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We have measured mechanical stiffness and dissipation in ultrananocrystalline diamond (UNCD)

from 63 K to 450 K using microcantilever resonators in a custom ultrahigh vacuum (UHV) atomic

force microscope. UNCD exhibits a temperature coefficient of modulus that is found to

be extremely low: �26 ppm/K, which is close to the previously measured value of �24 ppm/K for

single crystal diamond. The magnitude and the temperature dependence of dissipation are consistent

with the behavior of disordered systems. The results indicate that defects, most likely at the

grain boundaries, create the dominant contribution to mechanical dissipation. These measurements

of modulus and dissipation versus temperature in this temperature range in UNCD establish the

nanostructure’s effect on the thermomechanical stability and suggest routes for tailoring

these properties. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693308]

I. INTRODUCTION

Nanocrystalline materials exhibit mechanical properties

markedly distinct from their bulk analogs due to the nature

of the bonds at the grain boundaries.1,2 The effect of nano-

crystallinity is particularly interesting to study in diamond,

because the tetrahedral sp3-hybridized carbon bonds of crys-

talline diamond provide the highest atomic density of all

carbon allotropes as well as superior physical properties

including the high Young’s modulus, hardness, melting

temperature, and acoustic velocity, and among the highest

thermal conductivities and lowest thermal expansion coeffi-

cients. Single crystal diamond is one of the most thermome-

chanically stable materials known, but is difficult to integrate

with complementary metal oxide semiconductor (CMOS)

devices which require thin film geometries. However, uni-

form, thin polycrystalline diamond films known as ultrana-

nocrystalline diamond (UNCD) can be grown using

processes and temperatures compatible with such devices.

UNCD films can retain the high elastic modulus,3 high

acoustic velocity,3 and chemically stable surface of single

crystal diamond.4 Consequently, UNCD is promising for

high frequency microelectromechanical systems (MEMS)/

nanoelectromechanical systems (NEMS) devices3 such as fil-

ters, oscillators, and resonant mass sensors and biosensors.5

All of these require high temperature stability of the mechan-

ical properties: thermal fluctuations in Young’s modulus will

affect the resonant frequency, resulting in poor performance

of high frequency filters and oscillators, for example, over-

whelming the frequency shift due to adsorbed mass in sen-

sors. How the UNCD nanostructure causes its

thermomechanical behavior to deviate from single crystal di-

amond is unknown. In fact, experimental investigations of

the temperature dependence of elastic properties are rela-

tively scarce even for single crystal diamond.6,7 This is pri-

marily a result of the fact that changes in the elastic modulus

of single crystal diamond is less than 0.1% from room tem-

perature to 0 K, and is therefore challenging to measure.7

Furthermore, the uncertain grain boundary structure of

UNCD renders these properties difficult to predict or simu-

late. This motivates experimental measurement of these

properties as a function of temperature. Low temperature

measurements are also helpful in extracting several material

parameters such as the Grüneisen constant7 and the tempera-

ture dependence of the specific heat.8,9 As well, measure-

ments of mechanical dissipation at low temperatures are

necessary to identify physical mechanisms responsible for

the quality factor (Q) of resonators observed at room temper-

ature,10 which is also important for applications in filters,

oscillators, and mass sensors.

II. FABRICATION OF DEVICES AND EXPERIMENTAL
METHODS

Recently, we reported the room temperature Young’s

modulus (E), Poisson’s ratio (�), and Q of microfabricated

overhanging ledges and fixed-free beams fabricated from

UNCD films grown at 680 �C.10 The growth and characteri-

zation of the UNCD films on silicon substrates and the

subsequent fabrication of the cantilever devices and the

measurement methodology have been presented in detail

elsewhere.10 Briefly, cantilevers were released using deep

reactive ion etch (DRIE), followed by an isotropic SF6 etch.
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This allowed a much larger gap (�150 lm) between the lev-

