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The dielectric properties of nanodiamond powders were characterised at microwave frequencies
using a cavity perturbation technique, and results were compared with UV Raman spectroscopy.
Surface sp® hybridisation in the nanodiamond samples was varied by subsequent oxygenation and
hydrogenation. Dielectric polarisation and loss increased as the sp” hybridisation was increased.
The sensitivity to surface bound sp” carbon obtained by the microwave cavity technique far
exceeds that of comparable techniques (such as Raman spectroscopy) and is much more
convenient in practice, lending itself to studies of real-time modification of such powders by
external influences (such as temperature and chemical functionalisation). © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809823]

Nanodiamond particles have recently generated substan-
tial interest in areas as diverse as diamond nucleation, bio-
markers, lubrication, and drug delivery.H‘ The dielectric
properties of nanodiamond particles have been sparsely stud-
ied due to the difficulty of contact electrode approaches as
well as percolation issues when measuring nanoparticles.”°
Of particular interest is the degree of sp? hybridisation of the
resulting C-C bonds versus the sp” hybridisation expected in
the interior of bulk diamond. In this work, a microwave cav-
ity perturbation technique is proposed to measure the effec-
tive relative permittivity of treated nanodiamond powders,
which does not require direct electrical contacts to be made
to the particles.

Commercial detonation nanodiamond powders were
sourced from PlasmaChem GmbH (GOl grade). This mate-
rial is purified from the detonation product by the supplier
with multiple acid treatments. The core particle size is
approximately 5nm. Three nanodiamond samples were
made from this material. First, untreated powders were
measured, designated U in what follows. Samples were then
oxidised by burning the powders in air (designated O), as has
been demonstrated by Osswald er al.” and Hees et al®
Finally, samples were hydrogenated (designated H) by
annealing in hydrogen gas at 10 mbar, 400 °C.” Both O and
H samples were measured in the microwave cavity. As a
comparison, the same volume of carbon black powder
(sourced from Alfa Aesar and designated as CB) was also
measured.

Micro-Raman spectra were measured in air with a liquid
nitrogen cooled UV enhanced CCD detector in the backscat-
tering parallel geometry. A small amount of diamond powder
was placed under a x40 UV objective using the 325 nm line
of a HeCd CW laser. The incident power was reduced to the
point where there was no drift in the spectral signatures over
various acquisition times (typ. 1-20 min). This clearly lim-
ited the signal to noise ratio below the value where surface
species such as CH, could be detected at higher Stokes
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shifts.'” The spectra of all of the particles as seen in Fig. |
were very similar, exhibiting clear peaks at 1332 cm ™", char-
acteristic of sp’ bonding. This peak is broadened by the
small size of the crystallites as well as convoluted with the
D-band. A strong G-band is evident at higher wavenumbers
due to sp” bonding, as is a shoulder below the 1332cm ™'
peak due to transpolyacetylene at the grain surfaces.'' It is
clear that there is progressively lower intensity of these sp”
signatures (shoulder below 1332cm ™" and G-band) between
the untreated, hydrogen annealed, and air annealed samples
respectively. This difference is, however, subtle due to the
insensitivity of UV Raman spectroscopy to small surface
concentrations of sp>.'" Attempts at using larger wavelengths
(up to 633 nm) in Raman spectroscopy were unable to distin-
guish between the different samples.

All microwave measurements are performed in a cylin-
drical host cavity, shown schematically in Fig. 2. Powdered
samples are placed in thin-walled quartz tubes and are
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FIG. 1. Raman spectra of the three different diamond particle types.
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FIG. 2. Schematic diagram of the aluminium host cavity, also showing the
magnitude of the electric field in (a) the TMy;o mode, and (b) the TMq,o
mode. In both cases, the field is parallel to the axis of the cylinder. Samples
are introduced along the axis, contained in a thin-walled quartz capillary of
inner diameter 2mm. For such small capillaries, we may assume that the
applied field is uniform for both modes.

introduced along the axis of the cavity via small holes drilled
in the top and bottom plates. The cavity is machined in three
parts from bulk aluminium (for high quality factor Q), with
top and bottom plates attached firmly to the cylindrical sec-
tion using M10 bolts, thus, ensuring good electrical connec-
tion at the joints thus formed. The internal dimensions of the
cavity are radius a = 4.6 cm and length d =4.0 cm, as indi-
cated in Fig. 2.

