Invited Paper

Temperature dependence of mechanical stiffness and dissipation in
ultrananocrystalline diamond

Authors :
V.P. Adiga], A.V. Sumantz, S. Suresh3, C. Gudeman3, 0. Aucielloz, J. A Carlisle4, R.W.
Carpick’
"Department of Materials Science and Engineering, University of Pennsylvania, >Argonne
National Laboratory, 3 Innovative Micro Technology, * Advanced Diamond Technologies,

Department of Mechanical Engineering, University of Pennsylvania

ABSTRACT:

Ultrananocrystalline diamond (UNCD) films are promising for radio frequency micro electro mechanical
systems (RF-MEMS) resonators due to the extraordinary physical properties of diamond, such as high Young’s
modulus, quality factor, and stable surface chemistry. UNCD films used for this study are grown on 150 mm silicon
wafers using hot filament chemical vapor deposition (HFCVD) at 680°C. UNCD fixed free (cantilever) resonator
structures designed for the resonant frequencies in the kHz range have been fabricated using conventional
microfabrication techniques and are wet released. Resonant excitation and ring down measurements in the
temperature range of 138 K to 300 K were conducted under ultra high vacuum (UHV) conditions in a custom built
UHV AFM stage to determine the temperature dependence of Young’s Modulus and dissipation (quality factor) in
these UNCD cantilever structures. We measured a temperature coefficient of frequency (TCF) of 121 and 133
ppm/K for the cantilevers of 350 pm and 400 pm length respectively. Young’s modulus of the cantilevers increased
by about 3.1% as the temperature was reduced from 300 K to 138 K. This is the first such measurement for UNCD
and suggests that the nanostructure plays a significant role in modifying the thermo-mechanical response of the
material. The quality factor of these resonators showed a moderate increase as the cantilevers were cooled from 300
K to 138 K. The results suggest that surface and bulk defects significantly contribute to the observed dissipation in
UNCD resonators.

Keyword list

Temperature dependence of Young’s modulus, quality factor, resonators, ultrananocrystalline diamond, dissipation,
mechanical properties, grain boundaries, defects, nanocrystalline materials, Debye temperature

1. INTRODUCTION:

Diamond is the hardest known material on earth. It exhibits exceptional physical and mechanical properties
such as high stiffness, high acoustic velocity, and a stable surface with extraordinary tribological behavior.
Mechanical properties of diamond are stable across a wide temperature range. All these properties make it an
attractive candidate for applications for microelectromechanical systems (MEMS) and nanoelectromechanical
systems (NEMS), such as radio frequency MEMS resonators with high quality factors, and MEMS switches.[1-5]
Uniform, conformal ultrananocrystalline diamond (UNCD) thin films (grain size 2-5 nm) are now grown using
either the microwave plasma chemical vapor deposition (MPCVD) process or hot filament chemical vapor
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deposition (HFCVD) process. These films, despite the presence of a large fraction of grain boundaries containing
non-diamond carbon and hydrogen,[6] exhibit mechanical properties close to that of single crystal diamond. The
ability to grow uniform UNCD films over a large area (> 150 mm wafers) at lower temperatures has now enabled
the co-integration of complementary metal-oxide-semiconductor (CMOS) electronics with UNCD devices. [7-9]
The temperature dependence of the elastic properties and the dissipation in low temperature-grown UNCD films
play an important role in the suitability of these films in RF-MEMS resonator applications. As well, UNCD
cantilever probes for AFM applications have recently been developed. Most of these applications necessitate the
need to study the temperature dependence of stiffness and dissipation in these films to determine the temperature
sensitivity of these devices, such as the force sensitivity of cantilever AFM probes .[10]

We have recently reported mechanical properties and dissipation in HFCVD-grown UNCD cantilevers
(growth temperature 680 °C).[11] We have measured a Young’s modulus of 790+ 30 GPa by resonant excitation of
the fundamental mode of the cantilevers. Ring down measurements yielded a quality factor in the range of 5000 to
16000. The lower Young’s modulus in UNCD micro-cantilevers compared to single crystal diamond is mainly due
to the presence of the higher fraction of grain boundaries containing sp® and sp' bonded carbon. A discussion of
room temperature modulus and dissipation in HFCVD grown UNCD films is provided elsewhere.[11] The
dissipation observed is much higher than single crystal silicon cantilevers and polycrystalline diamond cantilevers.
Stress assisted relaxation of the defects in the grain boundaries and at the surface are believed to be responsible
observed dissipation.[11, 12] The temperature dependence of the resonant frequency (and hence the Young’s
modulus) and dissipation in UNCD cantilever beams is useful for determining the nature of such defects. In this
article we report the temperature dependence of frequency, hence Young’s modulus and quality factor in UNCD
cantilever beams grown using the HFCVD process.

