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Abstract—
For the first time working MEMS resonators have

been produced using low-temperature deposited (550◦C)
UltrananocrystallineTM Diamond (UNCDTM) films. Using
a lumped-element model to fit experimental data, UNCD
materials properties such as a Young’s modulus of 710 GPa
and an acoustic velocity of 14,243 m/s have been deduced.
This is the highest acoustic velocity measured to date for
a diamond MEMS structural layer deposited at low tem-
peratures. A 10 MHz resonator shows a DC-tunability of
the resonance frequency of 15% between 15 and 25 V and
the breakdown voltage behavior shows electrostatic break-
down rather than electro-mechanical pull-down for higher
frequency devices. Good resonant frequency reproducibility
is observed when cycling the resonators over bias voltages
from 15 to 25 V and over RF power levels of -10 to 10 dBm.

Keywords— MEMS resonator, resonant frequency, dia-
mond, UNCD, acoustic velocity

I. Introduction

MEMS resonator technology has seen dramatic perfor-
mance increases in the last few years. Devices such as radial
and wine-glass resonators [1] have reached GHz frequencies
while limiting increases in motional resistance. The funda-
mental limitation of this approach is the acoustic velocity
of traditional MEMS structural materials, such as poly-Si.
Hence, another strategy to increase performance is through
the use of high acoustic velocity structural materials such
as silicon carbide [2] and CVD polydiamond [3]. However,
these films require high deposition temperatures (≥ 800◦C)
which makes them not suitable for integrated circuit back-
end integration where temperatures ≤400◦C are required.

We believe that UNCD has the potential of forming high
acoustic velocity films at 400◦C deposition temperature.
This paper reports on a first step toward achieving such
low temperature films through producing micromechanical
resonators using 550◦C UNCD films.

II. Ultrananocrystalline Diamond (UNCD)

UNCD thin films are deposited using microwave
plasma chemical vapor deposition with argon-rich plasma
chemistries and exhibit a microstructure with 2-5 nm
equiaxed grains, atomically abrupt (∼ 0.2-0.5 nm) grain
boundaries, and smooth surfaces (RMS roughness ∼ 7-40
nm). A membrane deflection technique, applying a nanoin-
denter on a MEMS scale UNCD membrane, was used to
measure hardness as high as 98 GPa and Young’s modu-
lus as high as 980 GPa [4], both values close to those of
single crystal diamond. In addition, the coefficient of fric-
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air of as-deposited UNCD films is as low as 0.02
to that of single crystal diamond), i.e., much lower
at of as-deposited microcrystalline diamond films
[4][5].

MEMS Resonator Design and Fabrication

first demonstration of UNCD-based resonators, sim-
d-fixed beam devices were fabricated. The funda-
mode resonant frequency for such devices can be
as [6]:
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r is the overall effective beam stiffness, Km is the
e beam stiffness without any bias voltage present,
e ”spring softening” term related to the restorative
ting on the beam due to the application of the bias
, mr is the effective mass of the beam, E is the

modulus, Lr is the beam length, Wr is the beam
h is the beam thickness, Wel is the electrode width,
e drive or bias voltage, and ε0 is the permittivity of
te that in the special limiting case of applied bias
equation 1 is equivalent to the natural fundamental
f the beam:
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is the beam material density.
MEMS resonator fabrication process is based on a
micromachining technique very similar to the one
fabricate laminate resonators described in previous
]. First, a 1.0 µm thick silicon nitride (SiN) iso-
ayer is deposited followed by a chromium/tungsten
thin film to form the electrode, anchor and metal
ors. Silicon dioxide (TEOS) is deposited over the
ation at the thickness required to define the criti-
ap height (∼ 120 nm) between the resonator beam
drive electrode. Vias are formed over the conduc-
define the beam anchors. The beam consists of a
ed layer of thin tungsten (50 nm) and a 1 µm thick



chemical vapor deposited UNCD layer at 550◦C. The res-
onator beam is patterned using a multi-step dry plasma
etch process. Finally, a wet HF-based release etch is used
to remove the oxide sacrificial layer. Figure 1 shows a sim-
plified schematic view of a processed resonator.

Fig. 1. Schematic cross-section of a MEMS fixed-fixed resonator de-
vice with typical process thickness of individual layers indicated.

IV. Measured DC and RF Properties

A. DC Measurements

DC characterization is performed using a semiconduc-
tor parameter analyzer for beam breakdown, Vbd, (elec-
trostatic breakdown or electro-mechanical pull-down) mea-
surements. The pull-down voltage of resonator beams can
be calculated as [8]:

Vpd =

√
8
27

Kdd3

ε0WrWel
(3)

Kd = 32EWr

(
h

Lr

)3 1

2 −
[
2 −

(
Wel
Lr

)] (
Wel
Lr

)2

(4)

where Kd is the effective beam stiffness taking into ac-
count the distribution of the electrostatic force over the
width of the biasing electrode. Fig. 2 shows a compar-
ison between calculated pull-down voltage and measured
resonator breakdown voltages for various designs ranging
from 2 to 50 MHz. With a gap of 120 nm the average elec-
tric field applied during pull-down tests for designs below
20 MHz are below the danger zone of approximately 200
V/µm for electrostatic breakdown in sub-micron vacuum
gaps [9]. In contrast, both 20 and 50 MHz designs indicate
breakdowns of around 30 V on average; suggesting electro-
static failure, not mechanical pulldown. Such breakdown
behavior is strongly affected by the geometry (corners) and
surfaces (roughness, work function) of the gap structures;
hence small process variations and defects could lead to
catastrophic failure of higher frequency devices.

