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Abstract. A variable RF capacitor with a-Si:H (doped with phosphine) cantilevers as the top 
electrode were designed and fabricated. Because the top multi-cantilever electrodes have 
different lengths, increasing the applied voltage pulled down the cantilever beams sequentially, 
thus realizing a gradual increase of the capacitance with the applied voltage. A high-k material, 
HfO2, was used as an insulating layer to increase the tuning range of the capacitance. The 
measured capacitance from the fabricated capacitor was much lower and the pull-in voltage 
was much higher than those from theoretical analysis because of incomplete contact of the two 
electrodes, existence of film differential stresses and charge injection effect. Increase of 
sweeping voltage rate could significantly shift the pull-in voltage to higher values due to the 
charge injection mechanisms. 

1.  Introduction 
The application of microelectromechanical systems (MEMS) to radio-frequency (RF)/microwave 
systems is on the verge of revolutionizing the wireless communications, mainly in the areas of 
wireless personal communication systems, wireless local area networks, satellite communications, and 
automotive electronics [1]. RF MEMS enables the superior devices to be made, such as RF switches, 
tuneable capacitors, inductors and resonators, which are potential for wide usage in home, mobile and 
satellites. The decrease in size and weight, increased frequency and functionality of the 
communication systems require the use of highly integrated RF MEMS systems. Among these RF 
MEMS systems, micromachined tuneable capacitors for RF IC integration are highly demanded. So 
far, there still exist a lot of problems and shortages associated with the MEMS-variable capacitors. 
The capacitance values of MEMS-based variable capacitors and tuning range are too small, typically 
less than a few pF. New designs of the RF variable capacitors and applications of novel materials are 
necessary. Amorphous and microcrystalline hydrogenated silicon (a-Si:H) thin films have been used in 
solar cells, thin film transistors in liquid crystal displays, Si based optoelectronics devices and 
radiation detectors [2]. The a-Si:H film has the potential for the MEMS applications because of its 
high deposition rate (as high as 100A/s has been reported [3]), relatively low stress, and low 
deposition temperature (can be as low as 100oC, thus glass and plastics are applicable) [4,5]. The good 
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electronic properties (with phosphine or boron doped) and reasonable mechanical properties of a-Si:H 
film suggest that they can be used as the structural layers for thin film MEMS. Although there are 
some reports on the MEMS applications using a-Si:H film [6-8], they are commonly used as a 
sacrificial layer for MEMS structure [9]. In this study, a MEMS based variable capacitor were 
designed and fabricated based on a-Si:H multi-length cantilevers (doped with phosphine) as the top 
electrodes. A high-k material, HfO2, was used as an insulating layer to increase the tuning range of the 
capacitance. The performance of the fabricated capacitors was evaluated. 

2.  Design and analysis 
The illustration of the designed multi-cantilever variable capacitor is shown in Fig. 1(a). It consists of 
one bottom electrode (Cr), a top electrode (a-Si:H doped with phosphine) of the suspended multi-
length cantilevers overhanging on the bottom electrode, and a layer of high k material (HfO2) as an 
insulating layer.  

(a)    (b)
Figure 1. Illustration of the designed multi-length cantilever based capacitor: (a) layer structure of the 

capacitor; (b) cross-section illustration of the top beams snapped down with applied voltage 

When a bias voltage is applied to the two electrodes in the capacitor, electrical field distribute in 
such a way that an electrostatic force occurs between them, resulting in pulling of the top electrode 
towards the bottom one. As the beam moves down, its spring constant changes, creating an opposite 
mechanical restoring force. When the applied voltage reaches a certain threshold value (or called pull-
in voltage, Vpi), the mechanical restoring force can no longer balance the electrostatic force, and the 
cantilever abruptly falls to the bottom contact (see Fig. 1(b)). The pull-in voltage Vpi can be calculated 
using eq. 1 [10].
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Where d is the initial gap between the two electrodes. A is the area between the top and bottom 
electrodes (A=b L, in which b is the beam width, and L is beam length). o is the permittivity of air. 
The effective spring constant K, can be calculated from eq. 2. 
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E is the Young’s modulus of the a-Si, h is thickness of the cantilever. Therefore, the pull-in voltage 
can be calculated using eq. 1, and the calculated pull-in voltage as a function of the cantilever length 
with an air gap of 1.5 micron between the two electrodes is shown in Fig. 2. The Young’s modulus of 
the a-Si:H film is chosen as 150 GPa (from the nano-indentation results), and the length of beam is 
chosen based on the design which is from 60 to 180 µm. The thickness of beam is chosen as 1.2 µm 
(based on the film deposition results). Results show that the pull-in voltage decreases significantly 
with the increase in cantilever length.   
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For the designed variable capacitor, the top multi-cantilever electrodes have different lengths (or 
overlapping areas as shown in Fig. 1a). According to Fig. 2, with increase in the applied voltage, the 
longest cantilever will be firstly pulled down, thus touching the bottom electrode and resulting in an 
increase in capacitance. With further increase in the applied voltage, the shorter beams will be pulled 
down sequentially, realizing a discrete increase of the capacitance [11].  

