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This  paper  deals  with  the  characterization  of  ultra-thin  films  of  PMMA  grown  by  an  original  photo-
assisted  Chemical  Vapor  Deposition  process  equipped  with  a pulsed  liquid  injection  system  to deliver
the  monomer.  The  nanometric  thick  films  showed  a good  ability  to encapsulate  a  liquid  phase  as  micro-
oly(methyl methacrylate)
hoto-CVD
irect  Liquid Injection
aman  Confocal Spectroscopy
tomic  Force Spectroscopy

droplets  protected  by  a  thin  polymeric  tight  membrane  in  the  form  of  blisters.  Techniques  that  are  capable
to  analyze  these  heterogeneous  structures  at micro-  and  nanoscopic  scale  such as  Raman  Confocal  Spec-
troscopy  and  Atomic  Force  Microscopy  were  used  to  characterize  these  polymer  films.  The  liquid  droplets
were  found  to be  monomer  encapsulated  by  a  PMMA  film.  The  specific  properties  of  these  ultra-thin
films  exhibit  self-healing  capabilities  at microscopic  scale  making  them  attractive  for  functionalization
of  surfaces  and  interfaces.
. Introduction

The Chemical Vapor Deposition (CVD) is a valuable and versa-
ile technique to grow micro- and nanostructured materials. It finds
pplications in many nanofabrication areas for instance to produce
arbon nanotubes [1], low � dielectrics [2], core–shell nanostruc-
ures [3] and nanocomposite coatings [4]. To develop industrial CVD
rocesses several technologies compete to deliver the high flow
ates of reactive gas required for high growth rates and large scale
eactors. Starting from liquid molecular compounds as precursors,
his includes for instance Aerosol Assisted CVD [5] and pulsed Direct
iquid Injection CVD coupled to a flash vaporization of the liquid
onomer to form the vapor phase (DLI-CVD) [6]. For this last tech-

ique a wide area of applications is targeted by intensive research
n inorganic materials, either oxides [7–9] or carbides [6,10,11].
rganic materials are also deposited by CVD processes using vari-
us activation techniques of the reactive gas phase to compensate
he very low deposition temperature imposed by these thermally
ragile materials. Thus polymeric thin films were grown by initiated

VD (iCVD), e.g. hot-filament activation [12,13], Plasma Enhanced
VD (PECVD) [14] and the Graham process [15] using respectively
hemical, plasma and thermal activation methods.

∗ Corresponding author at: Faculty of Applied Chemistry and Materials Science,
niversity  Politehnica Bucharest, Str. Polizu 1-7, 011061, sector 6, Bucharest, Roma-
ia. Tel.: +4021 402 39 30; fax: +4021 311 17 96.

E-mail address: claudiu.manole@ymail.com (C.C. Manole).
The ultra-thin polymeric films discussed in this paper were
obtained by an original CVD process. First, the originality comes
from the photon activation of the gas phase (Photo-CVD) without
irradiating the thin layer growing on the substrate. Up to now this
technique was  reported to deposit inorganic materials [16]. Sec-
ondly, since the polymerization involves a liquid monomer as CVD
precursor a novel approach was to use DLI-CVD. This dual inno-
vation resulted in the deposition of ultra-thin (nanometric) poly
(methyl methacrylate) (PMMA) films that, under particular condi-
tions, encapsulated a liquid phase of its monomer. PMMA thin films
were previously deposited by iCVD and evidences for a free-radical
mechanism were found [13]. The approach of the DLI Photo-CVD
process is based on the photon activation of the gas phase. It has
the advantage of depositing at room temperature (or lower), with-
out direct substrate irradiation and it allows to obtain a conformal
coverage at low pressures (over solid and liquid surfaces).

Because the films are nanometric thick their characterization
requires specific tools and methodologies. This paper gives an
insight into the means of characterizing such polymeric ultra-thin
films. The experimental results deduced from the techniques used
give direct and indirect evidences of the main features of these
PMMA thin films.

