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Abstract

Due to material limitations of poly-Si resonators, polycrystalline diamond (poly-C) has been explored as a new MEMS resonator material. The

poly-C resonators are designed, fabricated and tested using electrostatic (Michigan State University) and piezoelectric (Sandia National

Laboratories) actuation methods, and the results are compared. For comparable resonator structures, although the resonance frequencies are

similar, the measured Q values in the ranges of 1000–2000 and 10,000–15,000 are obtained for electrostatic and piezoelectric actuation methods,

respectively. The difference in Q for the two methods is related to different pressures used during the measurement and not to the method of

measurement. For the poly-C cantilever beam resonators, the highest value of their quality factor (Q) is reported for the first time (15,263).

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Micromechanical resonators (Aresonator) have been used as

mass sensors in the past [1]. The resonant frequency of a

resonator depends on the stiffness and mass of the structural

material the beam is made of. Therefore, if a resonator is

exposed to a chemical leading to a change in its mass, a shift in

its resonant frequency could be used to detect the chemical.

The shift in resonant frequency needed for detection or sensing

of a mass change, is determined more precisely if the resonator

has a high Q. Thus, the sensitivity of a Aresonator based sensor

increases with Q. A high value of Q is also desirable for its use

in oscillators and filters.

The Q of a ı̀resonator is defined as the ratio between its total

elastic energy and the energy loss per cycle. Therefore, the Q

of a Aresonator can be improved by minimizing the energy

losses. The energy loss mechanisms can be divided in two

categories; extrinsic and intrinsic. Extrinsic loss mechanisms

have nothing to do with the material itself but are influenced by

the design of the Aresonator structures. Intrinsic loss mechan-

isms, on the other hand, are the loss mechanisms that come
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from the material properties, and will limit the highest possible

achievable Q. Two main extrinsic loss mechanisms are the

energy losses due to clamping and air damping (if operated

above 1 mTorr [2]). Clamping losses originate from the fact

that energy can be dissipated from the resonator to the support

structure, where local deformations and microslip can occur.

Air damping arises from the transfer of mechanical energy to

the gas surrounding the structure.

Energy losses due to thermoelastic dissipation (TED),

phonon–phonon interaction, and internal friction can be con-

sidered intrinsic loss mechanisms. It is well known that a

material that possesses a positive coefficient of thermal expan-

sion will experience a temperature increase when subjected to a

compressive stress and a decrease in temperature when subjected

to a tensile stress. When a resonator vibrates in a vibrational

mode other than pure torsion, it experiences both tensile and

compressive stresses in the structure, leading to regions of

elevated and reduced temperatures. For example, when a can-

tilever beam is operated in its flexural mode, one of its surfaces

experiences a tensile stress while the other a compressive stress.

As a result, one side of the beam has a higher temperature than

the other. Some of the mechanical energy in the resonator is lost

due to heat flow from the warmer to the cooler side of the

resonator, and this is known as thermoelastic dissipation.

When a beam is vibrating, the mechanical vibration of the

structure (sound waves) can interact with the thermal phonons
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changing the population distribution of thermal phonons. This

process leads to a direct conversion of mechanical energy into a

temperature increase of the resonator and is the origin of the

phonon–phonon energy loss mechanism. Another energy loss

mechanism can arise from internal friction mechanisms thought

of as relaxation processes associated with time-dependent

transitions between two level systems. Such energy loss

mechanisms can be associated with defects (intrinsic or

extrinsic) in the crystal lattice.

Additionally, there are energy loss mechanisms related to

the surface of the resonator, which are not well understood. In

many cases, a linear relationship between the energy loss and

the surface area to volume ratio has been observed [2,3],

suggesting that the Q is limited by surface losses. The reported

studies on the origin of surface losses point at either a thin film

of a different material on the surface of the resonator (the

surface loss originates from the existence of a lossy material on

the resonator surface) or the surface roughness of the resonator

(the surface loss originates from the interaction of acoustic

mode with the surface waves).

