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Abstract

Nanostructured diamond films have been synthesized by using microwave plasma
enhanced chemical vapor deposition method. The dielectric behavior has been
investigated by using impedance spectroscopy up to 500 °C. Impedance data are
presented in the form of Cole-Cole plot. It is found that: (i) The resistivity
contributed both from grain interior and grain boundary decreases with the increase of
the temperature. (ii) Above 250°C, the impurities at grain boundaries are thermally
activated, and thus contribute to the dielectric relaxation. (iii) The electrical
conductivity of diamond films follows an Arrhenius law with an activation energy
transition from 0.13 to 0.67 eV at 250°C. Similar activation energy is found for the
Arrhenius plot of relaxation frequencies from 0.14 to 0.73 eV. A physical mechanism
responsible for the dielectric transition is explained as the change of crystal field
caused by the therma expansion or by surface bond contraction of nano-sized

particles.
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1. Introduction

Diamond films synthesized by microwave plasma enhanced chemical vapour
deposition have physical properties most assembling that of single crystal natural
diamonds including high thermal conductivity, hardness, electrical resistivity, low
coefficient of friction and high transmissivity for electromagnetic radiation.>? Recent
attention has been paid to the application of diamond films to different devices such
as high-temperature semiconductor devices, wide band-gap semiconductor laser
devices, heat sinks, surface acoustic wave devices, and electronic packaging
materials. The potential application of diamond in electrical and electronic devices
has promoted studies on the dielectric behavior in the past decades.>*>%" Most of
dielectric characterization of diamond films have concentrated on capacitance-voltage
and current-voltage. No much work has been reported on the dielectric behavior of
nanostructured diamond films at elevated temperatures and under alternating fields.
Nanostructured diamond film is likely to have also special optical, magnetic and
electronic properties.®®' It is therefore useful to characterize the dielectric properties
of nanostructured diamond. In this paper, we report some interesting results on the
dielectric behavior of nanostructured diamond films by using impedance
spectroscopy.

Impedance spectroscopy is a powerful tool for the study of the electric and
dielectric behavior of ionic, electronic, or mixed conductor ceramics. It has been
already applied successfully in the investigation of bulk properties and grain

boundary properties for ferroelectric materials.™*** To our knowledge, the dielectric



response of impedance spectroscopy for nanostructured diamond films has not been

systematically studied.

2. Experimental Procedures

The nanostructured diamond films were deposited on silicon substrates using
amicrowave plasma enhanced CVD reactor. Thiswas reported in a previous study.**
Commercial silicon wafer (p-type with aresistivity less than 0.05 Q.m) was chosen as
the substrate. Before deposition, S substrates were mechanically roughened with
1um diamond paste in order to increase the nuclei density and then cleaned with
acetone and deionized water in an ultrasonic cleaner for half an hour. It has been
shown that the transition from microcrystalline to nanocrystalline diamond films can
be controlled by the different argon gas addition into the methane and hydrogen
reactors.”>'® Therefore, during the CVD process, the Ar/CH./H, gas ratio, plasma
power, and gas total pressure were maintained at 100/4/96 (sccm), 1.1 kW, and 30
torr, respectively. The deposition duration was 10 hrs and the film thickness obtained
was about 5um. A scanning electron microscope (SEM, JEOL-5410) was used to
characterize the nanostructured diamond, and a typical micrograph of the coating is
showninFig.1.

The impedance was measured range from 50 Hz to 1 MHz in an HP 4292A-
impedance analyzer using the two-point probe method. Schematic diagram of the
impedance measurement across the film thicknessis shown in Fig.2 (a). The effect of
current conduction through the Si substrate on the measured resistance was estimated

to be less than 0.1% over the temperature range used (< 500 °C) and thus ignored.*’



Silver paste was used to form an ohmic contact to the silicon substrate and diamond

film, and then dried at 80 °C for 1 hr to make the experimental data reproducible.