2.  Materials and methods
The  core of the Photo-CVD system stands in a vertical align-
ment perpendicular to the substrate surface of an Injection System,
a Vaporization Chamber, an UV activation chamber of the gas phase
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Table  1
Experimental parameters used for DLI Photo-CVD of PMMA  films.

Parameters Inj-1 Inj-2

Deposition temperature (◦C) 18 18
Total pressure (Torr) 9.5 9.5
Injector conditions

fliq (Hz) 1 1
ton (ms) 1 1
N2 carrier gas in injector (sccm) N/A 150
N2 carrier gas in vaporization chamber (sccm) 108 N/A
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Setpoint (%) N/A 10
fgas (Hz) N/A  1

nd a Sample Reactor. The injector systems flash vaporizes the liq-
id monomer used as precursor. For the experiments reported in
his paper, two commercial injection systems provided by Kem-
tream (www.kemstream.com) were used.

In  the case of injection system 1 (Inj-1) a liquid injector commu-
icates directly to a vaporization chamber. The amount of liquid

njected is computer controlled by an opening time (ton) and a
epeating frequency (fliq) of the process. In the vaporization cham-
er the spray of the liquid is vaporized and mixed with a continuous
tream of N2 used as carrier gas monitored by a mass flow meter.

The  injector system 2 (Inj-2) is a new generation designed to
mprove the atomization and the gas flow rate of the precursor. It
as two-stage components. It contains a first liquid injector that
ulses the monomer to a mixing chamber. The amount of liquid

njected at this first stage is controlled by an opening time (ton) and
 repeating frequency (fliq) of the process. This first liquid injec-
or communicates with a second gas injector acting also as mixing
hamber with the carrier gas. The gas injector mixes the spray with
2 as carrier gas and then pulses the liquid/carrier gas mixture into

he flash vaporization chamber. The gas injection is monitored by
 mass flow meter. The amount of gas injected is controlled by the
oftware that converts a given setpoint (percent of sccm) in opening
ime. The recurring pulsed opening time of the gas injector is given
y a gas frequency (fgas). Both injection systems produce sprays
ith different characteristics in terms of average size of droplets

nd size distribution.
For  Inj-1 setup, the monomer was pushed by a pressure of

.8 bar of N2 towards the injector which operated at fliq = 1 Hz and
on = 1 ms.  In the Inj-2 setup, the monomer was pushed with a pres-
ure of 3.5 bar and the N2 carrier gas pressure was of 2 bar, with
etpoint = 10% and fgas = 1 Hz. The experimental parameters with
espect to the injecting conditions are summarized in Table 1.

The  UV chamber consists of four Hg low pressure lamps emit-
ing at 254 nm (Heraeus model NNI 60/35 XL). For each lamp, the
adiative flux at 254 nm in air at room temperature was 20 W and
he irradiance at this wavelength was 150 �W/cm2 at a distance of

 m.  They are 38 cm long and placed around a quartz tube of 5 cm in
iameter and 40 cm long. The lamps and the tube are surrounded by

 shell and a polished aluminum reflector. The temperature of the
amps and the quartz tube are maintained around 80 ◦C by a stream
f compressed air. The vapor phase is photo-activated when passing
nto this quartz tube and is carried towards the sample reactor. For
he deposition, the monomer methyl methacrylate (MMA)  (con-
aining ∼0.004% hydroquinone as stabilizer) was  mixed with 2%
-hydroxycyclohexyl phenyl ketone as photo-initiator (PI) in order
o aid the polymerization. They were both purchased from Sigma
ldrich and used as received.