The current trend for achieving high resonant frequencies is

to reduce the structure dimensions or to use high acoustic

velocity materials. However, from an application point of view,

it is important to have a high Q, which guarantees a high signal

to noise ratio. As the Q is directly affected by the energy loss

mechanisms, it is very important to investigate their effect on Q

for new materials. Due to material limitations of poly-Si

resonators, polycrystalline diamond (poly-C) has been recently

investigated due to its highest acoustic velocity among all the

materials. As poly-C resonators are expected to lead to higher

Q values, the goal of this work is to develop a reliable and

reproducible poly-C resonator technology [4] for possible

applications in resonant sensors and MEMS oscillators. This

technology benefits from the prior carbon based micro and

nano technologies developed at Michigan State University

(MSU). One aspect of this study is to compare the Q of poly-C

resonators tested using electrostatic actuation at low vacuum

with resonators tested using piezoelectric actuation at high

vacuum. The electrostatic actuation at low vacuum is a

condition that is meant to simulate a real-world environment

for a packaged resonator-based chemical sensor, while piezo-

electric actuation at high vacuum enables understanding of the

maximum Q that can be obtained with this material as a

cantilever structure. In this study, the poly-C resonators were

fabricated and tested using electrostatic actuation methods at

MSU. Piezoelectric actuation in high vacuum was performed at

Sandia National Laboratories.

2. Experimental procedures

For electrostatic actuation of the poly-C resonators, conduc-

tive diamond films and conductive electrodes beneath the

diamond structures are required. The fabrication process flow

for the electrostatically actuated beams started with an n-type

(100) Si wafer coated with a 2 Am SiO2 layer, and having a 3000

Å Si3N4 layer on top. Then, a 1000 Å Cr layer was evaporated

on top of the Si3N4 layer. After patterning the metal a sacrificial
layer of low temperature SiO2 with a thickness of 0.2 Am was

deposited at 400 -C. After etching the anchor holes in the oxide
layer, a layer of doped poly-C was deposited and then dry-

etched to form the resonator structures using a Ti layer (300 nm

thick) as a hard mask. The resonator structures were released by

removing the sacrificial layer using an HF-based wet etchant.

For the case of piezoelectrically actuated beams, the

diamond films do not need to be electrically conductive, and

no metal electrodes are required. This fabrication process flow

started with an n-type (100) Si wafer coated with a 2 Am SiO2

layer. This 2 Am SiO2 layer served as the sacrificial layer, and

the anchor holes were etched in this oxide layer. Then, the

undoped poly-C layer was deposited and dry-etched just like it

was done for the electrostatically actuated beams.

The deposition process for both the doped and undoped

poly-C films starts with a seeding process of the substrate. The

seeding uses nanodiamond particles (25 nm in size) that are

suspended in water; this is the diamond in water (DW) method.

The substrates were not exposed to poly-C growth conditions

prior to seeding. Before the seeding was made, a light etch of

the SiO2 surface was made to ensure a hydrophilic surface and

a high nucleation density using the DW method. This brief etch

was made by submerging the substrates for 5–10 s in a diluted

HF solution (1 HF:100 H20). Following the etch, the sample

was rinsed in deionized water and transferred into a solution

containing the nanodiamond particles. Then, the sample was

exposed to an ultrasonic bath in the DW solution for about 30

min. Once the sample was taken out from the ultrasonic bath, a

nitrogen gun with very low pressure was used to dry the sample

and finish the seeding process. Using this seeding method, a

nucleation density of 1�1011 cm�2 has been reported [4].

After the seeding step, the samples were taken into a

microwave plasma CVD (MPCVD) reactor for poly-C growth.

Both samples were exposed to a growth temperature of 650 -C,
a microwave power of 2 kW and a chamber pressure of 38 Torr

for 12 h. This yields a poly-C film of about 1 Am in thickness.

The gas mixture used was (H2 :CH4 :TMB) 100 :1 :4 for the

doped film and 100 :1 :0 for the undoped one. The doped film

had a hole concentration around 1�1017 cm�3 and a resistivity

of 0.15 V-cm. At this doping level (around 5�1019 cm�3) the

microstructure of the poly-C film could be affected, and this

subject is currently being investigated.

The microstructure and surface roughness for the doped and

undoped poly-C films are similar. Fig. 1 shows cross-section

scanning electron microscopy (SEM) images of undoped and

doped poly-C films. The cross-sections were prepared by

potting the surfaces in epoxy, slicing a section from the sample

using a diamond saw and polishing using a final grit of 6 Am
diamond particles. The polished cross-sections of these films

shows contrast from grain boundaries, integranular fracture,

and intragranular polishing roughness. The approximate grain

size in these films is 0.2 to 0.4 Am, as is seen most clearly by

the surface facets. There is insufficient delineation of the grain

boundaries in these images to determine the evolution of grain

size from the bottom seeded interfaces to the top of the film,

but no obvious differences between these two films were

found.