The TMp;o and TMg,o modes are chosen for dielectric
property measurement of the samples owing to the high, uni-
form electric field near the cavity axis.'” The electric field in
these modes is directed parallel to the axis, thus, parallel to
the axis of the sample tube, resulting in only minor modifica-
tions of the local electric field in the presence of the quartz
tube. The distribution of electric field magnitude for each
mode is also shown in Fig. 2. For tubes of inner radii r < a,
we may assume the applied electric field to be uniform for
each mode. Here, r/a=0.022 so the uniform field approxi-
mation is a good one. The radius a is chosen so that the
TMp;o mode has a resonant frequency of about 2.5 GHz. The
cavity aspect ratio d/a is chosen to be small enough for the
TMp10 mode to be the dominant mode (i.e., for it to be well
below the resonant frequency of the TE;;; mode), but not
too small to significantly compromise the high Q factor or
the axial uniformity of the electric field.

Appl. Phys. Lett. 102, 244102 (2013)

Cavity excitation is provided by a pair of square-flanged
SMA jack connectors (supplied by Farnell Ltd.), at radial
positions 3 cm from the axis. These have open circuit termi-
nations, with an extended center conductor providing capaci-
tive coupling to the electric field of the TM cavity modes.
All microwave measurements are performed using an
Agilent ES071B network analyser, controlled using LABVIEW
software (National Instruments Ltd.). Measurements are per-
formed of the transmitted microwave power IS, 1% in the fre-
quency domain, and non-linear, least-squares curve fitting to
a Lorentzian response is used to determine resonant frequen-
cies and loaded quality factors (denoted as Q). We remove
the effects of cavity couplings by converting Qp into the
unloaded quality factor Q in each case. The cavity couplings
are adjusted so that they are equal (i.e., symmetric) and so
the conversion is made using the simple formula Q =Q; (1 —
10~ 20), where IL is the insertion loss (i.e., transmitted
power) at resonance, measured in dB."? Furthermore, the
couplings are kept weak in all circumstances (with /L < —30
dB), meaning that very little systematic error is introduced
as a result of this decoupling process.

The theoretical values of the resonant frequencies of the
TMy19 and TMy,o modes of the empty cavity are calculated
using fo,.0 = cpon/2ma, where pg; = 2.405 and pg, = 5.520 are
the first two zeros of the Bessel function Jy(x), giving values
of 2.495 and 5.726 GHz, respectively. The measured values
are found to be 2.501 and 5.730 GHz, respectively, in excel-
lent agreement with these theoretical values. The unloaded Q
factors are measured to be 10 140 and 14 890 for the TMgq
and TMy,, modes, respectively, at an ambient temperature
of 25°C. Assuming a resistivity for aluminium of 2.8 uQ cm,
the corresponding theoretical values of the unloaded Q fac-
tors are 12 700 and 19 200, respectively. The measured Q
factors are lower than the theoretical values by about
25%-30%, as is typical in metal cavities made by traditional
machining methods. This is due to the combined effects of
increased surface area due to surface roughness (since the
skin depth in Al at 2.50 and 5.73 GHz is only 1.7 and 1.1 um,
respectively), increased resistivity of the surface layer due to
a high dislocation density and surface discontinuities due to
cavity construction.

The quartz sample tubes were supplied by VirtoCom Ltd.,
and have inner and outer diameters of 2.0 and 2.4 mm, respec-
tively. An empty tube was found to reduce the resonant fre-
quencies of the TMy;o and TMy,o modes by 2.2 and 11.9 MHz,
respectively, with negligible reduction in Q factors. This makes
them excellent for sensitive measurements of the dielectric
properties of powders using the cavity perturbation technique.
We have measured the complex permittivity of quartz at 25°C
using these tubes in the same cavity, giving ¢ = 3.80 — j 0.0003
at 2.5 GHz, i.e., a loss tangent of less than 1074,

The sample tubes were filled to a depth of 5 cm with the
powder samples (4 cm of which will be in the active region
of the cavity), and all samples were left to settle overnight
before being measured. The active sample volume is there-
fore 0.126 cm®. The measured resonant traces showing |S21I2
as a function of frequency are shown in Fig. 3. Only data for
the TMy;o mode are shown here, but the TM,, mode exhib-
its the same qualitative behaviour and data are recorded for
both modes.
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FIG. 3. Resonant traces showing the transmitted power IS,,* as a function
of frequency for the TMy;o mode. Power samples are contained in thin-
walled quartz tubes and the changes in resonant frequency and 3 dB band-
widths are measured relative to the empty tubes. (a) The response of an
empty quartz tube, together with quartz tubes filled with three nanodiamond
samples: one untreated (U), one oxygenated (O), and another hydrogenated
(H). (b) The responses of the same three nanodiamond samples, this time
compared with the same volume of CB.