The  substrates in the growth reactor were placed perpen-
icularly to the main gas stream on a sample holder equipped

ith a temperature control system. They were kept at ambient

emperature (18 ◦C). They were degreased and cleaned in ultra-
onic bath with acetone and then ethanol. During deposition, a
ubstrate area was masked in order to allow a direct comparison
   

between  a deposited and an undeposited zone. The masking
was performed by placing the polished face of a Si(1 0 0) chip
(10 mm × 5 mm × 0.4 mm directly on the polished surface of a rect-
angular Si(1 0 0) wafer (30 mm × 5 mm  × 0.4 mm). The intimate
contact between the two polished surfaces prevents the diffusion
of reactive gas between them and therefore the contamination of
the masked surface of the substrate during the CVD run. In order
to have a different type of surfaces, a 25 mm × 25 mm × 1 mm glass
substrate was  also used near the Si(1 0 0) substrate.

The Atomic Force Microscopy (AFM) data was obtained by an
Agilent Technology 5500 AFM operating in acoustic mode with sil-
icon Type VII MAC  Lever from Agilent. The AFM measurements were
made at a speed of 5 nm/s at room temperature in ambient air. The
Raman spectra and in situ Optical Micrographies were obtained at
room temperature by a Horiba LabRAM Raman Confocal Spectrom-
eter with a 5 mW laser emitting at 532 nm.  Both techniques offer
direct characterization of the samples. However, with respect to
ultra-thin nanometric layers, these characterizations can provide
direct and indirect experimental results. The AFM offers direct
results over the ultra-thin film due to the atomic force interactions
that it measures; it is really a surface analysis technique.

The Raman Confocal Microscopy (RCM) analysis of ultra-thin
polymeric films provides both direct and indirect results in the
sense that it is not really a surface analysis technique and it can
be invasive for the material analyzed. The samples can be analyzed
as-deposited and after subsequent treatments either in situ during
the Raman analysis as a result of the interaction between the laser
beam and the material, or various post-treatments. In this work, we
focus on post-thermal treatment in the ambient air of a Memmert
Model 550 oven at 115 ◦C.

3.  Results and discussion

The  two  DLI systems allowed encapsulating different volumes
of liquid inside a polymeric thin membrane on the surface of a sub-
strate. The two  injection systems with continuous (Inj-1) or pulsed
(Inj-2) carrier gas offered the possibility to investigate ultra-thin
films with different morphologies and properties.

In a first series of deposition experiments, the Inj-1 injection
system was used to obtain very thin polymeric film by the DLI
Photo-CVD process. The formation of a nanometric thick membrane
is difficult to identify and characterize, in particular to determine
its thickness and structural features because organic polymers are
generally nonconductive and thermally fragile materials. Infor-
mation with respect to the presence of an ultra-thin film can be
obtained directly by AFM or indirectly by extrapolating RCM data.

The AFM topography of an uncoated area (Fig. 1a) and a coated
area (Fig. 1b) over the same substrate is shown in Fig. 1. It can
be observed that the maximum height for a coated area increased
by approximately 30 nm with respect to the uncoated one, which
reveals the presence of an ultra-thin film covering the surface of the
substrate. By mapping the phase of the cantilever oscillations, the
AFM offers the possibility to identify variations in the sample com-
position. In Fig. 1c, the phase imaging of the coated area shows such
a phase change and reveals two types of structures. First, what can
be regarded as encapsulated liquid droplets (structure #1), looking
as blisters ca. 1 �m in diameter spread out over the surface of the
sample and, secondly, smaller heterostructures looking as a good
conformal coverage of solid nanoparticles that contaminated the
surface of the Si substrate by a thin film.

After the deposition, the blisters observed on the surface pre-

serve their shape, size and distribution on the surface even after 2
months in ambient air and in dark. They do not show any change
due to either chemical reactivity for instance with air or to evap-
oration of the volatile liquid. Indeed, if the liquid was the MMA

http://www.kemstream.com/
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ig. 1. AFM topography for an uncoated area (a) and for a coated area (b) with the
iquid encapsulation as blisters (1) and inhomogeneities resulting from conformal c

onomer, its vapor pressure is sufficiently high (29.5 Torr at 20 ◦C)
o be completely evaporated. This indicates the liquid droplets are
rotected from the environment by a very thin polymeric mem-
rane. At this stage, the best assumption is to consider that these
listers like structures contain a liquid that should be the monomer
nd the photoinitiator molecule since they are the sole liquid com-
ounds involved in the CVD process.

