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Abstract

Ultrathin porous nanocrystalline silicon (pnc-Si) membranes metallized with gold are used as flexible conductive
electrodes in chemical capacitive vapor sensor. This use of a porous electrode simplifies the conventional parallel-
plate design of typical sensors. Pnc-Si is a 15 nm thick membrane material with pore sizes ranging from 5 to 80 nm
and porosities from < 0.1 to 15 % fabricated using standard silicon semiconductor processing techniques. We experi-
mentally test the mechanical stability and elasticity of as prepared pnc-Si and pnc-Si with a conformal metal coating.
The very thin porous membrane allows fast analyte vapor permeation to the underlying polymer material that serves
as receptor which is tested using an optical profiler. Electrical techniques are used to determine the degree of swelling
and the reversibility of the polymer/pnc-Si membrane system when exposed to analyte-containing vapors.
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1. Introduction

The integration of nanoscale materials into electronic
devices such as sensors adds important functionality.
Examples include using conductive nanoparticles ag-
glomerates [1, 2] and carbon nanotubes [3, 4] as elec-
trodes in electrical sensor devices to enhance mass
transport characteristics [5, 6]. The study of nanopore
transport mechanisms [7, 8, 9] and comparisons to ionic
channels in the cell membranes have led to interest-
ing chemical and biosensing applications, including sin-
gle molecule detection [10, 11, 12] and DNA sequenc-
ing [13, 14].

In this work we explore the use of a molecularly
thin nanoporous membrane material [15] as an analyte-
permeable electrode in capacitive sensing [16] to over-
come the existing difficulties in making a parallel-plate
sensor structure. The use of an ultrathin porous mem-
branes with controllable pore dimensions as a perme-
able sensor electrode adds the ability for selective ac-
cess of the analyte molecules to the receptor, and gives
control over the mass transport between receptor and
sensor environment. The silicon platform also provides
for convenient chemical modifications [17]. Transducer
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Figure 1: Schematic of the pnc-Si membrane based capacitive sensor

elements that convert analyte absorption to electronic
signal include capacitance-based transducers that detect
changes in dielectric properties [18, 19, 20], resistance-
based transducers that monitor changes in resistance
[21], and mechanical oscillators that respond to changes
in mass [22]. Capacitive sensors are preferred over other
transducers because of their high sensitivity, low power
and relative ease of fabrication [18, 23, 24].

Polymers as receptor materials in capacitive sensors
offer low cost, great variety of physical properties and
chemical diversity for the selective detection of gas
and vapor molecules [25, 26]. The selective absorp-
tion of the analyte molecules by the polymer results in
reversible swelling or change in electrical properties,
altering the sensor capacitance as a function of ana-
lyte concentration. Capacitive sensors have two geome-
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tries: parallel-plate electrodes and interdigitated elec-
trodes (IDE). The parallel-plate sensor has a polymer
layer sandwiched between two electrodes. The top elec-
trode in the parallel-plate geometry must be porous for
the analyte to reach to the receptor. Etching voids in
a top metal layer is challenging because metal etchants
can destroy the polymer deposited under metal layer.
One solution is to create a parallel-plate MEMs struc-
ture with an etched porous electrode on top of the silicon
wafer and then infiltrate the polymer later. However this
requires sophisticated fabrication steps [18, 27, 28]. The
IDE sensor consists of two comb-shaped metal elec-
trodes deposited on a substrate and a sensitive polymer
layer deposited on top of them [23, 24, 29]. The IDE
sensors are easier to fabricate but they suffer from lower
sensitivity because only a fraction of the polymer layer
on top of the electrodes contributes to the sensing signal,
while the entire polymer layer contributes to the signal
sensitivity in parallel-plate sensors.

Here we demonstrate a novel parallel-plate sensor
that uses metallized freestanding porous nanocrystalline
silicon (pnc-Si) membrane as top electrode. The pnc-Si
membranes are 15 nm thick with pore diameters rang-
ing from 5 to 80 nm and porosity from 0.1 to 15 %
and are fabricated using standard semiconductor pro-
cessing techniques [15, 30]. The pores are formed spon-
taneously during rapid thermal annealing of an amor-
phous Si layer sandwiched between two SiO2 layers
deposited by RF sputtering. Mechanically strong and
flexible pnc-Si membranes are also stable at high tem-
peratures and a wide range of environments [31]. The
polymer layer is spin-coated on the metallized mem-
brane and covers the pores. The pore openings serve
as nanometer diameter areas available for vapor adsorp-
tion. A schematic of the sensor is illustrated in Fig. 1.
The metallized pnc-Si membrane forms an ultrathin ca-
pacitor plate and the polymer layer serves as the sensing
layer.