ers and the underlying silicon to be produced without adding

substantially to the undercut at the cantilever base. Larger

gaps are necessary to enable atomic force microscope

(AFM) measurements, where one must distinguish between

the AFM laser light signal reflected from the less reflective

UNCD cantilevers rather than silicon substrate. Overhangs

were further reduced by focused ion beam (FIB) milling at

the cantilever base. Large overhangs (>55 lm) result in

stress relaxation resulting in undulations whose amplitude

and period depend on residual stress, which changes with

temperature due to thermal mismatch resulting in changes in

the amplitude and period of the undulations. Reducing the

undercut of the UNCD film at the cantilever base is neces-

sary to eliminate the influence of residual film stresses on the

resonant frequency of the cantilever while it undergoes cool-

ing and heating.11

Resonant excitation and ring-down measurements of the

cantilevers were conducted on a custom-built stage in a

RHK 750 UHV (pressure <5� 10�10 Torr) AFM to deter-

mine the Young’s modulus and Q values of the UNCD canti-

levers. Q values are also determined by measuring the full

width at half maximum (FWHM) at the fundamental flexural

resonant frequency through curve fitting a Lorentzian to

amplitude versus drive frequency data obtained from a

phase-lock loop signal detection system (PLL Pro, RHK

Technology Inc.). Details of the stage design are discussed

elsewhere.10 UHV conditions were necessary to prevent con-

densation of molecular contaminants on the resonators,

which is expected when the temperature is decreased. In

addition, viscous damping due to surrounding gases, which

would dominate the response of these cantilevers at ambient

pressure, is eliminated in UHV. Measurements were con-

ducted from 450 K to 63 K, and then repeated from 63 K to

450 K to detect any hysteresis (none was observed). The

heating and cooling rates were approximately 1 K/min and

the temperature was stabilized before each measurement.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical cantilever, one of many we

have fabricated and characterized with primary flexural

resonance frequencies in kHz regime. The resonant fre-

quency fn for the nth mode of an undamped, freely vibrating

prismatic (constant cross section) linear-elastic cantilever

with a rectangular cross section is given by,

fn ¼
b2

n

2p
t

L2

ffiffiffiffiffiffiffiffi
E

12q

s
; (1)

where L, t, and q are the length, thickness, and mass density

of the beam, respectively; E is Young’s modulus; and

bn¼�1.875 for n¼ 1. From room temperature measure-

ments of f, we found that E¼ 790 6 30 GPa, �20% lower

than the theoretically predicted value for randomly oriented

polycrystalline diamond.10 This difference is attributable to

the high density of grain boundaries in UNCD.2,3,10 Struc-

tural and spectroscopic studies of other UNCD films (with

somewhat different growth conditions) estimate that �10%

of the C atoms reside at grain boundaries.12 Their contribu-

tion to temperature-dependent elastic properties is unknown.

We measured shifts in the resonant frequency (and

sometimes, the 1st harmonic) of the cantilevers versus tem-

perature in UHV to extract the minute changes expected in

the modulus. Figure 2(a) shows a typical measurement, from

63 K to 450 K. The temperature coefficient of frequency

(TCF) is commonly used to compare the temperature-

dependent resonant frequency of structures made from

materials without reference to their specific structural

FIG. 1. (Color online) (a) Bright-field optical microscope image of a typical

set of released UNCD cantilever resonator beams with an overhang. As a

result of optical interference, the free standing UNCD and UNCD on silicon

substrate show a color contrast (see the online version). (b) SEM image of a

single cantilever beam. FIB milling was conducted at the cantilever base to

reduce or eliminate any overhang, as indicated. Portions of the UNCD

appear with darker contrast simply due to charging of a previously SEM-

imaged region.

FIG. 2. (Color online) Representative data for the frequency shift relative to

the low temperature limiting value and the absolute resonant frequency

(inset) as a function of temperature for the fundamental and the first har-

monic for a typical UNCD cantilever (in this case, 460 lm long with no

overhang). Measurements were obtained on three different levers with vary-

ing lengths (350 lm to 460 lm) and overhangs (no overhang to 30 lm over-

hang). This particular cantilever has had more data points and a broader

temperature range over which the data has been collected, and hence these

data are used for calculations, but results were consistent between cantile-

vers. These plots include data points taken during both heating and cooling

cycles (individual cantilevers have gone through at least three cycles), and

are reproducible. Heating and cooling rates were approximately 1 K=min.

Higher order modes of the cantilevers also show a similar relative tempera-

ture dependence in terms of frequency and, hence, modulus.