3. Resultsand Discussion

The characteristic Cole-Cole plots of diamond films at different temperatures
from RT to 500°C are shown in Fig.3. It is found that each Cole-Cole plot below
250°C shows only one depressed semicircle in Fig.3(@). The single semicircle
indicates that only one primary mechanism exists for the polarization within the
diamond film at temperatures below 250°C.*® The presence of the single semicircle
in the frequency range corresponds to the impedance response from grain interior.
The depressed semicircles make their centers on a line below the rea axis, which
indicates the departure from the ideal Debye behavior.’® The second intercept of the
semicircles on the real axis implies bulk resistor of diamond films. With increasing
temperature, the intercept of the semicircles shift towards lower Z' values indicating
reduction of bulk resistance. There appears to be no secondary semicircular response
in the frequency range measured and at the temperatures below 250°C. Therefore it
is concluded that below 250°C, the dielectric property is dominated by the diamond
grain interior.

When the temperature is raised up to 500°C, the dominating dielectric
relaxation mechanism changes. It is found that secondary semicircular response
occurs a elevated temperatures. In this case, two distinct semicircular relaxations
were observed in Fig.3 (b) and (c), although the high frequency response is
incomplete at higher temperature and replaced by an arc. It is possible to identify the

grain interior and grain boundary resistance from the visible arcs or semicircles of the



Cole-Cole plots.!® The arc on the left is assigned to the polarization within the grain
interior and the other on the right is assigned to the grain boundary. The transition of
a perfect semicircle into an imperfect arc on the left or even disappearance results
from the limitation of equipment which can only measure up to 1 MHz. The low
frequency semicircular response (right) seems to become more dominant and
becomes more complete with the increase of the temperature. Comparing both
semicircles in each Cole-Cole plot, the relative intercept of the low frequency
semicircle to the high frequency on the real axis increases with temperature increase,
which exactly confirms that impedance from grain boundaries becomes more
dominant at higher temperatures. In summary, Cole-Cole plots clearly demonstrate
the dielectric transition from grain interior dominating to grain boundary dominating
at about 250°C.

Usually, a double RC parallel circuit model in series™ could be used to
simulate the dielectric behavior of diamond films contributed from both grain interior
and grain boundaries, shown in Fig.2 (b). Each parallel RC equivalent circuit model
accurately fits each Cole-Cole semicircle. The fitting procedure used here is the same
as the one described by Kleitz and Kennedy® and allows determination of resistance
and relaxation frequencies with a good precision. Here Ry and Ry correspond to the
resistor contributed from bulk grain interior and grain boundary, respectively. C,and
Cy correspond to the capacitor contributed from bulk grain interior and grain
boundary, respectively. The resistor R represents ionic or electronic conduction
mechanisms, while the capacitor C represents the polarizability of the diamond. The
complex impedance Z* measured by impedance spectroscopy can be expressed as

the following function of the Ry, Ry, Cyp and Cgy of the specimen.
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WhereZ' and Z'’ represent the real and imaginary portions of the impedance and wis
the angular frequency. When plotted in a complex plane, Z'* viaZ’ takes the form of
two semicircles. In this representation, grain interior and grain boundary
contributions are easily identified and the dielectric behavior of the bulk material can
be studied separately from grain boundary interference.

In order to understand each semicircular relaxation process, imaginary part of
impedance for the diamond film at different temperatures was extracted and plotted as
afunction of frequency. Fig.4 shows the diagram of frequency dependence pattern of
Z’. At temperatures below 250°C, only one dielectric relaxation peak was observed
in Fig.4(a). It isnoted that the dielectric peak shifts towards the high frequency with
temperature increase.  When the temperature increases up to 250°C, two distinct
dielectric relaxation peaks were observed (Fig.4.b-c). Each relaxation peak
corresponds to each semicircle of Cole-Cole plot shown in Fig.3.

The relaxation frequency (fp) of the material, independently of the geometrical
parameter of the sample, is found at the apex of the Cole-Cole semicircle, is an

intrinsic characteristic of the nanostructured diamond film, and fulfills the condition



2T[foRbe =1 (4)

Due to the incomplete presence of impedance data on grain boundary effect,
only electrical conductivity from grain interior, obtained from the complex
impedance plots, is plotted against temperature in an Arrhenius fit (Fig. 5). The
activation energy for conduction deduced from those plots was found to have a
dielectric transition from 0.13 to 0.67 eV a about 250 °C. Fig.6 shows the
temperature dependence of the relaxation frequencies for nanostructured diamond
film, which follows the same Arrhenius law from 0.14 to 0.73 eV as the electrical
conductivity.