B. RF Measurements

RF characterization is performed in a custom-built vac-
uum chamber with a base pressure of 20 mTorr. Both
input and output RF signals are provided and measured
by a vector network analyzer. The RF transmission spec-
trum (S21) is used to determine resonance frequency and
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Fig. 4. Measured and modelled resonant frequency and Q of a UNCD
device with a resonant frequency at 8.72 MHz. Measurements
were performed with a drive voltage of 25 V and RF power level
of -10 dBm. Model parameters are: E=710 GPa, ρ=3500 kg/m3,
h=0.87 µm, and d=130 nm.

process could potentially result in not completely “clean”
structures. A similar issue was encountered when process-
ing previous TaN/SiON laminate beams and was resolved
by moving to a dry etch release that occurred after singu-
lation. In that case, fixed-fixed laminate beam resonators
saw a marked increase in Q [7]. Different options are being
evaluated presently, from dry etching of the oxide sacrificial
layer to the use of critical-point drying, in order to mitigate
the issues with the current release etch process.

Fig. 5 shows: (a) the RF response of the resonator with
varying bias voltages and RF power set at -10 dBm, and
(b) the comparison between measured and modelled reso-
nant frequencies for that same device. The total change in
resonant frequency over the 15 to 25 V bias voltage range is
15.7%. Assuming a theoretical density of 3500 kg/m3, the
derived UNCD Young’s modulus from the model for both
devices in Figs. 4 and 5 is 710 GPa which corresponds to
an acoustic velocity of 14,243 m/s. This is the highest
acoustic velocity to date for a diamond film deposited at
temperatures below 600◦C.

Equivalently, measurements were performed on the same
device with varying RF power levels from -10 to 0 dBm with
the bias voltage set at 20 V. The total resonant frequency
variation over the range of RF power levels was 2.37%.
This can be explained by the fact that the resonator “sees”
an increased DC bias by the average voltage of the rectified
RF signal as given by [10]:

Vavg =
1
T

∫ T/2

0

Vpsin(wt)dt =
Vp

π
(5)

where T = 2π/ω is the period of the RF signal. The RF
power in terms of peak voltage, Vp, given by:

P =
V 2

p

2Z
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where Z is the characteristic impedance of the electrode
and for the frequencies of interest (10-50 MHz) is approxi-
mately 125 Ω. Using (5), and solving for Vavg, the following
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n can therefore be used to determine the amount of
voltage derived from the RF power:

Vavg =
√

2ZP

π
(7)

equation 7, the calculated average voltages for -10
Bm are 0.05 and 0.16 V, respectively. These volt-

e small compared to the bias voltages and contribute
all shift in frequency. However, RF power levels be-
ritical for low bias devices, where the above average
s are very close or above the pull-down/breakdown
. For example, assuming that the drive voltage Vdr

o be at least 50% of the pull-down voltage for ad-
electromechanical coupling and that the total volt-
luding the average voltage derived from RF power
Vdr + Vavg) to be less than about 85% of the pull-

or reliability reasons, then the maximum allowable
er for a 2 MHz device is 19 dBm or 77 mW. This
indicates a limitation in the applicability of such
ors, especially if they are intended to work as filters



(diplexers/duplexers) in the transmit chain. This limita-
tion will need to be addressed in more detail in the future.

We have performed several reproducibility measurements
on two different resonators by cycling the devices several
times through varying bias voltage and RF power level con-
ditions. The bias cycling measurements consisted of ramp-
ing the drive voltage from 15 to 25 V (in 2.5 V steps) at
a power level of -10 dBm for a total of 5 cycles on a 10
MHz device. The RF power cycling consisted of increasing
the power level from -10 to 10 dBm (in 5 dBm steps) at a
bias voltage of 20 V for a total of 3 cycles on a 30 MHz de-
vice. Table I summarizes the maximum resonant frequency
variation at each bias voltage and RF power setting (not
to be confused with the change in resonant frequency as a
function of applied bias).

TABLE I

Maximum Variation in Resonant Frequency At Discrete Bias

Voltages and RF Power Levels During Cycling

Measurements

In both cases, the UNCD MEMS resonator shows accept-
able reproducibility; however, additional measurements
must be performed to determine the long-term stability
of the devices.

V. Conclusions

In this work we have demonstrated the first RF MEMS
resonators built with a high acoustic velocity UNCD films
that were deposited at low temperatures. A lumped-
element model has been developed that provides very good
agreement with experimental results on frequency tuning
and pull-down voltage of MHz resonators. Furthermore,
the low-temperature budget for the fabrication process as
well as the use of CMOS-compatible films points toward
future integration opportunities.
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Bias Voltage
[V]

Maximum
Frequency

RF Power
[dBm]

Maximum
Frequency

(@ -10 dBm) Variation
over

(@ 20 V) Variation
over

Cycles 1-5
[%]

Cycles 1-3
[%]

15.0 0.14 -10 0.14
17.5 0.47 -5 0.13
20.0 0.64 0 0.10
22.5 1.00 5 0.09
25.0 0.62 10 0.10
Average
Variation [%]

0.57 Average
Variation [%]

0.11
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