054913-2 Adiga et al. J. Appl. Phys. 111, 054913 (2012)

Downloaded 14 Mar 2012 to 130.91.117.41. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



geometry. It is defined as TCF ¼ Df
f0DT, where f0 is the reso-

nant frequency at 300 K, and Df is the shift in the resonant

frequency over the measured temperature range, which is

from 260 K to 320 K (DT¼ 60 K). The TCF of UNCD meas-

ured (�13.5 ppm/K) is extremely low, among the lowest

values observed among common MEMS/NEMS materials

(e.g., single crystal silicon is� 51 ppm/K).13 Shifts in reso-

nant frequency are correlated to changes in E through

Eq. (1). Taking the derivative of Eq. (1) and rearranging the

terms yields,11

1

E

dE

dT
¼ 2

1

f

df

dT
� a; (2)

where a is the coefficient of thermal expansion. The TCF of

materials is roughly equal to half of the temperature coeffi-

cient of elastic modulus (TCE). Dimensional changes due to

thermal contraction/expansion and thermal changes in den-

sity contribute to the TCE by an amount of the order of the

coefficient of thermal expansion (�1 ppm/K). Figure 3(a)

shows the temperature-dependent shift in the modulus of

UNCD relative to the low temperature limit determined from

the data in Fig. 2, compared with the only available equiva-

lent measurements for single crystal diamond (for proper

comparison, the single crystal diamond modulus has been

averaged over all directions by Voigt-Reuss-Hill approxima-

tion). We used previously published values of the thermal

expansion of single crystal diamond as a function of temper-

ature14 to extract the relative temperature dependence of

UNCD.11 At room temperature, the thermal stability of E for

UNCD is found to be� 26 ppm/K. This is remarkably com-

parable with single crystal diamond (�24 ppm/K) given the

significant fraction of grain boundary atoms in UNCD. For

comparison, elevated temperature (>300 K) measurements

of resonant frequency shifts in resonators made from tetrahe-

dral amorphous carbon (ta-C),15 for which �80% of the car-

bon atoms are sp3-bonded, and nanocrystalline diamond

(NCD),16 which have larger grains (up to 300 nm), have

demonstrated a slightly higher reduction in Young’s modulus

(�33 ppm/K to� 50 ppm/K for 23 �C < T < 400 �C for

NCD). Higher TCE in these materials is partly due to the

higher base temperatures used for the measurement.

The elastic modulus of materials at 0 K directly depends

on the energies and lengths of the atomic bonds. At finite

temperatures, atoms absorb thermal energy and vibrate about

their mean positions. The nearly harmonic potential within

the bond lengths sampled at low temperatures leads to very

little expansion in bond length or reduction in modulus, and

hence the elastic modulus has nearly negligible temperature

dependence. As the temperature increases, oscillations begin

to sample a greater amount of the anharmonic character of

the potential, which is asymmetrically wider at larger separa-

tions. This increases the amount of expansion of the bonds

and the corresponding decrease in modulus. At higher tem-

peratures comparable to the Debye temperature, most materi-

als exhibit a linear decrease in Young’s modulus with

increasing temperature. Thus, a transition from an extended

range of very little change in modulus to a linearly decreas-

ing modulus occurs.

Wachtman et al.8 developed an empirical relation to

describe the temperature dependence of Young’s modulus,

E(T). Later, Anderson et al.9 derived a similar equation for

the temperature-dependent bulk modulus (B) by taking into

account the anharmonic effects of lattice vibrations. We

rewrite this equation in terms of the specific heat cv and E(T)

as,

EðTÞ ¼ E0 �
3ð1� 2�Þcd

V0

ð
0

T

cvdT; (3)

where E0, V0 are the Young’s modulus and the atomic

volume at 0 K, respectively; and c and d are the Grüneisen

parameter and the Anderson-Grüneisen parameter, respec-

tively. This relation neglects temperature-dependent changes

in V0, the product cd, and �. Thus, the derivative of E with

respect to T strongly depends on cv. At low temperatures, cv

has a T3 dependence and reduces to zero at 0 K. Using the

Grüneisen–Debye model for cv, the resulting expression for

E is,17

EðTÞ ¼ Eð0Þ � 9ð1� 2�Þp4RHDcð3c� 1Þ
5V0

T

HD

� �4

; (4)

where R is the ideal gas constant, and the Debye temperature

HD is given by: HD ¼ �hvD

k
6p2N

V0

� �1
3

where N is Avogadro’s

number. It follows that the predicted rate of change of the

elastic moduli with respect to T decreases at low tempera-

tures, and is zero at 0 K. From our room temperature meas-

urements of elastic modulus (790 GPa) and Poisson’s ratio

(0.057),10 we obtain a Debye velocity (vD) of 11 254 m/s and

HD of 1878 K (assuming V0¼ 3.42 cm3/mol, the value for

single crystal diamond). Curve fitting our data (Fig. 3(b))

