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a b s t r a c t

In recent years, there has been a significant interest of the scientific community on nanocellular poly-
meric foams as a possible next generation of materials with a low dielectric constant for microelectronics
applications In this work, the dielectric behavior of microcellular and nanocellular poly (methyl meth-
acrylate) (PMMA) based foams has been characterized, both as a function of frequency and temperature,
in order to analyze the effect of reducing the cell size to the nanoscale on the dielectric properties.
Experimental results have shown clear differences in the dielectric behavior of the samples with cell
sizes in the nanoscale as well as a sharp reduction of the dielectric constant when the porosity increases.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Nanocellular foams have recently attracted significant attention
in the microelectronics industry as a means of producing materials
with a low dielectric constant (k) [1e6]. As the devices scale to
smaller feature sizes, a new generation of low dielectric constant
materials is needed to minimize cross talk and maximize signal
propagation speed. The low dielectric constant of polymers and air
(k ¼ 1) make polymeric foams potential candidates as low k sys-
tems [7].

Poly (methyl methacrylate) (PMMA) is a thermoplastic material
with a medium to high thermal stability and was one of the first
polymers used in microelectronic systems [8]. In fact, this material
is frequently used as a dielectric thin film [9e11]. In addition,
PMMA has been recently used to produce nanocellular foams with
different densities and cell sizes. Due to these reasons PMMA was
selected for this study.

In microelectronics, the decreasing dimensions of the devices
induces severe size restrictions to the cell size, which should ideally
be an order of magnitude smaller than the thickness of the
dielectric film [12], i.e. if a polymer foam is used as a dielectric film,
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as the thickness of the film could be of a few micrometers the cells
should have dimensions in the nanoscale. Therefore, according to
the literature, these required cell sizes are merely the result of the
dimensions of the devices and it is not expected a significant dif-
ference between the well-known dielectric behavior of conven-
tional, or microcellular foams, and that of the recently developed
nanocellular foams [13]. However, a preliminary work by the au-
thors has showed the emergence of a Maxwell Wagner Sillars
(MWS) phenomenon in PMMA-based nanocellular foams at room
temperature [14].

Further research to analyze this unexpected behavior as a
function of temperature and frequency could provide important
information for the application of nanocellular foams in micro-
electronic devices [14], where thermal stability is critical and one of
the main drawbacks of polymer-based materials [15]. Therefore,
the aim of the present study was to investigate in detail the
dielectric behavior of both micro and nanocellular foams as a
function of frequency and temperature showing the main differ-
ences between the behaviors of the two type of materials when cell
size is reduced to the nano-scale.
2. Experimental section

PMMAwas supplied by Arkema Company (France) in the form of
pellets. This polymer presents a density (r) of 1180 kg/m3 and a
glass transition temperature (Tg) around 112 �C.
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PMMA pellets were injected into pieces of 50 � 15 mm2 with
3 mm in thickness (model DSM Xplore), and used later for foaming.

Foaming experiments were performed at room temperature
following the solid state foaming process (details can be found in
the Supporting Information), modifying the saturation pressure
between 10 and 30MPa. The saturation pressures used are included
in Table 1.

Dense skin of foamed samples was removed using a polishing
machine (model LaboPOl2-LaboForce3, Struers). Then solid and
polished samples weremachined using a precision cuttingmachine
(Mod. 1000, IsoMet) to be approximately 10 � 10 mm2 with 1 mm
in thickness. The cellular structure of foams was characterized by
scanning electron microscope (SEM, model Quanta 200FEG, FEI).

The dielectric behavior of cellular polymers was evaluated by
means of a direct current (DC) electrical resistivity adapter
(Keithley 6105, model) and a broadband dielectric spectrometer
(ALPHA, Novocontrol Technologies GmbH).

DC resistivity datawere determined according to ASTMD257-99
[16]. Solid and foamed samples were measured four times
atþ500 V,�500 V,þ500 V,�500 V. Time of electrificationwas 60 s,
and the time of discharge before making a measurement with
reversed voltage was 4 min. Resistivity (R) was calculated as
follows:

R ¼ A$V
t$I

(1)

where A and t are the area and thickness of the sample respectively,
V is the applied voltage, and I is the intensity measured.