A high k material, HfO2, was used on the top of the bottom electrode to obtain a high isolation and 
low actuation voltage. It is known that the capacitance Cd can be expressed as: 
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Where A is the overlapping area between the top and bottom electrodes. k is the dielectric constant of 
HfO2, 0  is the permittivity of free-space; t the thickness of the insulating layer. The increase in the 
capacitance is proportional to the dielectric constant  of the insulator material. HfO2 film has a high 
dielectric constant, low dielectric loss, low leakage current, high dielectric breakdown voltage, and 
high isolation ratio [12]. By introducing a layer of HfO2, the capacitance value and their tuning range 
will be increased. The above capacitor has two dielectric materials: (1) the air with a gap do and a 
permittivity of free space 0 ; (2) the high-K HfO2 insulator with a thickness of t and dielectric constant 
k (k=15, from the experimental measurement). Initially, the capacitance of this device is dominated by 
the dielectric with a low dielectric constant, i.e. the air gap. Whereas it is dominated by the thickness 
of the insulator when the beams are gradually pulled in. The capacitance, Ci of ith cantilever can be 
expressed using eq. 4:  
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Where Cair and Cdi are the capacitances of the air and the dielectric material (HfO2), respectively. 
Assuming the cantilevers are in full contact with the insulator when pulled-in, the total capacitance of 
the cantilever beam capacitor, Ct, can be expressed using the sum values of all the cantilevers:  
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Here Li and bi are the area, length and width of the ith cantilever beam. Fig. 3 shows the calculated 
capacitance values of the single cantilevers with different lengths and width. The capacitance values 
increase linearly with increase in both beam length and width. Fig. 4 shows the calculated C-V curves 
for the designed capacitors with an air gap of 1.5 micron and different beam widths. The capacitance 
remains a low value initially, but increases significantly after the pull-in of the cantilevers. It 
continuously increases with the applied voltage due to the pull-down of the shorter cantilever 

Fig. 2. The calculated pull-in voltage as a function of 
cantilever length with an air gap of 1.5 µm between 
two electrodes

Fig. 3. Calculated capacitance values of the single 
cantilevers with different lengths and width
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electrodes. The increase rate gradually decreases because the capacitance value is relatively smaller 
for the shorter beam lengths.  

3.  MEMS fabrication process 
For the designed variable capacitor, silicon nitride was chosen as the insulating layer on a 4-inch Si 
wafer. Silicon dioxide was used as the sacrificial layer. Chromium was chosen as the bottom electrode. 
The top electrode is a-Si:H doped with phosphine. The basic process flow for the MEMS process is 
schematically illustrated in Fig. 5. 
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Fig. 4. The calculated capacitance as a function of pull-in voltage  

Fig. 5. MEMS process flow of the multi-length cantilever capacitor based on a-Si (P) layer 

A 4-inch Si wafer was deposited with a silicon nitride layer of 300nm thick using low-pressure 
chemical vapour deposition. The bottom electrode of Cr with a thickness of 250 nm was deposited 
using a magnetron-sputter. The Cr electrode was patterned using Cr etchant. An insulating layer of 
HfO2 with a thickness of 50 nm was sputtering deposited using a lift-off method. A sacrificial layer of 
SiO2 of 1.5 micron was deposited at 300oC using plasma enhanced vapour deposition process 
(PECVD, radio-frequency 13.56 MHz). The film growth rate is 12nm/min. The SiO2 sacrificial layer 
was patterned and etched using the buffered HF wet etchant (HF:H2O:NH4F=1:6:4) to open the 
window for a-Si:H film deposition. Phosphorous-doped a-Si:H films of 1.2 micron were deposited at 
300oC using PECVD with a deposition rate of 32 nm/min. To form the top cantilever electrode, the a-
Si:H layer was patterned and etched using an reactive ion etching process with SF6 plasma. The SiO2
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sacrificial layer was then removed using the buffered HF solution etching, thus the free-standing a-
Si:H cantilever was released. Stiction is a common problem during the release of a-Si(P) cantilever 
structure from substrate after wet etching of the sacrificial SiO2 layer by HF based solution. A freeze 
dry release method was used in this study to solve this problem. After etching in HF solution, the 
samples were cleaned in the deionised water, and put into the release agent, Butan-4-ol (with a 
freezing point of 18oC). The samples were then taken out and the remained release agent was quickly 
freezed with a cold plate (-5oC) in a chamber.  The chamber was then vacuumed to vaporize the solid 
release agent, and the freestanding cantilever beam structures were successfully released. 

