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Abstract: Structural health monitoring of porous materials such as concrete is becoming a 
major stake in our resource-limited economy, as it conditions durable exploitation of existing 
facilities. Durability in porous materials depends on nanoscale features which need to be 
monitored in-situ with nanometric resolution. To address this problem, we put forward an 
approach based on the development of a new nanosensor, namely a capacitive micrometric 
ultrasonic transducer whose vibrating membrane is made of aligned single-walled carbon 
nanotubes (SWNT). Such sensors are meant to be embedded in large number within a porous 
material in order to provide with information on its durability by monitoring in-situ 
neighboring individual micropores. In the present paper, we report on the feasibility of the key 
building block of the proposed sensor: we have fabricated well-aligned, ultra-thin, dense 
SWNT membranes that show above-nanometer amplitudes of vibration in a large range of 
frequencies spanning from 100 kHz to 5 MHz.  
 
PACS: 07.07.Df, 68.37.-d, 85.35.Kt, 85.85.+j 

 
1. Introduction 
Because cement manufacturing represents 7% of the world-wide industrial energy consumption and 
4% of the worldwide industrial CO2 emission, reducing its ecological footprint has become an 
environmental priority [1]. By improving structural efficiency and durability, nanotechnologies open 
the path toward a greener construction industry [2]. Two domains appear most promising: 
nanocomposites construction materials [3], which have shown both high performance [4] and new 
functionalities [1], and nanosensors, which are used for structural health monitoring, notably for the 
measurement of macroscopic structural properties like damage, strain or corrosion [5]. 
The in-situ monitoring of micro and nano-scale features by a large number of embedded nanosensors 
is not yet addressed, although the random micro- and nanoporosities of cement-based structures play a 
most significant role in their durability issues [6]. To fill this gap, a relevant path consists in probing 
individual capillary pores (10 nm to 10 µm large water- or air-filled pores) of cementitious materials 
by using ultrasonic waves generated by embedded Micromachined Ultrasonic Transducers (MUT) 
(figure 1a) [7]. Such approach fosters the use of MUT devices with an active surface in the 1 µm² 
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range. As state-of-the-art MUT devices do not meet these surface requirements [8], we designed a new 
type of capacitive MUT (cMUT).  
In a cMUT device, ultrasonic transduction is achieved by using the vibrations of a conducting 
membrane suspended above an actuation electrode. For our application, the span of the membrane had 
to be lowered by about one order of magnitude compared to existing devices, down to a micrometric 
size. To maintain significant amplitudes of vibration [9] and thus avoid sensitivity loss, the thickness 
of the membrane also had to be reduced to a nanometer size. 
With conventional materials used for microelectronics, the fabrication of such a suspended membrane 
with micrometric size and nanometric thickness for ultrasonic transduction purposes presented a real 
challenge. We overcame it by using single-walled carbon nanotubes (SWNTs) instead as membrane 
material: in the new cMUT device discussed here, the ultra-thin membrane consists of a dense, few-
layered assembly of well-aligned SWNTs [10] (figure 1b). This paper presents some novel results we 
obtained while realizing such SWNT-based cMUT devices: after a brief description of the fabrication 
process, we present a quantitative analysis of the significant morphological features of the membranes 
as observed on SEM and AFM images. We also study the device vibrational behavior by laser 
vibrometry. 

 
Figure 1. Instrumentation principle: (a) schematic representation of a cubic sample of cement gel 
(matrix in gray, air-filled pores in white, water-filled pores in blue) instrumented with a large number 
of randomly embedded ultrasonic microtransducers (black squares); (b) ultrasonic microtransducer 
(black rectangle) probing a water-filled pore in pulse-echo mode (emitted waves in red, reflected 
waves in green); c) Schematic representation the microtransducer: (top) single-walled carbon 
nanotubes are aligned to form the dense membrane of a capacitive ultrasonic microtransducer; (down) 
due to the electrostatic interaction between the gate electrode and the metallic membrane, the 
membrane vibrates upon application of a varying gate voltage.   