In this paper we first characterize the mechanical sta-
bility and flexibility of pnc-Si membranes at high pres-
sures (>1 atm). We then characterize the reduction in
pore diameter and porosity of pnc-Si membranes after
metal deposition. The capacitive sensor built using pnc-
Si is tested optically and electrically under exposure to
different solvent vapors. Finally the capacitance change
of the sensor is characterized upon exposure to different
concentrations of the same vapor.

2. Materials and Methods

The pnc-Si membrane fabrication procedure is de-
scribed in detail elsewhere [15, 30]. Briefly, the pro-

Figure 2: TEM images of the same pnc-Si membrane before and af-
ter repeatable stretching at 15 psi. After the imaging, the membrane
burst pressure was measured to be 16 psi. The white areas are the
open pores, grey is the nanocrystalline silicon and the darker areas in
the image are nanocrystals with crystal plane alignment satisfying the
Bragg condition.

cess starts by growing a thick thermal SiO2 layer
on both sides of a silicon wafer. The backside is
then patterned using standard photolithography to cre-
ate a mask for membrane formation. The front ox-
ide layer is then removed and a three layer film stack
(20 nm SiO2/ 15 nm a-Si/ 20 nm SiO2) is deposited
on the front surface using RF magnetron sputtering.
The structure is then treated at high temperature (800 −
1100 ◦C) in a rapid thermal processing (RTP) chamber.
During RTP treatment the amorphous silicon film crys-
tallizes, forming a nanocrystalline film with voids that
become the open pores in the membrane. The patterned
back side of the wafer is then etched with ethylenedi-
amine pyrocatechol (EDP), which removes the silicon
wafer along (111) crystal planes until the first SiO2 layer
of the film stack is reached. Lastly, the three layer mem-
brane is exposed to buffered oxide etchant (BOE) to re-
move the protective oxide layers, leaving only the freely
suspended ultrathin pnc-Si membrane.

The metallization of pnc-Si with gold (Au) was per-
formed by e-beam evaporation in a CHA e-beam evap-
orator at base pressures ∼ 10−7 Torr. A 3-10 nm layer
of titanium (Ti) was deposited first, as adhesion of gold
to silicon is poor and requires an adhesion layer [32].
The 10-15 nm gold layer was deposited next in the same
run without vacuum breaking to prevent Ti layer ox-
idation. The deposition rates of Au and Ti are 0.5-
1 Å/s and 1-4 Å/s correspondingly. Deposition rates and
film thicknesses were measured by the frequency shift
of a quartz crystal microbalance. The metallized pnc-
Si membranes used in capacitive sensor measurements
have < 1% and ∼ 2% porosities.

Transmission electron microscopy (TEM) images
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Figure 3: a) TEM images of the same 15 nm thick pnc-Si membrane before and after metallization with 15 nm layer of gold; b) SEM of the
crossection of the 30 nm thick pnc-Si membrane with approximately 15-20 nm gold layer deposited on each side.

were obtained using a Hitachi 7650 Transmission Elec-
tron Microscope. Scanning electron microscope (SEM)
studies of the metallized membranes were done using a
Zeiss Supra 40VP. Optical measurements of the sensor
response to vapor introduction were done using Veeco
Wyko optical profiler.

Sensor fabrication began with metal deposition on
top of both the pnc-Si membrane and the silicon wafer
chip, followed by polymer deposition [16]. The poly-
dimethylsioloxane (PDMS) Sylgard 184 from Dow
Corning is a convenient and widely available polymer.
The elastomer was first mixed with its curing agent in
10:1 ratio and then placed in a desiccator to remove the
bubbles created while mixing. The PDMS layer was
created by spin-coating the mixture on silicon at 4000-
6000 rpm for 1-4 min. The thickness of the resulting
PDMS layer ranged form 5 to 10 µm depending on the
spin rate and duration. The pnc-Si chip and PDMS cov-
ered silicon chip were then bonded together and cured at
95 ◦C for 2 hours to form sensor as in Fig. 1. Following
fabrication, conductive silver epoxy was used to adhere
wire connections to the sensor electrodes.