Fig. 1. SEM images of polished cross-sections of 1 Am thick doped and

undoped poly-C films.
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Atomic force microscopy (AFM) was used to measure the

average roughness of the poly-C films, and surface scans of the

two films are shown in Fig. 2. The AFM revealed a similar

surface roughness for both films, with a measured RMS

roughness of 62.3 nm for the doped film and a roughness of

57.5 nm for the undoped film.

Following release of the cantilever beam resonators, the

cantilever beams remained flat (less than approximately 1

Am out-of-plane curvature over the length of the beam).

This indicates that there is little strain gradient in the films.

Any net residual stress in the beams is relieved during the

release process (the beam is free to expand or contract to

relieve any net compressive or tensile film stress). Beams

that were fixed on both ends (a bridge structure) did not

show buckling, which is an indication that the films were

not under a state of high net compressive stress prior to

release.

Several methods exist to actuate micromechanical resona-

tors, including magnetomotive, direct piezoelectric, indirect

piezoelectric (external shaking), and electrostatic [5,6]. This

work includes measurements performed on similar mechanical

structures using electrostatic and piezoelectric actuation meth-

ods for studying the effect of energy loss mechanisms on Q.

The testing methods for measuring Aresonator structures using
electrostatic and piezoelectric actuation is described elsewhere

[7,5].
Fig. 2. AFM surface topography scans of th
3. Results and discussion

A number of ı̀resonator structures including cantilevers,

bridges and comb-drives, disks, and doubly clamped paddles

were fabricated and tested using the two actuation methods. Fig.

3 shows a comparison of measurements for cantilever beams

with a length of 90 Am. For the samples used in electrostatic

actuation, the resistivity of poly-C is in the range of 0.15 V-cm,

and the gap between the structure and the bottom electrode was

0.2 Am, while the piezoelectrically actuated beam was undoped

and has a gap spacing of 2 Am. The diamond quality as evident

from the Raman spectra shown in Fig. 3 seems to be comparable

for the two samples (the peak near 1350 cm�1 is similar; the

doped poly-C has a higher background at higher wavenumber

due to fluorescence). Although the difference in resonant

frequencies of the two samples is on the order of 3%, the Q

for piezoelectric actuation is 8 times higher than that for

electrostatic actuation. One of the possible reasons for the

decrease in resonance frequency for the electrostatically actuated

beam could be the effect of an electrical spring constant ke that

substracts from the mechanical spring constant of the beam, km,

lowering the overall spring stiffness kr =km�ke.

The difference in Q is likely not related to the method of

actuation nor the properties of the poly-C film, but rather due to

the different measurement pressures used in the two methods,

100 and 0.001 mTorr for electrostatic and piezoelectric

actuations, respectively. The pressure of 100 mTorr reflects a

low vacuum and, thus, represents what would be readily

achievable in a packaged device. At 0.001 mTorr there should

be negligible air damping, and the Q should reflect the true

mechanical Q of the structure. The effect of air damping on Q

can be readily estimated. At 100 mTorr, the Q is limited by the

exchange of energy between the mechanical structure and gas

molecules. This is in the molecular flow regime, and the

magnitude of Q can be calculated as [8]

Q ¼ 2kfntq
kmP

;

where fn is the resonance frequency of the nth vibrational

mode, t is the cantilever thickness, q is the density, P is the gas
e undoped and doped poly-C samples.



Fig. 3. Comparison of representative results for electrostatic (a) and piezoelectric (b) actuation methods of poly-C cantilever resonators.
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pressure, and km=[(32M) / (9kRT)]1 / 2, where M is the molec-

ular weight of the gas, R is the gas constant, and T is the

temperature. The molecular flow regime extends down to about

10 mTorr, and below this point air damping is negligible.

Therefore, decreasing the pressure from 100 mTorr to pressures

less than 10 mTorr should result in an increase in Q of about a

factor of 10. For these cantilever oscillators, the measured Q

values were in the range of 1000–2000 and 10,000–15,263 for

electrostatic and piezoelectric actuation methods, respectively.

The low Qs of the electrostatically structures are consistent

with the Q being limited by air damping, and the Qs of these

structures are representative of what can be achieved for

structures of these dimensions in a low vacuum package. The

piezoelectrically actuated structures in high vacuum should not

be limited by air damping.