using Eq. (4) up to T¼HD/10 yields c¼ 1.623. As a result

of the high value of HD, UNCD follows Eq. (4) very close to

FIG. 3. (Color online) Temperature dependence of Young’s modulus (rela-

tive to the low temperature limiting value) of UNCD (squares) and single

crystal diamond (triangles6 and circles7) averaged over all directions. Also

shown are an Einstein oscillator fit and a Grüneisen–Debye fit for the UNCD

data. The Grüneisen–Debye fit, derived for the low temperature limit,

diverges at higher temperatures, as expected.
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room temperature. In the high temperature limit, cv saturates

(to 3R, where R is the universal gas constant), and there is a

linear decrease in modulus with increasing temperature.

Using the Einstein oscillator expression for temperature de-

pendence of E,18

EðTÞ ¼ E0 �
3ð1� 2�Þs
ðexpðHTÞ � 1Þ

; (5)

where H is the effective Einstein temperature and s is a pa-

rameter related to the zero point vibration energy contribu-

tion to elastic stiffness. Taking the derivative of E in the

high temperature limit yields,19

dE

dT
¼ � 3ð1� 2�Þs

H
¼ 9Rð1� 2�Þcðcþ 1Þ

V0

: (6)

Curve fitting our data (Fig. 3(b)) to Eq. (4) yields s¼ 6.62

GPa, and H ¼ 682 K. Solving Eq. (6) for c yields 0.76. For

single crystal diamond, c values estimated from Eqs. (4) and

(6) were 1.26 and 0.71, respectively,7 indicating that grain

boundaries in UNCD increase the anharmonic parameter, as

expected.

Developing a theoretical treatment of the temperature-

dependent softening in UNCD requires understanding the

contribution of grain boundaries to the vibrational density of

states (VDOS), and hence cv. Carbon atoms at the grain

boundaries may be two-fold (sp1) or three-fold (sp2) coordi-

nated in addition to being four-fold (sp3) coordinated; these

bonds may form at strained lengths or angles; and some

bonds may be unterminated or terminated by hydrogen

atoms. Similarly, the local energetics of sp3-bonded atoms

close to the grain boundaries are influenced by the atoms at

the grain boundaries. As a consequence, the local stiffness in

regions of sp1 and sp2 bonding could be significantly lower

than in regions of pure sp3 bonding.2 These bonds are more

compliant than sp3 bonds, and accordingly, they exhibit

higher anharmonicity. Thus, they would be expected to be

the main contribution to the slightly higher temperature de-

pendence of the UNCD modulus as compared to single crys-

tal diamond. The temperature dependence of cv and B of

single crystal diamond and graphite have been theoretically

calculated.19,20 Graphite (which is sp2-bonded) has a higher

cv than diamond (which is sp3-bonded) at temperatures

between 0–600 K.21 The temperature dependence of vibra-

tional properties of UNCD has been determined recently

through molecular dynamic simulations,22 which indicate an

increase of �20% in the specific heat at room temperature

compared with single crystal diamond.22 The increase is pre-

dominantly due to the contributions from atoms at grain

boundaries. Further efforts are needed to fully characterize

the influence of atoms at grain boundaries on the temperature

dependence of elastic properties of UNCD films.

The measured dissipation (Q�1) of the UNCD cantilevers

varied from (0.63–2.0)� 10�4 with the relaxation of defects

at the grain boundaries dominating the observed dissipation

at room temperature.10 This is demonstrated by the fact that

other dissipation mechanisms, including extrinsic mecha-

nisms such as clamping losses, or intrinsic mechanisms such

as thermoelastic dissipation, contribute negligibly to the

observed dissipation, as discussed in detail previously.10

Clamping losses contribute negligibly to the observed dissi-

pation based on predictions from models, and from the fact

that experimentally measured Q values of single crystal sili-

con13 and polycrystalline diamond16 cantilevers with essen-

tially the same clamping geometries as the cantilevers studied

here were several orders of magnitude larger than those meas-

ured here. Our recent temperature-dependent measurements

of Q�1 showed a weak temperature dependence from 300 K

down to 140 K.23 To explore this further, dissipation was

measured over a broader temperature range here, from 63 K

to 450 K (Fig. 4). Consistent with previous measurements,

the results show a moderate reduction in dissipation Q�1

below 300 K and a very weak dependence below 180 K.