2. BACKGROUND

2.1 Temperature dependence of resonant frequency:

The temperature dependence of Young’s modulus for crystalline materials can be attributed to the anharmonic
effects of lattice vibrations and also to changes in the bond length with temperature. [10, 13-15] An analytical
solution to the thermally driven softening of Young’s modulus has been a challenge. Wachtman et al.[13] developed
an empirical solution for temperature dependent modulus as follows:
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where E, is Young’s modulus at 0 K. Watchtman assumed that A is a temperature independent constant related to
the Grueneisen parameter v, and T, is characteristic temperature related to Debye temperature, ®p. Later Anderson
et al.[14] derived an equation for the temperature dependence of the bulk modulus by taking into account effects of
lattice vibrations.
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R is the ideal gas constant, B, Vs the bulk modulus, volume at 0 °K, & is the Anderson-Grueneisen parameter and
H(x) is given by
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We can rewrite this equation in terms of specific heat ¢,

(4)

All the above relations assume that the change in volume is much less than the change in the modulus with
temperature. At very low temperatures T<<@®p, the rate of change of modulus decreases and is zero at 0 K so as to
satisfy Nernst’s Law:[10] As indicated in equation (4), the derivative of the temperature dependence of the bulk
modulus indicates the temperature dependence of the specific heat of the material. The temperature dependence of
the elastic constants for single crystal diamond has been studied[16-18] and theoretically predicted[15] and showed
that the rate of change of Young’s modulus of single crystal diamond with respect to temperature is dramatically
reduced below 160 K.

In nanocrystalline /nano-scale materials the temperature dependence of the modulus can be much different than
for single crystals because of the presence of a large proportion of grain boundaries. Recent progress has shown that
it is possible to correlate changes in Young’s modulus of nano-scale materials to atomistic parameters[15, 19, 20] by
the bond-order-length-strength (BOLS) correlation, by taking into account the bond nature, bond order, bond length
and bond strength. Using this method, Gu et al.[20] proposed expressions for the size and temperature dependence
of Young’s modulus and the Debye temperature. The broken bonds at abrupt interfaces cause the remaining bonds
to be stronger and shorter in diamond. According to Gu et al.,[20] the Young’s modulus and Debye temperature of
nanoscale materials can increase or decrease compared to the bulk depending on the nature of the bonds and
temperature. In nanocrystalline materials however, we should take into account the presence of grain boundaries and
inter crystalline bonds. In UNCD particular, carbon atoms at the grain boundaries are either threefold / twofold
coordinated or form bonds at different lengths or angles from those observed in diamond.[21] As the grain sizes
become smaller, there will be more surface atoms compared to the bulk. The presence of sp' and sp” bonded carbon
at the grain boundaries influences the observed mechanical stiffness and its temperature dependence in UNCD. Even
though bonds between two-fold coordinated sp' atoms or between three-fold coordinated sp® atoms in their ideal
geometric configurations are usually stronger than bonds between fourfold coordinated sp® atoms, bonds between
sp' or sp” atoms are stabilized by p-bonding, which is very sensitive to the geometry. As a consequence, the local
bulk moduli of sp' and sp* atoms could to be significantly lower than the bulk moduli of sp® atoms.[21]The presence
of hydrogen in grain boundaries also influences the nature of bonding. Such weaker bonds bend or stretch with
greater ease compared to the bonds in the crystalline grains. Similarly, the presence of grain boundaries lowers the
Debye temperature of nanocrystalline diamond due to eliminating the higher frequency acoustic modes. However, in
the high temperature limit, the Debye temperature can be estimated by comparing (1) and (4). This yields

VO > 0~ 2 > (5)

assuming that £ = 3B, (Poisson’s ratio v << 1).[10]

2.2 Dissipation in micro-cantilevers:

Dissipation in high aspect ratio UNCD cantilevers resonators under UHV conditions is limited by intrinsic
dissipation due to the stress-assisted relaxation of the defects at grain boundaries and at surfaces.[11, 12, 22]
Impurity atoms, dislocations, and other defects at grain boundaries and at surfaces undergo a transition from one
state to another similar to two-level systems when under stress. Dissipation in such systems exhibit Debye peaks
with a characteristic relaxation time t which is unique to that transition. The frequency dependent quality factor in
such systems is given by:[23]
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where 4 is a constant which depends on the nature of the defect and the defect concentration (number of defects per
unit volume) and the 7 is the relaxation time which follows the Arrhenius relation given by [23]
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where E is the activation energy for the process, kp is Boltzmann’s constant, and 1/7; is the characteristic atomic
vibration frequency. The temperature dependence of dissipation will helpful to observe the presence of dissipation
peaks due to defect relaxations.