To analyse this data, we first define the complex relative
permittivity of a dielectric material as ¢ = & — je,, where &
(or, more properly, & — 1) quantifies the polarisation of the
dielectric material in an applied electric field, whilst &, quanti-
fies the dielectric loss. We use first order cavity perturbation
theory to relate the changes in the resonator parameters to the
dielectric properties of a sample inserted into the electric field
antinode of the cavity.'> We first define f; as the resonant fre-
quency (for either mode) and fz = fo/Q as the unloaded 3 dB
(or half-power) bandwidth. If a sample is found to reduce the
resonant frequency by an amount Afy and increase the 3 dB
bandwidth by Afg, these are related to the complex permittiv-
ity of the sample by the approximate formulae

AfO ~ _ Vs

fo (& =1 Vet W
AfB 1 Vs
fo <Q> 2 Ve @

Appl. Phys. Lett. 102, 244102 (2013)

where f is the unperturbed resonant frequency, V is the
sample volume, and V. is the effective volume of the elec-
tric field energy within the cavity. The latter quantity is
defined by the volume integral

E2
Vetr = JE—%dV, (3)

where Ej is the electric field at the position of the sample.
Evaluating Eq. (3) from the theoretical electric field distribu-
tions gives Vg = na’L J 12(,170,,) for the TMy,o modes, i.e.,
effective volumes of 71.7 cm® and 30.8 cm? for the TMpi0
and TM,o modes, respectively.

Alternatively, the effective volume can be determined
experimentally by the calibration measurement of a known
material of known geometry. We use stainless steel spheres,
since a metal sphere will develop a known electric dipole
moment p = 4negb’Eo (where b is the sphere radius) and
then Eq. (1) reduces to Afo/fo =~ 21b°[Vsr. We measure the
frequency shifts of seven sizes of individual spheres with
radii b in equal steps from 0.5 mm to 3.5 mm, each posi-
tioned centrally in the cavity, then we use linear regression
to evaluate Vg for each mode. This experimental process
yields Vo = 68.3 0.7 cm’® and 28.9+0.3 cm’® for the
TMy19 and TMg,o modes, respectively. These are a few %
smaller than the calculated values owing to the slight reduc-
tion of the electric field in the vicinity of the axial sample
holes, and the small distortion of field around the coupling
probes (since introducing any non-uniformity in the electric
field results in a reduction of V., as can be seen directly
from Eq. (3)). We use these experimental values for Vg in
all of our calculations based on Egs. (1) and (2).

The experimental cavity perturbations Afy and Afg and
the calculated values of complex permittivity for the three
nanodiamond samples (U, O, and H) sample are shown in
Table I (for the TMg;o mode at 2.5 GHz) and Table II (for
the TM,o mode at 5.73 GHz), together with the CB powder
for comparison. These perturbations are measured relative to
the same empty quartz tube in each case. We find that the
volumes of the tubes vary by approximately *=1%, which
accounts for the largest systematic error in the calculation of
permittivity. Here, we quote values for the effective permit-
tivity &epr= &) efr — Jé2.err Of the powders, since most of the
space within the sample tube is air and an effective medium
approach is needed to extract the intrinsic permittivity ¢ of

TABLE I. Change in resonant frequency and 3 dB bandwidth (relative to an
empty quartz tube) on introducing the each sample into the TMy;o mode at
2.5 GHz. Also shown are the resulting (effective) values of the complex per-
mittivity. The random errors in these two experimental parameters (assessed
by repeated measurement) are small, around *1%. Variation in the volumes
of the quartz tubes introduces an additional systematic error of approxi-
mately *1%, resulting in an overall error of approximately *1.4% in the
calculated values of permittivity.