Previous temperature-dependent measurements shown in

Fig. 4 of ta-C (Ref. 24) and NCD (Ref. 25) films deposited on

silicon double paddle oscillators also showed a weak temper-

ature dependence below 100 K, followed by a weak power

law dependence (Tb, b < 1) below �2 K. Low temperature

(<10 K) measurements of dissipation in metal-coated UNCD

fixed-fixed beams (f0¼ 5.1 MHz) at temperatures below 5 K

indicated a weak temperature dependence (b¼ 0.35, <5 K)

followed by a plateau above 5 K.26 This behavior has been

attributed to the presence of two level tunneling states26 and

has been observed in many disordered materials, including

glasses and amorphous forms of carbon, silicon, and silicon

nitride,24–27 wherein stresses strongly determine the observed

dissipation.28 This disorder in UNCD mainly comes from

defects at the grain boundaries. While we do not clearly

resolve a plateau, the change in slope of Q�1 versus

FIG. 4. (Color online) A comparison of dissipation as a function of tempera-

ture for carbon based resonators. Lever 1 (black squares) had no overhang

(the resonant frequency shift of this cantilever is shown in Fig. 2), and Lever

2 (red squares) had an overhang of �30 lm (the initial overhang was

reduced to this value using FIB). Data include both heating and cooling

measurements; no hysteresis is evident. Also plotted are data of UNCD

fixed-fixed beams (5 MHz, flexural),26 NCD paddle oscillators (�5.5 KHz,

torsional),25 NCD fixed-fixed beams (13.7 MHz, flexural),30 ta-C paddle

oscillators (�5.5 KHz, torsional),24 cantilevers (�60 KHz, flexural)29 and

single crystal diamond (SCD) dome resonators (50 MHz, flexural).32 Inset:

UNCD cantilever data on a linear scale indicating the change in slope.
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temperature is consistent with a reduction in the rate of

change in dissipation appearing at the lowest temperatures.
Overall, the UNCD measured here had dissipation val-

ues at low temperatures (Q�1 �10�4) higher than the values

observed for polycrystalline NCD torsional oscillators.25

However, the values were lower than those for amorphous

ta-C (Ref. 24) torsional oscillators and flexural stress free

cantilevers,29 indicating the contribution of defects. A com-

parison of dissipation in crystalline diamond and tetrahedral

amorphous carbon resonator structures is shown in Fig. 4.

Unlike our results in Fig. 4 for stress free monolithic UNCD

cantilevers, dissipation in composite torsional paddles24,25 or

high frequency (>5 MHz) metal coated fixed-fixed

beams26,27 and membranes can be influenced by stress28

(due to differential thermal expansion), dissipation in metal

coating,31 or clamping losses in membranes.32 Nonetheless,

all of these results point to a much reduced temperature de-

pendence of dissipation in these materials at low tempera-

tures followed by a stronger dependence at very low

temperatures (<1 K). The present results for UNCD are con-

sistent with the idea that disorder at the grain boundaries are

the dominant source of dissipation observed in UNCD. Tun-

ing the grain boundary structure and film stress are therefore

the most direct routes to controlling and potentially increas-

ing the Q of pure UNCD resonators at room temperature.

IV. CONCLUSIONS

In summary, the Young’s modulus and mechanical dis-

sipation of UNCD films exhibit a weak dependence on tem-

perature from 450 K to 63 K. The temperature dependence

of E at low temperatures is within 10% that of single crystal

diamond, significantly lower than that of amorphous carbon

and many other materials of interest for MEMS/NEMS. This

opens up new opportunities for using UNCD films in ther-

mally stable resonators, sensors, and AFM probes. At low

temperatures, the dissipation shows a weak temperature de-

pendence similar to the observed behavior in tetrahedral

amorphous carbon and nanocrystalline diamond films, indi-

cating that dissipation in UNCD is dominated by defects

within the film, i.e., at grain boundaries. Therefore, with

respect to variations in temperature, UNCD has the interest-

ing characteristic of behaving like a crystalline material in

terms of modulus, but like a disordered material in terms of

dissipation. Controlling the residual stresses and the grain

boundary structure are key to achieving stable high fre-

quency, high-Q UNCD resonators for MEMS/NEMS, mass

sensing, and other novel applications.
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