3 EXPERIMENTAL SET UP

UNCD films were grown using the HFCVD technique at 680°C on silicon wafers (diameter = 150 mm) with
predominantly methane/hydrogen growth chemistry. The films are grown by Advanced Diamond Technologies Inc.
and are known commercially as Aqua 25. UNCD cantilever resonator structures are fabricated using conventional
lithography techniques. The wafer is diced to fit in the AFM sample holder (discussed further below), with each die
containing 4 cantilevers as shown in Figure 1. The substrate underneath the cantilever has been etched using XeF,
and cantilevers used for this study have an overhang of 85 um. The substrate underneath the cantilever have been
cleaved as shown in SEM image shown in Figure 1.

N

5

Cantilevers

Figure 1. (a) An optical image of the cantilever die. Unreleased cantilever die consisting of four different cantilevers with
dimensions ranging from 100 um to 400 um with length-to-width ratio of 7.5, and thickness of 1 um. (b) SEM image taken after
cleaving the die showing the cantilevers extending from the chip with a small overhang at the cantilever base.
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This avoids the laser signal interference from the more reflective silicon substrate while characterizing the
cantilevers in the AFM (RHK UHV 350). Cantilevers are cleaned for any remaining silicon particles and are tested
under UHV (2x10'° Torr) conditions to avoid condensation of water or any other contaminants during the cooling
of the cantilevers. To measure the temperature dependence of modulus and dissipation, a custom built AFM stage
has been used with a piezo ceramic glued onto a tilted (22.5°) invar holder. Cantilever dies are mounted on top of
the piezo ceramic and the cantilever’s deflection is measured using the AFM detection scheme. The fundamental
flexural resonance is found by manually scanning the drive frequency. To determine the quality factor, a ring down
measurement is done whereby an exponential fit to the ring down curve is performed after halting resonant
excitation. This gives a measure of dissipation in the fixed free beams at the flexural resonance. Temperature is
measured using a thermocouple attached on top of the UNCD cantilever die. Cooling and warming rates are 1 K
/min. The characterization of the films, fabrication of UNCD cantilevers and the experimental set up used for the
resonant frequency and dissipation measurement are reported elsewhere.[11]

4 RESULTS AND DISCUSSION:

4.1 Temperature dependence of resonant frequency:
The resonant frequency of the cantilever beams is given by

fnﬁzt E

n

“ox P \12p

(8)

where L and ¢ are the length and thickness of the cantilever and £ and p are Young’s modulus and density
respectively. [, is a constant and equal to ~ 1.875, 4.694, 7.855 for n = 1,2,3 respectively. The temperature
dependence of the resonant frequency (fundamental mode) of a typical UNCD cantilever is plotted in Fig. 2. No
difference is seen between cooling and heating, and the qualitative behavior is reproducible amongst all of the
cantilevers. For all the measured cantilever beams, we observed little change in the resonant frequency below 160 K,
followed by a transition to a nearly linear decrease with frequency. Table 1 shows temperature coefficient of
frequency (TCF) close to room temperature for 3 different cantilevers.
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Figure 2. The temperature dependence of frequency of a typical cantilever during cooling and heating at a rate of ~1 K/min. All
the tested cantilevers showed a much lower temperature dependence below 160 K. Table 1. TCF values for 2 different cantilevers
close to room temperature.
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The change in resonant frequency with temperature can be used to calculate the corresponding change in modulus
according to Eq. 8. The changes in the dimension of the cantilever due to thermal contraction / expansion and
changes in the density with temperature put together contributes to an error of the order of the coefficient of thermal
expansion (1x 10 /K for single crystal diamond) and can be neglected. Figure 3 depicts the relative change in the
Young’s modulus of UNCD micro cantilever beam of 350 um length with an increase in Young’s modulus by 3.1
% in the measured temperature range. References [12, 17, 18] give the temperature dependence of modulus of
single crystal as well as CVD grown diamond of grain sizes ranging from ~400 nm[12] to ~100 pm.[18]
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Figure 3. Relative change of Young’s modulus with temperature. A curve fit to Wachtman’s semi-empirical relation yields a
Debye temperature of 1460 °K.