In the case of broadband dielectric measurements, foamed and
solid samples were held in a dielectric cell between two parallel
gold-plated electrodes. The thickness of the samples was taken as
the distance between the electrodes and was determined using a
micrometer gauge. The complex dielectric permittivity (ε*¼ε

0 � iε00)
of the solid and foamed materials was measured over a frequency
window of 10�2 < F/Hz < 106 (F is the frequency of the applied
electric field) in the temperature range from �20 to 110 �C. The
amplitude of the alternating current (ac) electric signal applied to
the samples was 1 V. Furthermore, the real part of the complex
dielectric permittivity, ε0, (or dielectric constant, k) was modeled
using the series model [17], the parallel model [17], and the
Maxwell Garnett model [18].
3. Results and discussion

DC resistivity (R, U/cm) at room temperature of PMMA foams
with pore sizes between 90 and 3290 nm (Table 1, representative
SEM micrographs of the foams can be found in Fig. S1, see Sup-
porting Information) did not follow a simple trend as a function of
to the relative density (Fig. 1, left). The resistivity of the foams in-
creases by two orders of magnitude when the pore size falls from
1460 nm to 710 nm, despite a simultaneous and slight decrease of
the relative density (that should reduce the resistivity).

This behavior was previously observed by J. Pinto and coworkers
Table 1
Main characteristics (saturation pressure, cell size and relative density) and, experiment

Saturation Pressure (MPa) Sample e cell size (F) (nm) Relative density (rrel) K at 1

0 (Solid) e (Solid) 1 7.73
30 90 0.46 3.56
25 200 0.49 4.25
20 710 0.53 4.50
15 1460 0.56 5.07
10 3290 0.66 5.61
[14], who demonstrated the appearance of an electrical conduc-
tivity component and an interfacial polarization phenomena (or
MWS) in nanocellular PMMA based foams at low frequencies. MWS
occurs in heterogeneous materials, such as blends or composites, at
the interfaces, leading to a separation of charges (Fig. 1, right).
Furthermore, they found an increase in the electrical resistivity of
PMMA based foams when cell size shifts from the micro to the
nanoscale due to an increase tortuosity of the solid phase (tortu-
osity of the solid phase is the ratio between the minimum distance
of any real path between two areas of the cellular material and the
shortest distance between these two areas (Fig. 1, right)).

The appearance of both phenomena can clearly be observed in
Fig. 1 left. A clear increase of the resistivity is observed when cell
size changes from the micro (1460 nm) to the nanometer range
(710 nm); this is due to a higher tortuosity of the solid phase in the
nanocellular foam (Fig. 1, right). In addition, for materials with cells
sizes below 700 nm a reduction of the resistivity when the cell size
is reduced is detected. The reason for this behavior is a conductive
mechanism at low frequencies related to the MWS, which is due to
the accumulation of charges in opposing cell walls.

As mentioned before, nanocellular polymeric foams are
required in the microelectronics due to the reduced thickness of
dielectric materials. Therefore, the dielectric behavior of the fabri-
cated PMMA microcellular and nanocellular foams was studied
with the aim of understanding if the change in the internal struc-
ture can affect the dielectric behavior.

First, the dielectric constant (k) of solid, microcellular and
nanocellular PMMA at a frequency of 1 KHz (Table 1) was
measured. As expected the foams presented reduced k values in
comparisonwith the solid materials. For instance the foamwith the
smallest pore size (90 nm) that has a relative density of 0.46
showed an important reduction of k of around 55% (from 7.73 to
3.56).

With the aim of identifying the possible influence of the pore
size in the dielectric constant, the results were compared with the
predictions provided by the most common theoretical models used
in previous literature. These models consider the system as an
isotropic medium and only take into account the fraction of voids
(porosity ¼ (1 � rrel)) of the foams. It was found that these models
fail to predict the experimental results (see Table 1), being not able
to simultaneously fit the k values measured for the largest and the
smallest pore sizes. This result is probably due to one of themodels'
hypothesis. In all these models the properties of the constituent
phases (both solid and gas phase) do not change with cell size.
However previous works [14,19e21], have proved that both the gas
within the pores and the polymeric chains in the solid matrix have
different properties when the cell size is decreased to the nano-
meter range. Once these changes are fully understood they should
be introduced onmore advanced theoretical models able to provide
accurate predictions of the dielectric constant for both micro-
cellular and nanocellular foams.

It should be noticed that the values of the dielectric constant of
the materials included in this paper are far from the ones currently
required by microelectronics industry (k < 2 [22]). However, the
al and theoretical values of the dielectric constant (k) of the analyzed materials.