A HP4275A multifrequency LCR meter controlled
by Labview was used to measure the capacitance of the
completed sensor. The sensor capacitance was continu-
ously sampled using a National Instruments GPIB-USB
interface. All measurements were done in the paral-
lel capacitive mode, with an AC signal of 10 kHz and
voltage amplitude of 100 mV. The sensor chip was con-
nected to the LCR meter with the backside well fac-
ing up to ensure vapor permeation through the porous
membrane. The sensors were then placed in a sealed
3.8 L glass container. Real-time data was collected dur-
ing solvent introduction. A pipette was used to inject
a known concentration (parts per million, ppm) of liq-
uid solvent (hexane, toluene, acetone, xylene) into the

glass container and was let to evaporate. An immediate
change in capacitance was observed. The sensor was
then taken out or flushed with air for few minutes to al-
low the capacitance to regain its original value, and then
exposed to solvent vapor again. This procedure was re-
peated several times.

3. Results and Discussion

3.1. Mechanical stability of pnc-Si

Mechanical stability and flexibility are important
electrode properties for swelling-induced sensors. Us-
ing a custom pressure cell to seal pnc-Si membranes
with an O-ring [9], we tested the burst pressure of the
pnc-Si membranes. Nitrogen was used to pressurize
the system upstream of the membrane and a manome-
ter monitored the increasing gauge pressure throughout
the experiment. The average burst pressures of pnc-Si
membranes strongly depended on the fabrication condi-
tions. The measured average burst pressures range was
from few psi up to 25 psi.

As previously reported by our group pnc-Si mem-
branes elastically and reversibly deform when pres-
surized [15]. To confirm this result at the nanoscale
level, we applied pressures just below the burst pressure
across pnc-Si for 30 min, and examined the membranes
by TEM. TEM micrographs taken on the same area be-
fore and after repeated stretching under 15 psi are illus-
trated in Fig. 2. As seen in the TEM images the posi-
tions of the nanocrystals and the pores is unchanged.

3.2. Pnc-Si after metallization

TEM images of a pnc-Si membrane before and after
metallization are shown in Fig. 3a. They demonstrate
that pores have not been occluded after Ti/Au bilayer
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Figure 4: 3D optical profilometry images of a pnc-Si/PDMS/Si structure: a) before exposure to vapor; b) immediately after exposure to xylene
vapor; c) approximately 2 minutes after the vapor is removed. The wall-like area around the membrane window is an artifact of the imaging as the
optical profiler picks up the signal reflected not only from the square membrane area but also from the walls of the silicon well which was etched
to expose the freestanding pnc-Si membrane.

film deposition. The nearly circular white areas are the
open pores in both images. Deposition of the metal
layer on pnc-Si membrane closed small pores and re-
duced the diameters of the larger pores. For example,
deposition of a 13 nm metal bilayer on two different
15 nm thick pnc-Si membranes caused the porosity to
drop from 4.8 to 3.3 % and from 13.4 to 6.2 %. The
corresponding average pore size reductions were from
19 nm to 15.5 nm and from 28 nm to 23 nm. The poros-
ity and pore distribution of pnc-Si membranes changed
with the deposited metal thickness. The SEM image of
the cross section of the 30 nm thick pnc-Si membrane
metallized on both sides shown in Fig. 3b illustrates the
conformal coating of the pores.

3.3. Pnc-Si deflection during PDMS swelling
Because the pnc-Si membranes are very thin, their re-

sistance to flow is very small [8, 9]. To determine if the
analyte vapor above the membrane permeated through
the membrane to reach the polymer beneath it, we con-
ducted an experiment on the pnc-Si/PDMS/Si wafer
structure to monitor reversible changes is the PDMS
thickness in xylene vapor [16] . The sensor was ex-
posed to xylene vapor and the change in the surface
height before and after exposure was measured. Optical
profilometry was used to measure the induced swelling.
In this interferometric technique white light first passes
through a beam splitter and is directed to the sample sur-
face and a reference mirror. Reflected light from both
surfaces is later recombined to produce an interference
fringe pattern which gives information about the surface
contour of the sample [33].

