In
fact, the data in Fig. 7 show that the magnitude of the
response of the MAPLE DW chemiresistor sensor was
slightly higher than that of the spray-coated device at
the different concentrations tested. Despite the fact that
the chemiresistor sensors have slower response times
and lower sensitivity than the SAW-based sensors, chem-
iresistors are significantly simpler to operate when com-
pared to SAW-based sensors and are ideally suited for
the fabrication of miniature sensor arraysw29x.

4. Summary

The use of laser processing techniques for depositing
thin films of polymer materials for chemical sensor
applications has been demonstrated by two new tech-
niques, MAPLE and MAPLE DW. Using MAPLE,
highly uniform films of SXFA were deposited on the
surface of SAW resonators. The performance of the
MAPLE-coated sensors was comparable to that of spray-
coated SAW devices. Using the MAPLE DW technique,
conductive pads of PECHygraphite were used to dem-
onstrate a simple, conductimetric chemical-vapor sensor.
The performance of these chemiresistive gas sensors
was equivalent to that of similar sensors prepared by
traditional coating techniques. MAPLE and MAPLE
DW offer significant advantages for the fabrication of
chemical sensors, since they allow the deposition of
solvent-free chemoselective polymers on a variety of
substrate surfaces.
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