KHz Kf Series Model [17] Kf Parallel Model [17] Kf Maxwell Garnett Model [18]

e e e

1.66 4.01 3.53
1.74 4.28 3.73
1.85 4.63 3.99
1.95 4.89 4.19
2.35 5.76 4.90



Fig. 1. Left) Evolution of the DC electrical resistivity as a function of the relative density. Right) Scheme of the tortuosity (top) and MWS (bottom) phenomenon. The numbers in the
figure of DC resistivity vs relative density correspond to the cell size of each foam.
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results presented here show a very promising way of achieving low
dielectric constant materials by the production of low density
nanocellular foams.

Second,, it was analyzed if the previous evidences of a different
behavior of microcellular and nanocellular foams could be
confirmed in the frequency domain. With this aim the complex plot
of the impedance (Z) or Nyquist plot was obtained for the solid,
microcellular and nanocellular PMMA (Fig. 2). Nyquist curves
include the entire range of frequencies measured and are used to
obtain information about the equivalent electric circuit. In this
study a clear change in the samples behaviour is observed. The solid
sample presents a dominating capacitor behaviour over the entire
frequency range. Nevertheless, since an ideal capacitor appears as a
vertical straight line (infinite resistance), the slope that the solid
samples presents indicates a slight resistive contribution most
likely arising from the capacitor losses present in any dielectric
material. This slope then starts to decrease with the presence of the
cellular architecture reaching its minimum value in the nano-
cellular material. Therefore, the nanocellular PMMA develops a
Fig. 2. Nyquist plot for solid, microcellular, and nanocellular PMMA.
resistive behaviour and can be modeled as a capacitor in parallel
with a resistor. Reduction of the capacitive behaviour found on
nanoporous PMMA foams could be related to the progressive
immobilization of the polymer chains leading to a progressive
decrease of free dipoles able to rotatewith the reduction of the pore
size.

In short, the previous result confirms that the pore size present a
clear influence on the dielectric behavior of PMMA foams. More-
over, dielectric measurements at room temperature confirmed
previously published experimental results obtained by measuring
the dynamic mechanic behavioral (tan d) of microcellular and
nanocellular PMMA [20]. These results showed that the tan d at low
and medium frequencies was increased when the cell size is
reduced to the nanometer range (Fig. S2, see Supporting
Information).

Finally, the thermal stability of these effects was analysed as a
function of the cell size. In order to obtain this information, mea-
surements in the temperature domain were also conducted. In the
case of the shape parameters alpha and beta, no differences be-
tween microcellular and nanocellular foams were detected as a
function of temperature. This behaviour must be further studied
due to the previous evidences found in the tan d. On the other hand,
a decrease of the normalized dielectric strength, Dε/Dεsolid, that was
stable in the temperature rangemeasured (from�20 to 110 �C) was
observed as a function of cell size (Fig. 3).

This reduction of Dε/Dεsolid was previously observed only at
room temperature [14] and is was related to a progressive decrease
of the number of free dipoles able to rotate, i.e., it is related to the
confinement effect of the solid phase in the nanocellular system.
Therefore, this results proves that the modifications of the dielec-
tric behavior of PMMA foams induced by the pore size are stable in
the temperature domain; a relevant result from an applied point of
view.
4. Conclusions

The dielectric properties of microcellular and nanocellular
PMMA foams have been studied, finding a clear evolution from a



Fig. 3. Evolution of the normalized dielectric strength as a function of the inverse of
temperature for materials with different cell sizes.
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capacitive behavior to a combination of a resistive and a capacitive
response when the cell size is reduced from the microscale to the
nanoscale. In particular, it has been found that the dielectric con-
stant of nanocellular PMMA is strongly reduced over that of solid
PMMA, showing that the development of nanocellular polymeric
materials is a promising way to achieve the next-generation of
dielectric materials with a very low thickness (as long as unex-
pected phenomena like the MWS do not appear at high fre-
quencies). Furthermore, experimental results have confirmed the
confinement of the polymer chains along the temperature domain
(from �20 to 110 �C), showing a great stability up to temperatures
close to the glass transition temperature (Tg) of the solid material.
Finally, some dynamic mechanical properties previously published
of nanocellular materials as well as the dielectric spectrum of
PMMA foams have been verified and confirmed [14,20]. Nowadays,
the unexpected conductive mechanism found at low frequencies in
nanocellular foams is not a problem for the implementation of
nanocellular polymeric systems as low dielectric constantmaterials
(since they have to work at high frequencies), but it has to be taken
into account to study these systems in more detail and to develop
new models to predict its complex behavior.
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