The deflection of a pnc-Si/PDMS/Si structure was ob-
served before, during and after exposure to xylene va-
por. The 3D optical profilometry images of the structure
taken from the well-side of the pnc-Si membrane are
shown in Fig. 4. The square window area in these im-
ages is the pnc-Si membrane covering the PDMS layer.

The surface height is represented by the color scale. Xy-
lene vapor permeation through the pores induced PDMS
swelling under the pnc-Si membrane. A 0.38 µm in-
crease in thickness of the initial PDMS layer was mea-
sured when vapor was introduced into the system. The
swelling was reversible: after the vapor source was re-
moved the membrane came back to its initial state as
shown in Fig. 4c.

3.4. Chemical capacitive sensing
The sensing principle of a capacitive sensor is based

on the capacitance relationship of a parallel-plate capac-
itor which is C = ε0εrA/d, where ε0 is the permittivity
of vacuum, εr is relative dielectric constant of the di-
electric layer, A is the overlap area between two plates,
and d is the separation between plates. The capacitance
changes in response to changes in εr or d. The effects of
polymer swelling (d +∆d) and change of dielectric con-
stant (εr + ∆εr) may cancel each other. To maximize the
capacitive response the polymer and solvent were cho-
sen so that one of these mechanisms is dominant. Test
solvents, including hexane, toluene, and acetone, were
selected for this experiment as they are readily avail-
able, quick to evaporate and induce only one of these
two changes in PDMS. For hexane and toluene the poly-
mer swelling dominates, while for acetone vapor the di-
electric constant change dominates [34].

The experimental capacitance data upon exposure of
the same sensor to different vapors is shown in Fig. 5.
The sensor was repeatedly exposed to hexane and then
toluene vapor at the 800 ppm and 1000 ppm levels re-
spectively. During exposures sensor capacitance was
allowed to reach stable value. Between exposures the
sensor was removed from the container and allowed
to recover. Both solvents swelled PDMS leading to
an increase in plate separation and capacitance de-
crease. Hexane swells PDMS more than toluene, which
is expected given their different solubility parameters δ
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Figure 5: Capacitive response of the sensor upon exposure to hexane,
toluene and acetone vapors.

Figure 6: Capacitive response of the sensor upon exposure to con-
trolled xylene concentrations.

(δPDMS = δhexane < δtoluene) [34]. The εr of hexane and
toluene are close to that of PDMS and so net change
in εr is negligible. The measured changes in capaci-
tance induced by hexane and toluene were 0.15 pF and
0.1 pF, respectively. Next the sensor was exposed to
acetone vapor. For acetone εr is much higher than for
PDMS (εracetone > εrPDMS ) resulting in an increase of
the sensor capacitance by 0.15 pF upon acetone expo-
sure. By contrast PDMS swelling induced by acetone is
negligible [34].

Fig. 6 shows a typical sensor response upon exposure
to different xylene vapor concentrations (100, 200, 300,
400 ppm). After each exposure the sensor was brought
to its original value by passing air. The response and
recovery times of the sensor are functions of pore size
and porosity, and decrease with increasing pores size,
as bigger pores facilitate vapor molecules diffusion into
and out of the sensor [35].

4. Conclusions

We have demonstrated a new approach to the fab-
rication of an electrical sensor for organic vapor
detection employing ultrathin flexible pnc-Si mem-
brane as a porous electrode. Using a porous elec-
trode simplifies the fabrication of conventional capaci-
tive parallel-plate sensors traditionally constructed with
etch-through electrodes. The mechanical strength and
elasticity of pnc-Si were tested and no measurable plas-
tic deformation was observed. Devices were built and
sucessfully operated in solvent vapor enviroments. The
swelling caused by vapor permeation was measured by
optical profilometry. Reversible real-time capacitance
response of the sensor was obtained for three solvents
that use different mechanisms for capacitance changes,
as well as for different concentrations of the same vapor.
Since both membrane and sensor fabrication are com-
patible with standard microfabrication processes, ulti-
mately multiple sensors could be integrated on a single
silicon chip.
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