2. Device fabrication 
The devices are fabricated using SWNTs from Carbon Solution Inc synthesized by electric arc from 
Ni/Y catalysts (the AP-SWNT product). SWNT are first purified by acidic treatment following the 
process described in [11] and then dispersed in N-methyl-2-pyrrolidone at low concentration using an 
ultrasonic bath (typically 70 W for 60 min).  
The still partially bundelized [12] nanotubes are deposited by dielectrophoresis [13]: an AC electric 
field (typically 5 V/µm at 5 MHz during 5 min) is applied between two parallel, 1 mm long, metallic 
(Pt or Ti/Au) electrodes deposited on a SiO2 layer and separated by 1 µm or 2 µm; polarized by the 
electric field, the nanotubes are attracted to the electrodes and settle perpendicularly to them (figure 
2a).  
After deposition, the SWNT are anchored to the electrodes by 50 nm thin, 20 µm large ribbons of Pt. 
These ribbons are patterned by e-beam lithography of PMMA 4% resin, evaporation of 50nm of Pt at 
0.1 nm/s and acetone lift-off of the resin.  
Finally the membrane formed by the anchored SWNTs is released by removing the SiO2 layer either 
by dry etching (typically a focalized CHF3 plasma applied for 20 s at 40 W in a RIE reactor 
NEXTRAL NE 90A) or by wet etching (typically HF 10 % during 5 min) (figure 2b). We have no 
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evidence of SWNT degradation after etching. However we observed that a longer exposure (more than 
a few minutes) of the SWNT to the CHF3 plasma will result in their complete etching.  

 

Figure 2. a) SWNT deposition: (top) schematic view of the substrate and of the deposited SWNTs; the 
electrode material can be either Ti/Au, as displayed here, or Pt. (bottom) SEM picture of a membrane 
of well-aligned, thin SWNT bundles deposited by dielectrophoresis between Ti/Au electrodes on a 
SiO2 layer. b) Suspension of the SWNT membrane: (top) schematic view of the device featuring 
suspended SWNTs anchored on the electrodes by a thin metallic ribbon; (bottom) SEM picture of a 
membrane of SWNT bundles deposited between Ti/Au electrodes and suspended by RIE etching of 
the SiO2 layer. The material that glues the bundles together is interpreted as a thin PMMA layer 
remaining from the patterning process of the anchoring layer. Note that in both SEM pictures, the 
sample is tilted by 45° to the electronic beam.  
 
3. Highly aligned and dense SWNT membranes 
 
3.1 Optimization of the dielectrophoresis process 
Since the application is very demanding regarding to the membrane properties, the capabilities of the 
dielectrophoresis deposition process in terms of SNWT alignment and density have been extensively 
studied: over eighty depositions were realized and the resulting membranes were then imaged by 
SEM, until a proper control over the membrane features was achieved.  
Several images (3 to 15) were needed for a proper characterization of each deposition, as the 
deposition area ranges from 1,000 to 2,000 µm², whereas each SEM image corresponds to a surface of 
only 1 to 2 µm². The whole set of SEM images (660 images) was taken in a SEM Hitachi S4000 or 
4100 under 30 kV acceleration voltage and 12 µA emission current on samples tilted by 45° to the 
electronic beam with a magnification chosen between 30,000 and 60,000.  
Considering the large quantity and the complexity of the images, the often used “by hand” method 
[14] was not sufficient for quantitative analysis and objective comparisons. An automated image 
processing technique providing statistical quantities related to nanotubes orientation and density 
appeared highly desirable to validate the membrane fabrication process. It had to be able to process 
large sets of images with significant diversity. 
 
3.2 SEM images processing technique 
We implemented such a processing sequence (figure 3a-d). While requiring very little user supplied 
information, our procedure extracts quantitative characteristics of an assembly of filamentary objects. 
The initial images (figure 3a) are first denoised using the software GREYCStoration (based on an 
anisotropic diffusion equation) [15]. Resulting images are analyzed using the software MATLAB, and 
more specifically its IMAGE and DIFFC [16] toolboxes. Two main issues have to be solved, namely 
the segmentation of the filaments skeleton and the estimate of their local orientation. 
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To begin with, the images are convoluted by short lines with every different possible orientation. 
Because nanotubes (or nanotubes bundles) are linear objects, this operation enhances the nanotubes, 
enabling the extraction of the pixels of the image that belong to nanotubes (figure 3b). The skeleton of 
the nanotubes is obtained by morphological thinning of each nanotube down to a line (figure 3c).  
The ratio of the skeleton total length to the gap width yields the number of nanotubes (or bundles) in 
the image, from which we derive the nanotubes linear density dl (number of nanotubes by unit length 
of deposition).  
The orientation of each nanotube is derived at the position of each pixel of its skeleton by using local 
structure tensors (figure 3d). We thus obtain the skeleton angular distribution p(α), defined by the 
percentage of the nanotubes total skeleton length whose orientation is comprised between α and 
α+180/256°,  for -90°<a<90°-180/256°. From p(α), we determine the order parameter of the 
deposition S=<cos²(α)>=∫p(α)cos²(α)dα, similar to the order parameters used in [17]. Note that the 
image tilt is taken into account in the analysis.  