Based on the measured resonant frequencies and the

dimensions of the structures, an acoustic velocity of 16,100

ms�1 was found for the doped poly-C film and 15,900 for the

undoped one. Assuming a density of 3.5 g-cm�3, the resulting
Table 1

Results obtained in this work and reported by other groups

Results reported in this paper

Actuation method Structure fo Q

Electrostatic Cantilever 315 KHz 1902

Bridge 1.06 MHz 1100

Comb-Drive 303 KHz 1600

Piezoelectric Cantilevers 263 KHz 9969

325 KHz 14,469

409 KHz 15,263

Magnetomotive N/A N/A N/A

* These structures (Doubly-Clamped Paddle and Disks) were made of nanocrysta
Young’s Modulus for the poly-C films are 907 GPa for the

doped sample and 883 GPa for the undoped one. These values

are close to accepted value of the Young’s modulus for bulk

single crystal diamond, which is about 1050 GPa. The slightly

lower moduli found here could be due to a slightly lower

density for the poly-C films.

Table 1 summarizes the results obtained in this work and

those of other groups on polycrystalline diamond resonators.

It may be pointed out that the Q of 15,263 is the highest

reported value for a poly-C cantilever beam. The Q values

shown in the table are in the range of 1100 to 36,460

depending upon the type of resonator structure. This variation

in Q is mainly due to the difference in energy losses due to

clamping, which depends on the type of resonator structure.

Even for one type of resonator structure, such as a cantilever

beam, there are different energy loss mechanisms affecting

the Q. It is, therefore, important to study different energy loss

mechanisms before reliable resonators can be produced for

applications.
Reported results by other groups

Structure fo Q

Disk* [9] 1.51GHz 11,555

Bridge [10] 2.938 MHz 6225

Comb-Drive [10] 27.35 KHz 36,460

Doubly-Clamped Paddle* [11] 640 MHz ¨3000

Doubly-Clamped Paddle* [6] 157 MHz ¨9000

lline diamond.
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Fig. 4, shows the effect of different energy loss mechanisms

as a function of resonant frequency for poly-Si and poly-C,

computed for a 1 Am thick cantilever beam. It is interesting to

note that the increase of resonant frequency achieved by

reducing the length of the beam leads to a substantial decrease

in Q because the anchor losses are dominant mechanisms in the

whole frequency range. In other words, Q can be substantially

increased by minimizing anchor losses. However, in that case,

the maximum achievable Q will be determined by other energy

loss mechanisms as shown in Fig. 4. As most applications

require a Q of at least 10,000, the anchor losses will limit the

frequencies to less than 10 MHz. Thus, for applications

requiring frequencies above 10 MHz, if the clamping losses

can be minimized, the losses due to other mechanisms will

allow Q values of 10,000 as seen in Fig. 4.

The Qs that were observed in this study, even for

measurements under high vacuum, were lower than that

predicted on the basis of clamping losses or other intrinsic

dissipation mechanisms. The most likely reason for this is that

the Qs are limited by defect-related mechanical dissipation

processes in this material. The nature of these defect-related

mechanical dissipation processes and their relationship to film

microstructure are not known at present, but work is in

progress to characterize the defect-related dissipation mechan-

isms in this material.

For applications requiring Q substantially higher than

10,000 one would need to find ways to minimize Q limitations

due to dissipation caused by thermoelastic effects [5] and

phonon–phonon interaction [5]. The frequency at which Q is

strongly limited by thermoelastic dissipation (QTED) for poly-

C is a factor of 15 higher than that of poly-Si. This is because

the characteristic damping frequency (Fo) of poly-C is

approximately 15 times larger than that of poly-Si. The time

period corresponding to Fo is equal to the time during which
the heat flows from the warm side of the beam to the cold side.

The limitation of Q due to TED will be dominant for

frequencies above 50 MHz for poly-Si and above 500 MHz

for poly-C, making poly-C a superior material. For frequencies

above 1 GHz, if Q values substantially higher than 10,000 are

required, one would need to reduce energy dissipation due to

phonon–phonon interaction. Recent experimental studies

focusing on energy loss mechanisms are under way and will

be the subject of subsequent publications.

4. Conclusion

Poly-C resonators were designed, fabricated and tested

using electrostatic (at Michigan State University) and piezo-

electric (at Sandia National Laboratories) actuation methods,

and the results were compared. For comparable resonator

structures, the resonance frequencies were similar. The

measured Q values differed significantly, however. The

difference in Q for the two methods is related to the different

pressures used during the measurement. For the case of

electrostatic actuation, the Qs were in the range of 1000 to

2000 at a pressure of 100 mTorr. These Q values reflect what is

achievable for a sealed package of low vacuum. For the

piezoelectric actuation method, the vacuum was better than

0.001 mTorr, and the Qs were not limited by air damping.

These measurements show the highest value of quality factor

(Q) that has been reported for poly-C cantilever beam

structures, Q�15,300.
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