4.  Characterization and discussion 
Figs. 6 show the optical and SEM morphologies of the fabricated RF capacitors. All the cantilevers 
have been released from the substrate. However, the existence of the differential stress in the a-Si:H 
films causes the bending of the cantilevers. Optical microscopy observation can show the discrete 
pull-in phenomana of the multi-cantilevers with the applied voltage. The capacitance measurement as 
a function of applied voltage was performed using a Boonton capacitance meter. Fig. 7 shows the 
measured capacitances of the RF capacitor at different sweeping voltage rates. The cantilever beam 
width is 6 microns. The measured zero-bias capacitance is about 3.7 pF, which is quite large and 
mainly due to the parasitic capacitance of the thin insulator and low resistivity substrate.  
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Compared with Figs 4 and 7, the measured pull-in voltage is much higher than the calculated 
values. The calculations from eqs. 1 to 5 are based on the assumption that there is no stress and 
bending of the cantilevers. The cantilever structures exhibit apparent bending-up due to the stress 
gradient across the thickness of the beams. It is well known that pull-in voltage is a function of initial 
curvature of the beam (or the cantilever tip displacement). The larger the initial distance between the 
cantilever tip and the bottom electrode, the larger the electrostatic force is required to pull-in the 
structure, which results in an increase in pull-in voltage.  

Compared with Figs 4 and 7, the measured capacitance values are also much smaller than the 
calculated values. Due to the apparent curling-up of the cantilever beams, and large gap between top 
and bottom electrodes, when the pull-in occurred, the top cantilever beams did not fully contact with 
the bottom layer (only with an angled contact), which is different from the assumptions in the 
calculation. Optical microscopy observation showed that after pull-in occurred, each single cantilever 
was still moved down progressively over the bottom electrode with the increase of voltage. This is the 
evidence that the contact of two electrodes are an angled contact mode, and could be the main reason 
that the capacitance values are much smaller than those from the calculated values. Generally it is 
widely acceptable that the measured capacitance is only about 0.1 times of that calculated value 
[11,13]. SEM observation (see Fig. 6) clearly showed that there are still some residual sacrificial SiO2

Fig. 6. SEM morphologies of the fabricated 
capacitors with multi-length cantilevers 

Figure 7. Measured capacitance of the RF 
capacitor as a function of sweeping voltage rate 
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patterns beneath the top electrodes. The existence of the residual SiO2 patterns increases the total 
insulating layer thickness, thus decreases the capacitance values. 

From Fig. 7, the sweeping voltage rate has a significant effect on the pull-in voltage. With decrease 
in voltage rate, the pull-in voltage increases significantly. Both the high K material, HfO2, and a-Si(P) 
are prone to parasitic charging. When the voltage is pulled in, a high electric field across the dielectric 
builds up causing electrons or holes to be injected into the dielectric and become trapped. With the 
gradual applied voltage, charge gradually builds up in the dielectric resulting in shift of the pull-in 
voltage. The amount of charge trapped in the high k HfO2 and amorphous Si layer increases with the 
duration to apply the voltage. The longer the duration, the larger amount of charge trapped in, thus the 
higher the switch-on voltage, which can explain the voltage rate effect.  

5.  Conclusions 
A variable RF capacitor with a-Si:H (doped with phosphine) cantilevers as the top electrodes were 
designed and fabricated. Because the top multi-cantilever electrodes have different lengths (or 
overlapping areas), increasing the applied voltage will pull down the cantilever beams sequentially, 
thus realizing a discrete increase of the capacitance with the applied voltage. Due to the incomplete 
contact of the two electrodes, existence of the film differential stresses and charge effect in HfO2 
insulating layer and a-Si layer, the measured pull-in voltages are much higher than those from 
theoretical analysis, whereas the measured capacitance values are much lower. 
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