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Abstract: Amorphous carbon in ultra-thin thicknesses shows amazing mechanical properties that 
make it particularly interesting for MEMS, especially as a vibrating membrane. We present the 
experimental results obtained on devices comprising composite membranes of a few nanometers 
thick suspended above cavities of 1 to 2 μm in width. The behaviors in quasi-static mode—at low 
frequency—and also in resonant mode were observed and measured. Resonances frequencies of 20 
MHz to 110MHz depending on the geometry were measured. 
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1. Introduction 

Ultrasound techniques are widely used as an analysis tool, in various fields, from medical 
imaging to materials science. The spatial resolution of the resulting information is related in 
particular to the geometry of the transducers. In the case of Micromachined Ultrasonic Transducers 
(MUT), the active part is a vibrating membrane operated at its natural frequency. The reduction of 
the vibrating surface of the devices to dimensions in the micrometer range is to be associated with a 
decrease in the thickness of the membrane to achieve functional displacements. 

We present here preliminary studies [1] of MEMS devices having micrometer large vibrating area. 
An appropriate membrane material, a stamping transfer process and an original characterization setup 
have been implemented to produce natural resonant frequency measurements and discussion, and 
even allow the mapping of nodes and antinodes for higher order modes. 

2. Materials and Methods  

2.1. Device Description and Process 

2.1.1. Ultrathin Membrane Material 

Reducing the thickness of the moving part to a few nanometer is a way to get significant 
amplitudes of vibration. It implies the use of a material having suitable flexibility and tenacity even 
in ultralow thicknesses. Amorphous carbon is a particular arrangement of carbon atoms between 
graphene and diamond that meets these mechanical criteria [2]. 

In this study, the amorphous carbon layer is coated by platinum on the one face and by nickel 
on the other face, in order to ensure electrical conductivity for capacitive actuation and for 
technological needs. The membrane material is therefore a three-layer metal/carbon/metal stack. 
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Two series of membranes differing in carbon thickness were studied, (referred to as A and B). 
The respective carbon thicknesses of A and B are 3.7 ± 0.3 nm and 8.1 ± 0.3 nm; platinum and nickel 
thicknesses are 4.5 ± 0.3 and 7.0 ± 0.3 nm. The three-layer stack is directly deposited onto a sacrificial 
PMMA layer using an Electron Cyclotron Resonance (ECR) process [3]. 

2.1.2. Device Realization 

Each test chip was previously manufactured with a set of 0.8 to 2.3 μm wide trenches (50 and 
100 μm long). The electrode set is designed for high frequency operation, top ground electrodes are 
patterned along the trench banks and signal electrodes are lying all along the bottom of the trenches, 
with vertical vias to connect surface coplanar pads. 

The transfer operation is a stamping process (Figure 1): the platinum layer of the membrane 
stack is placed in contact with the surface of the test chip, and then the sacrificial layer is dissolved 
using acetone [1]. The three-layer stack lies onto the surface of the chip, locally suspended above the 
trenches, clamped on the trench banks, and electrically connected to the top ground electrodes. 
Contact pads are open through the membrane stack by a standard lithography process; during the 
removal of residual resins, the nickel layer protects the integrity of the carbon core of the stack. 

  
(a) (b) 

Figure 1. Realization of the devices (a) Scheme of the stamping process; (b) SEM pictures of 
membranes suspended above the trench. 

2.2. Measurement Set Up 

Devices are actuated by applying a voltage between signal and ground electrode. Amplitudes 
of deflection of the mobile part are measured using an AFM in tapping mode [1,4]. The AFM tip is 
coated with an insulator to avoid electrical contact between the equipment and the sample, the spring 
constant ranges from 1 to 7 N/m and the cantilever resonance frequency fc is about 75 kHz. 

When a DC voltage is applied, the suspended area may be scanned by the AFM tip and result in 
a static deflection mapping.  

When a low frequency (i.e., the voltage generator frequency fg << fc) voltage is applied, the AFM 
tip follows the deflection of the membrane. The local deflection versus time is recorded. 