The physical mechanism responsible for the observed dielectric transition of
nanostructured diamond film has not been completely understood, although a few
researchers have reported different mechanisms to demonstrate the electrical
conduction of the polycrystalline diamond films. Landstrass et al.?* proposed that the
conduction transition be caused by the movements of hydrogen and defects from
electrically-active deep level to non-active sites during annealing. Mori et al.?
suggested an existence of a surface conductive layer combined with chemical-
absorption and oxidation. Werner et a.”® and Huang et a.>* have presented space
charge limited currents and the Poole-Frenkel mechanism for the non-linear increase
of the conduction. Frequency-independent and frequency-dependent band
conduction, and hopping conduction mechanism?® have also been discussed in details.
More recently, a multitude of studies on the electrical conductivity of polycrystalline

diamond films show that a number of defects at the grain boundaries are present



which mainly influence the conduction and the mobility of the charge carriers.?®?’

This phenomena seems to become more obvious for nanostructured diamond films.

It is worth noting that nanostructured material has an enhanced crystal field (a
sum of inter-atomic potential that depends on atomic distance and charge quantity of
the neighboring atoms?® due to its surface bond contraction and the rise in surface-
area-to-volume ratio.®®* With external heating, the crystal field is further enhanced
by the lattice deformation and distortion caused by the thermal expansion or thermal
stress, and oxidation. The total area of grain boundaries, where defects and non-
diamond carbon phases are believed to be accumulated, increases enormously.®®
These impurities are not as thermally stable as diamond grains. The latter usually
undergoes a phase transition to graphite or oxidization in air at about 800°C or above.
However, impurities are thermaly activated at lower temperatures (250°C) as
observed. Therefore, oxidation, diffusion, and space charge transportation can easily
take place combined with an interfacial or boundary polarization arising from the
accumulation and trapping of charges at structural interface, and subsequently cause a
responding secondary relaxation in impedance spectroscopy. We believe that the
dielectric transition behavior of nanostructured diamond film originates from the

characteristics of nanostructure itself.

4. Conclusion

It can be concluded that the impedance spectroscopy data of nanostructured
diamond films show the dielectric transition from grain interior dominating to grain
boundary dominating at about 250°C. The dielectric behavior of nanostructured

diamond films can be described as a double parallel RC circuit in series. The bulk



electrical conductivity of diamond films follows an Arrhenius law with a dielectric
transition from 0.13 to 0.67 eV at 250°C. The same activation energy is found for the
Arrhenius plot of relaxation frequencies from 0.14 t0 0.73 eV. A physica mechanism
responsible for the dielectric transition is explained as the change of crystal field
caused by the thermal expansion or by surface bond contraction of nano-sized
particles.
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Fig.1. SEM micrograph of the nanostructured diamond film.
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Fig.2. Schematic diagram of the impedance measurement across the film thickness (a)
and circuit model for describing the dielectric property of diamond film (b).
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Fig.3. Cole-Cole plots of nanostructured diamond films at different temperatures. (a)
25-250 °C, (b) 275-350 °C, (c) 375-500 °C.



Fig. 4.Frequency dependence of imaginary part of impedance of nanostructured
diamond films at different temperatures. (a) 25-200 °C, (b) 250-350 °C, (c) 375-500

°C.
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Fig. 5. Temperature dependence of grain interior electrica conductivity of

nanostructured diamond films.
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Fig. 6. Temperature dependence of relaxation frequency of nanostructured diamond

films
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Figure captions:

Fig.1. SEM micrograph of the nanostructured diamond film.

Fig.2. Schematic diagram of the impedance measurement across the film thickness (a)



and circuit model for describing the dielectric property of diamond film (b).

Fig.3. Cole-Cole plots of nanostructured diamond films at different temperatures. (a)
25-250 °C, (b) 275-350 °C, (c) 375-500 °C.

Fig. 4. Frequency dependence of imaginary part of impedance of nanostructured
diamond films at different temperatures. (a) 25-200 °C, (b) 250-350 °C, (c) 375-500
°C.

Fig. 5. Temperature dependence of grain interior electrica conductivity of
nanostructured diamond films.

Fig. 6. Temperature dependence of relaxation frequency of nanostructured diamond
films.
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