 
Figure 3: application of the image processing technique on a SWNT deposition of average quality 
(linear density 7 SWNT/µm and order parameter 0.74):  a) SEM picture of the considered SWNT 
membrane (Magnification: 24,900; 45° tilt to the electronic beam). b) Extraction of the nanotubes 
pixels (in white) from the background (in black) by anisotropic contrast enhancement. c) Extraction of 
the skeleton by morphological thinning. d) Determination of the nanotubes orientation by gradient 
computation (colour code:  from red (-90°) to light green (0°, i.e. alignment) to blue (+90°)). 
 
3.3 Results of the SEM image analysis 
This image processing method enables the quantitative comparison of various depositions and thus the 
optimization of the deposition process. It makes the whole device fabrication process more efficient, 
as it enables the objective selection of only the samples with the best-aligned and densest nanotubes to 
be post-processed (anchoring and suspension steps).  
The result of the image processing applied to the whole set of images is presented figure 4: the 
average order parameter (0.5 in absence of any preferential order, 1 in case of perfect ordering) is 
equal to 0.74. Over single images, best alignment was found to be as high as 0.93: more than 80 % of 
the nanotubes are deposited with a tilt of less than 20° to the horizontal axis. These values indicate the 
high quality of the SWNTs alignment [18]. 
In the literature, the linear density of an assembly of aligned nanotubes (bundles) is found to range 
from 2 bundles by micrometer (by in-place growth [19]) to 60 bundles (by Langmuir-Blodgett [20]) 
by micrometer. Here, the density of nanotubes reaches the intermediate value of 19 bundles by 
micrometer. Deposited layers appear to be made up of a single layer of SWNTs bundles (fig. 2a; fig. 
3a-d), probably as a result from the screening effect commonly seen in SWNTs dielectrophoresis [21]. 
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Figure 4: Result of the image processing applied on 660 SEM images taken on 87 different 
depositions: for each image, the graph presents the order parameter <cos²(α)> of the nanotubes 
angular distribution versus linear density (black dots); the pink square marks the position of the 
average of the order parameter and linear density distributions. The pink errors bars feature the 
standard deviation of these two distributions.   
 
4. Ultra-thin SWNT membranes 
 
As membrane thickness is critical to the application, we evaluated before suspension the thickness of 
three chosen samples by AFM profilometry in tapping mode [22].  
We used a Multimode AFM equipped with a Nanoscope IIIa electronics from Bruker AXS with 
Aluminium-coated silicon tips (TAP300 Al-G, Budget Sensors). The typical tip radius is lower than 
10 nm. 512x512 pixels images of the sample height were acquired in tapping mode at the typical scan 
rate of 0.5 Hz (2 seconds by line). Pixel by pixel error on the height measurement is lower than 0.5 
nm.  
We defined the sample thickness as the average of the height distribution, the substrate height being 
chosen as reference height. The convolution of the shape of the tip with small-size features (small 
compared to the tip radius) leads to an overestimation of the thickness (broadening effect). To correct 
this effect, images were first processed before the thickness is computed.   
Among the three samples, two showed an average thickness of 10.7 nm (figure 5a). The third one 
showed an average thickness of 1.4 ± 0.4 nm over a surface of about 0.06 µm² (figure 5b): hence this 
sample appears to be made of a monolayer of individual SWNTs. It is an exceptional feature among 
reported devices made of deposited SWNTs [20].   

 
Figure 5: Height distribution of two SWNTs membranes obtained from AFM images: a) 10.7 nm and 
b) 1.4 nm thick membranes.  The height of the SiO2 layer is the reference (“zero”) height. The height 
distribution is expressed in percentage of the pixels number. The green line marks the average of the 
height distribution, which defines the sample thickness.  
 