For polycrystalline diamond (grain size ~300-500 nm) cantilevers Sepulveda et al.[12] reported a TCF of -
25 ppm/K. The temperature dependence of Young’s modulus of microcrystalline diamond (MCD)[18] seems to be
comparable to our measurements. However, single diamond showed a much lower temperature dependence with a
0.16% increase in the modulus from 298 K to 138 K.[16, 17] Reference [15] gives a theoretical prediction of of this
increase. We assert that the higher temperature dependence of the modulus in UNCD films is due to the presence of
a much higher proportion of grain boundaries containing sp” and sp' bonded carbon and the impurities like
hydrogen, which form weaker bonds.

Using the curve fit to Wachtman’s semi-empirical, we found the Debye temperature for UNCD to be 1460
K. For single crystal diamond Debye temperature is estimated to be 1860 K.[24] Reduction in the Debye
temperature of other nanocrystalline materials due to the elimination of high frequency acoustic modes has been
observed previously[25] and is consistent with theoretical predictions.[20, 25] However the Debye temperature
approximated using Wachtman’s semi-empirical relation will be more accurate if we know the temperature
dependence of Young’s modulus over a wider temperature range, especially the temperature dependence at much
higher temperature. For a high temperature material like diamond, 300 K is still rather low.

It remains to investigate effects of the overhang at the cantilever base on the temperature dependence of
resonant frequency of the beams. Residual stresses in the low temperature grown UNCD films cause wrinkles at the
underetched cantilever base. Residual stresses are partly due to the thermal stresses which changes as a function of
temperature and hence the amplitude and wavelength of the wrinkles.[11] This may affect the stiffness and
resonance frequencies measured. Experiments that fully control for this effect are currently underway.

4.2 Dissipation in UNCD cantilevers

Ring-down measurements were conducted at the fundamental flexural resonance frequencies of the cantilevers
under UHV conditions. The curve fit to the damped oscillations after the resonant excitation ceases yielded quality
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factors in the range of 5000-16000 for all the cantilevers of different dimensions and overhangs, with no specific
dependence on any of the dimensions.[11] Considering the dimension of our levers and the absence of any reflective
coating on these cantilevers, we conclude that the observed dissipation is attributed to intrinsic dissipation in UNCD
beams. Contributions from thermoelastic dissipation (TED) and dissipation due to interaction between thermal
phonons and acoustic phonons together accounts for less than 0.1% of the observed dissipation.[11], indicating that
dissipation is mainly due to the relaxation of large number of defects in the film.
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Figure 4: Typical temperature dependence of the quality factor of 350 um long UNCD cantilever beam . A moderate decrease in
dissipation (increase in Q) is observed at lower temperatures.

Figure 4 shows the quality factor as a function of temperature of UNCD for one of the measured cantilever beams of
350 um length. We did not observe the presence of characteristic Debye peaks associated with defects in the
measured temperature range. A moderate improvement in quality factor can be seen for all the cantilevers that we
measured. Such a measurement over a broader temperature range will determine the factors that dominate the
observed dissipation in UNCD beams. Sepulveda et al. [12, 22] has reported a higher quality factor for
polycrystalline diamond fixed-free resonators with comparable dimensions, which indicates that higher dissipation
in our UNCD resonators is mainly due to the presence of the higher proportion of grain boundaries and defects.
Hutchinson et al. [S] measured the temperature dependence of dissipation of metal / nanocrystalline diamond (NCD)
composite fixed-fixed beams which showed the presence of a Debye peak at 55 K and a dramatic increase in
dissipation above 100 K. However for these high frequency (MHz) beams they measured a lower quality factor
(Q~3000, at room temperature) than the low frequency UNCD cantilever resonators. Higher dissipation in these
high frequency resonator beams has been attributed to surface effects and the clamping losses [26, 27] is supported
by investigations of the scaling of dissipation with the dimensions of NCD fixed-fixed resonators by Imboden et
al[28]. Factors that contribute to the higher dissipation in high frequency resonators may also include TED, and the
dissipation in the metal layer of the composite beams.[26]

5. CONCLUSIONS

Cantilever resonator structures were fabricated from UNCD grown using a low temperature (680 °C) HFCVD
process. The Young’s modulus of the UNCD films increased by 3.1 % as the temperature was cooled 300 K to 138
K and rate of increase dropped dramatically below 160 K. Imperfections and impurities (disordered carbon,
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hydrogen, dangling bonds) at the grain boundaries are asserted to cause the reduction in the modulus as well as
increase in the temperature dependence of the modulus of UNCD films. The UNCD cantilever resonators exhibited
much higher dissipation compared to polycrystalline diamond cantilevers with comparable resonant frequencies. We
attribute higher dissipation in our resonators mainly due to the presence of large number of defects and impurities at
grain boundaries and surface and dissipation increased moderately with temperature.
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