Raman analysis of an as-deposited droplet-like structure
pproximately 10 �m wide, reveals the C C bonds of both the
onomer (not present in the polymer) and the photoinitiator with

ands at 1640 cm−1 and 1660 cm−1, respectively. This results in
 broad cumulative C C peak in this spectral range (Fig. 2). Even
f there were only 2% of PI in the initial solution injected, it can
e present in an amount significantly greater in these blisters.
ndeed, the volatility of MMA  (29.5 Torr at 20 ◦C) compared to PI
2.2 × 10−3 Torr) suggests that a part of the monomer is likely evap-
rated during the deposition under reduced pressure (9.5 Torr),
hich enriches the proportion of PI in the liquid condensed on the

ubstrate surface.
The  issue of separating the two species to determine the compo-

ition of the liquid in the droplets will be resolved by a subsequent
ost-treatment of the sample. The Raman technique was  reported
s a tool for estimating the extent of polymerization of PMMA
fter a thermal treatment, highlighting the 115 ◦C temperature
s optimum temperature for monomer polymerization [17]. As

bserved in Fig. 2, the band associated to the monomer decreases
radually with the increase of the time of a thermal post-treatment
t 115 ◦C in air. This indicates the presence of liquid MMA  into
he observed drop-like structure that progressively polymerize by

ig. 2. Raman spectra of a 10 �m encapsulated droplets obtained with Inj-1 system
fter an thermal (115 ◦C) post-treatment.
 system. The phase image of the deposited area is also presented (c) with possible
ge of particles contaminating the surface of the Si(1 0 0) substrate (2).

thermal activation. During and after all of the Raman measure-
ments, the film and the droplets deposited using the Inj-1 system
were preserved intact.

The  further use of the Inj-2 injection system will provide poly-
meric thin films with similar features, but with different properties.
Larger droplets were incorporated into a thin film grown using the
Inj-2 injection system. The AFM force microscopy was  performed
onto three points indicated in the AFM topographical image (Fig. 3).
The Atomic Force Spectroscopy involves three steps of the AFM
cantilever behavior: (i) an approach half cycle, when the cantilever
tip approaches the surface, (ii) a contact with the sample and (iii) a
retracting half cycle when the cantilever retracts. Fig. 3b shows that
the bare Si substrate (the reference) has a short approach/retracting
cycle (∼0.5 s). Due to the ultra-thin polymeric film covering the sub-
strate, the approach/retract cycles are longer (∼1.5 s) that indicates
a more elastic behavior compared to the bare Si substrate. If pure
liquid were present onto the surface as free droplets, i.e. without
encapsulation in an ultra-thin membrane as blisters, the AFM tip
would have penetrated the liquid easily, indicating thus a different
retracting cycle for the region 3 compared to regions 1 and 2.

It  is well known that the focused Raman laser generates heat
that can damage materials if they absorb the photons. For instance,
the laser-induced thermal effects were studied on carbon nano-
tubes and on magnetite oxidation [18,19]. Also, the optimized laser
energy can be used to achieve welding of PMMA  sheets [20]. Here,
during the Raman Microscopy analyses of layers obtained by Inj-
2 system, the ultra-thin film on the Si substrate was irradiated
in situ by the laser beam. During this laser irradiation for approx-
imately 15 s, both a destructive and a constructive effect can be
extrapolated.