5. Above-nanometer amplitudes of SWNT vibrations 
 
5.1 Laser vibrometry 
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To test the suitability of the fabricated devices for acoustic wave generation, we studied their vibratory 
behaviour. SWNT vibrations are often detected by electrical methods [23], where the amplitudes of 
vibration are determined indirectly by measuring some electrical parameters and feeding them to 
theoretical models. To measure directly the vibration amplitudes, an alternative method consists in 
using AFM vibration imaging [24].  
Here, we chose to implement scanning laser Doppler vibrometry. The amplitudes of the membrane 
out-of-plane vibrations are measured by a scanning laser (He-Ne) Doppler vibrometer Polytec MSA-
400. Points are typically acquired on a grid with controllable spacing (from 250 nm to 1 µm in both 
directions). The instantaneous vertical speed of the membrane at each grid point is measured during 
100 periods at a rate of 10 acquisitions by period. Then Polytec’s dedicated PSV software derives the 
frequency spectrum of vibration and calculates the RMS amplitude of vibration (quadratic mean of the 
position over the measurement duration) at each grid point.  
Until the present work, this technique had not been used with SWNT, as the laser beam is much larger 
than the SWNT diameter. Here, its use is enabled by the assembly of the SWNTs into a membrane 
with a density high enough to reflect the laser beam. 
 
5.2 Above nanometer amplitude of vibration 
For the measurements, we considered a membrane suspended over a 2 µm wide trench and placed in 
air at ambient pressure and room temperature. The membrane was actuated electrostatically [23] by 
applying an AC voltage of typically 8V peak-to-peak and an additional DC bias of typically 1V to the 
actuating electrode underlying the 300 nm deep trench. The membrane itself was grounded via the top 
electrodes.  
Under these conditions, we measured the vibrations of the membrane over a large range of frequencies 
spanning from 100 kHz to 5 MHz. Figure 6 (left) shows an example of vibration profiles obtained at 
100 kHz. The maximum peak-to-peak amplitude of vibration measured along the membrane was 5.6 
nm at 3.7 MHz (figure 6 right).  
Such an amplitude of vibration, about as high as 4 times the diameter of the SWNTs composing the 
membrane (1.4 nm), makes the device compatible with low-frequency (below 20 MHz) [25] 
vibrations detection system.  
 

 
Figure 6: Demonstration of membrane vibrations using scanning laser vibrometry. (Left top) top view 
and (left bottom) side view of the RMS amplitude of vibration of a 2 µm wide membrane at 100 kHz 
under a bias voltage VDC=1 V and an alternating voltage of VAC=8 Vpp. The membrane, delimited by 
the two horizontal dashed lines, vibrates with different amplitudes along its length, depending on its 
local properties such as thickness, bundles crossing and trapped impurities. The superimposed white 
grid shows the effective points of measurement by the scanning vibrometer. The RMS amplitude of 
noise is 30 pm (RMS amplitude of vibration measured on the motionless anchoring layer). The 
maximal RMS amplitude of vibration (measured approximately at the center of the dashed circle) is 
200 pm. (Right) Focus on the membrane location with largest amplitude of vibrations (located within 
the red circle): Frequency spectrum of vibration measured under a bias voltage VDC=1 V and an AC 
voltage VAC=8 Vpp applied at 3.7 MHz. As a bias voltage is applied, the vibration spectrum is made 
of two Dirac peaks signaled by the red lozenges, one at 3.7 MHz, the second at twice this frequency, 
7.4 MHz. RMS and peak-to-peak amplitudes of vibration are respectively 1.7 nm and 5.6 nm. Noise 
level is below 65 pm.  
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6. SWNT-based cMUT devices for durability monitoring in multiphasic porous materials 
According to an advanced numerical microfluidic model of the proposed cMUT devices [26], their 
low-frequency amplitudes of vibration are expected to be four orders of magnitude higher in air than 
in a liquid environment. Their first resonance frequency in water should be in inverse proportion to the 
pore size.  
Hence, if the proposed sensors were to be embedded in large number in a multiphasic porous material 
(concrete, bones or oil reservoirs), they could differentiate air-filled micropores from other liquid-
filled pores and determine the size of water-filled pores. Such in-situ data could then be effectively 
exploited to monitor hydration, water-related degradations and durability [27] with an unprecedented 
spatial resolution. 
 
7. Conclusion 
As a summary, we fabricated particularly well-aligned, ultra-thin, dense suspended membranes of 
SWNT. To our knowledge, some of our membranes feature the highest order parameter and lowest 
thickness ever reported for dielectrophoresis deposition of SWNT. By using scanning laser Doppler 
vibrometry, we showed that these membranes can feature above-nanometer amplitude of vibrations. It 
appears to be the first report on laser vibrometry being applied to measure the amplitude of vibrations 
of SWNTs. The large amplitudes of vibrations we measured indicate the feasibility of SWNT-based 
cMUT devices. They are the first type of nanodevices whose use is realistically envisioned for in-situ 
durability monitoring of porous materials at the micro-scale. 
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