When a high frequency (fg >> fc) voltage is applied, the AFM tip does not follow the membrane 
displacements, it is repelled to an upper position and the actual measurement taken is the envelope 
of the membrane vibration. This configuration allows for measurements of the local amplitude of 
vibration depending on applied frequency, and spectrum analysis. More, when the applied signal 
fits with one of the resonance frequencies, and the AFM tip is set to scan an area, the resulting data 
build a map of nodes and antinodes. 

3. Results  

3.1. Low Frequency 

At low frequencies, the displacement of the membrane instantly follows the applied voltage 
oscillations [5]. The amplitude of the displacement depends on the voltage swing (Figure 2). 
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(a) (b) 

Figure 2. AFM Measurements of the displacement of a point of the membrane versus time at low 
frequency. (a) with frequency set at 5 Hz, and various AC voltage amplitudes; (b) with AC voltage 
amplitude set at 16 V, and various low frequencies. The operation of this measurement set up appears 
limited at frequencies lower than 100 Hz. 

3.2. Frequency Spectrum 

The study of vibration amplitudes as a function of frequency is carried out from 1 MHz and up 
to 110 MHz. For each value of the applied voltage, the displacement measured at 1 MHz—i.e., far 
from any resonance frequency-, is considered as the origin of the spectrum amplitudes. 

A combination of DC bias (Vdc) and AC excitation voltage (vac) is applied to the samples. The 
instant resulting driving force is expressed by (1) 

Ffg(t) = A(z). (V  +  cos(2 ))2 = A(z). (
2

2
acv + 2

acv  + 2 cos(2 ) + 
2

2
acv cos(2(2 )) (1) 

in which A(z) is a coefficient depending on the membrane displacement z, and fg is the frequency of 
the AC excitation voltage. 

For low AC excitation voltages, the resonance fr clearly appears at fr = fg [1 6], (Figure 3) 

 
(a) 

 
(b) 

Figure 3. Natural resonance observation and measurement at low excitation level. AFM is used to 
measure the envelope of vibration of the membrane. (a) frequency spectrum taken on a 1.3 μm wide 
sample device, with Vdc = 4 V, vac = 0.5 V. The resonant frequency appears to be f0 = 52 MHz; (b) 
resonance frequencies related to trench width for the two sets of devices differing by the thickness of 
amorphous carbon. Resonance frequencies range from 20 Hz for the 2.3 μm wide trenches to 110 MHz 
for the 0.8 μm wide trenches. 

When AC voltages is increased (0.5 V < vac < 5 V), the spectrum gets more complex (Figure 4a): 
harmonic resonance frequency peaks appear at fg = 2fr, and even at fg = 3fr. Peaks also appear at fg = 
fr/2 and even fg = 3fr/2, corresponding to a membrane vibration frequency fr = 2fg. In addition, 
nonlinear phenomena such as duffing arise, inducing hysteresis and widening the resonance peaks. 
Very high amplitudes of deflection were measured around the main resonance peak. AFM scans 
taken on the vibrating area at different frequencies reveal nodes and antinodes location in accordance 
with high order transversal and longitudinal modes of resonance (Figure 4b) [1,7]. 
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(a)  (b) 

Figure 4. Resonances at high excitation of a 2.3 μm wide device with a A-type membrane with natural 
frequency f0 = 26 MHz: (a) spectrum measured for Vdc = 15 V, vac = 5 V. Bullets indicate the frequencies 
corresponding to the scans shown in (b) Amplitude of vibration around 40 MHz is 80 nm on a 2.3 μm 
large suspended width; (b) amplitude scans taken when biased with Vdc = 15V, Vac = 5 V at frequencies 
14 MHz and 62 MHz on a 30 μm × 30 μm area, at frequencies 30 MHz on a 10 μm × 10 μm area, and 
at. 84 MHz on a 8 μm × 8 μm area. 

4. Conclusions 

Membranes made with ultrathin amorphous carbon as a core material and metal coating have 
demonstrated capacitive actuation, resonant behavior, and large deflection capabilities. They appear 
to be quite relevant for implementation as active part of vibrating MEMS. 
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