Firstly, the as-deposited blister approximately 30 �m in diam-
eter (Fig. 4a) on which the laser focus shows a catastrophic failure
of the film by the presence of a crater-like structure (Fig. 4b).
The focal diameter of the RCM laser was 430 nm.  The resulting
crater-like geometry after the exposure to laser beam reaches
approximately 5 �m in diameter. The degradation process can be
essentially described by the following steps: (i) laser energy absorp-
tion at the thin film interface with the Si substrate leading to a
sudden temperature increase originating essentially from absorp-
tion of the Si, (ii) initial thermal strain and possibly melting (such as
depolymerization of PMMA  [21]) and/or vaporization of the liquid
species (MMA), and (iii) thermally induced polymerization from
encapsulated monomer in the low temperature areas (at the edges
of the crater) [22]. In Fig. 4a and b, the laser beam was focused on
a heterogeneity embedded in the blister. This heterogeneity likely
originating from the surface contamination of the Si substrate is

uncovered after laser irradiation at the center of the crater as shown
in Fig. 4b. For blisters without such contamination the bottom of
the crater is clean after laser exposure and no particle is observed
at the center (Fig. 4d).



          

Fig. 3. The AFM topography (a) with arrows indicating the areas where the force spectroscopy data (b) were obtained for the PMMA  film polymerized with the Inj-2 system
and for the bare Si substrate.
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ig. 4. In situ optical microscopy image of films deposited with the Inj-2 system ac
t a wavelength of 532 nm of two blister-like structure deposited over (a) (b) glass 

The presence of such crater-like structures after several Raman
nalyses supports this degradation process. Raman laser provides

 heat gradient across the surface of the sample, with a maxi-
um temperature at the center of the spot and a sharp decrease

owards ambient temperature at the periphery. Shebanova and
azor observed that Raman laser irradiation (at 512 nm)  induced
he oxidation of magnetite [18]. This oxidation could occur at tem-
eratures close to 240 ◦C [18]. Their study was oriented towards the
etermination of the local temperature for the laser-heated spot. It

nvolved the variation of the power to the sample (7–60 mW)  over
 spot size of around 5–10 �m,  for instance 50 mW/5  �m.  For the
ptical objective used in our experiments the calculated spot size of
ur 5 mW laser is around 0.5 �m.  Therefore the approximate power
er surface area of the RCM used in our experiments is of the same
rder of magnitude (5 mW/0.5 �m).  At 50 mW the temperature was
orrelated by Shebanova and Lazor at around 410 ◦C for magnetite

18]. Si substrate strongly absorbs irradiation at 532 nm and it can
eadily transmit its local heat to the polymeric film. Therefore, it can
e suspected that at the observed radius of 2.5 �m from the center
f the crater (i.e. edge of the crater) the temperature could reach an
 (a) (c) before and (b) (d) after irradiation by focusing a 5 mW laser beam emitting
) (d) Si(1 0 0) substrates during Raman analysis.

optimum value near 100 ◦C that leads to a self-healing mechanism
of the blister by thermal polymerization. The sealing at the edge of
the exposed area can be considered as a constructive effect of laser
irradiation (Fig. 4c).

The  different behavior of the samples prepared using the Inj-1
and Inj-2 systems observed during Raman analyses may be due
to a different composition of the liquid (for instance the ratio
MMA/PI) encapsulated in the polymer film. The nanometer-thick
PMMA films that encapsulate polymerizable monomeric species
show self-healing properties, with the ability to re-seal the area
that suffered a catastrophic failure. This is achieved under particular
conditions dictated by the activation parameters of the polymer-
ization such as the temperature induced by laser heating.

4.  Conclusions
An original Photo-CVD process was used to obtain ultra-thin
nanometric PMMA  films. After the photo-excitation of the gas
phase, the monomer polymerizes over both liquid and solid
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urfaces. Two commercial injector systems allowed liquid encap-
ulation as blisters with different morphologies and properties. A
art of the liquid monomer was encapsulated as microdroplets in
he ultra-thin polymeric film. AFM and RCM techniques were used
o characterize such films and evidences for liquid encapsulation
ere given. The film presents self-healing behavior at micrometric

cale, a property that has the potential to be also exploited at larger
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