Sample Afo (MHz)  Afg (MHz) & e —1 £ eff
Untreated (U) 1.73 20.02 0.353 +0.004 0.75+0.01 0.077 = 0.002
Oxygenated (O) 1.08 =0.01 0.204 =0.002 0.47 =0.01 0.044 =0.001

Hydrogenated (H) 1.32%=0.01 0.246 =0.002 0.57 =0.01 0.053 = 0.001
CB 9.8*+0.1 17002  427*0.06 3.69=*0.05
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TABLE II. Change in resonant frequency and 3 dB bandwidth (relative to
an empty quartz tube) on introducing the sample into the TMy,, mode at
5.73 GHz, with resulting (effective) values of complex permittivity. Errors
are the same % values as for Table 1.

Sample Afo (MHz)  Afg (MHz) & e —1 €2.eff
Untreated (U) 8.880.09 2.19+0.02 0.71 £0.01 0.088 £ 0.002
Oxygenated (O) 5.55+0.06 1.00*=0.01 0.45=0.01 0.040 = 0.001
Hydrogenated (H) 6.78 £0.07 1.30+0.01 0.55*0.01 0.052 +=0.001
CB 70.3 0.7 1031 5.64+0.07 4.15*=0.06

the actual powder grains. The untreated sample (U) has the
largest polarisation &; o¢r — 1 and loss &, ¢ of the three nano-
diamond samples. Oxygenation of the original sample (O)
causes these to reduce, and subsequent hydrogenation (H)
leads to a partial return to the untreated state.

As can be seen from the results for the CB sample, a
high degree of sp® hybridisation causes large values of both
microwave polarisation &; or — 1 and loss & ¢ Using this as
a benchmark, we conclude that the greatest degree of sp’
hybridisation is found in the untreated sample (U), as we
might have expected. Annealing in oxygen (O) removes the
most sp” bonding, followed by hydrogen annealing (H).

In order to quantify our analysis, and so relate the micro-
wave results to the physical structure of the nanoparticles,
we have developed a simple, quasistatic model. In this, we
assume that each nanoparticle is spherical, with a single
crystal diamond core (i.e., which is fully sp® hybridised),
each with an outer shell which is fully sp? hybridised. We
then apply the Maxwell-Garnett effective medium model'*
to develop the effective permittivity e of a macroscopic
powder composed of close-packed, layered nanoparticles.
This is the effective permittivity that has been measured and
is presented in Tables I and II.

For the relative permittivity of the sp® shell layer in the
range legl < 100, our model shows that the values of & . in
Tables I and II are directly proportional (to a systematic error
of less than 5%) to the volume fractions of sp® hybridised
material as one would expect. Here, we assume that the dia-
mond core has a negligible microwave loss in comparison
with the outer shell layer. Hence, from the combined results
of Tables I and II, we deduce that the O sample has the
smallest volume of sp” hybridised carbon, the H sample has
(53/42) — 1 =26% more, whilst the U sample has (83/42) — 1
=98% more. Such values can be deduced directly from the
changes in resonant bandwidth and so are subject to experi-
mental errors of less than *3%, which emphasises the power
and convenience of this microwave absorption technique for
such nanodiamond characterisation. Absolute values of the
volume fractions are subject to large uncertainties owing to
the experimental uncertainty in extracting representative

Appl. Phys. Lett. 102, 244102 (2013)

values of ¢ from the carbon black data. Also, layer thick-
nesses may not be meaningful, since the sp” layer itself may
not be continuous. However, the ability to study such small
variations in the volume of surface bound sp? carbon present
is of great benefit.

We have a high degree of confidence in using these
microwave measurements to characterise the degree of sp”
hybridisation in nanodiamond samples and find that the
trends are highly reproducible. There is only a slight fre-
quency dependence in the properties between 2.5 GHz and
5.7GHz, so in practice either cavity modes can be used for
these measurements.

Very few other techniques are able to study such small
variations in surface bound sp® with a comparable degree of
sensitivity and simplicity. The Raman spectra of Fig. 1
demonstrate the difficulty in measuring such small changes
and are also vulnerable to heating effects and damage of the
particles by the laser irradiation (particularly visible
Raman). This approach is highly reproducible, simple, and
can be quantitative with further investigations and model
development.
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