Carbon 223 (2024) 119027

Contents lists available at ScienceDirect

Carbon

journal homepage: www.elsevier.com/locate/carbon

Research paper ' A

Check for

Development of long-range conductivity mechanisms in glass-like carbon | e

Jaspa Stritt *, Jerome A. Cuenca, Evan L.H. Thomas, Oliver A. Williams
School of Physics and Astronomy, Cardiff University, Cardiff, UK

ARTICLE INFO ABSTRACT

Keywords: The conductivity mechanisms in glass-like carbon synthesised from SU-8 3005 photoresist are explored
Glass-like carbon as a function of pyrolysis temperature (between 700-750 °C) utilising microwave dielectric spectroscopy
Dielectric spectroscopy techniques. Broadband measurements using an open-ended coaxial probe (BCP) are used to investigate the
Microwave

complex permittivity and conductivity as a function of frequency and show the development of long range
conduction and sp? carbon chain formation. Fixed frequency resonance measurements using microwave
cavity perturbation (MCP) methods are shown as a way of measuring this transition and change in Q-factor
without requiring contacts and therefore acting as a effective method for non-destructive and non-invasive
measurements. Using these methods we show a clear change in the AC conductivity of glass-like carbon at a
pyrolysis temperature of ~730 °C and demonstrate how microwave cavity perturbation (MCP) can be used as
a non-contact method of dielectric spectroscopy for determining the transition of conductivity mechanisms in
glass-like carbon from short to long range and therefore as a method for non-destructive material quality
control. We demonstrate that both BCP and MCP dielectric spectroscopy methods are effective at clearly
detecting changes in the structure and conductivity mechanisms of glass-like carbon over a small pyrolysis
temperature range.

conductivity

1. Introduction Typically, these resins are pyrolysed in inert atmospheres to temper-
atures exceeding 900 °C. A common precursor in modern applications
Glass-like carbon can be briefly described as a macro isotropic, non- has been SU-8 photoresist, a negative epoxy-based photoresist orig-

planar form of non-graphitising carbon with resilience to high temper- inally developed by IBM [12]. The major steps of pyrolysis include
ature in inert environments due to a high sublimation point (~3000 °C)

and non-graphitising structure [1-3]. In recent years, glass-like carbon
has been synthesised through the pyrolysis of organic resins in the
form of photoresists for further use in a variety of micro-electrical-
mechanical systems (MEMS) [4-6]. In addition, the electrical and
refractory properties create exciting opportunities for the fabrication
of miniature black body emitters [7].

Pre-carbonisation (elimination of solvent and unreacted monomer
at temperatures below 300 °C), Carbonisation (the elimination of
oxygen, hydrogen and halogens as well as the development of an
interconnected polymer-like sp?> carbon structure at temperatures of
300 °C <T <1200 °C) and Annealing (eliminating defects/impurities
and further increases the inter-connectivity of the carbon network) [5].

The development of glass-like carbons structure through pyrol- Previous studies have shown conductivity to increase rapidly with
ysis has been investigated in the past through a variety of meth- pyrolysis at temperatures within the carbonisation step [13,14].
ods including Raman spectroscopy, Transmission Electron Microscopy In this work, Raman spectroscopy and UV-visible spectroscopy are
(TEM) and X-ray diffraction (XRD) [8,9]. However, whilst these studies both used as initial indication of sp? carbon developing from SU-8
have shown clear development in the structure over broad differences 3005 as a result of pyrolysis to glass-like carbon. The development of
in pyrolysis/heat-treatment temperature, the development over small an interconnected sp? carbon network during the carbonisation step
changes in pyrolysis temperature and the effects of these changes on of pyrolysis and its impact on the development of long-range con-

the electrically conducting structure remains unclear. The structure of
glass-like carbon is most commonly described through models describ-
ing the ribbon-like structure [2,10] and fullerene-related structure [11]
which both describe the development of glass-like carbon through
pyrolysis from an organic polymer in a process that maintains the
morphology of the precursor without passing through a plastic phase.

ductivity is then investigated through the use of microwave dielectric
spectroscopy techniques at both broadband frequency ranges and fixed
frequencies using broadband coaxial probe (BCP) and microwave cavity
perturbation (MCP) methods, respectively, as ways to more accurately
determine temperature ranges in which these material and electrical
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transitions occur. The methods presented are shown to be an effective
means of quality control in the production of high quality glass-like car-
bon in practical production settings, ensuring that dominant long-range
conductivity mechanisms are present whilst optimising the pyrolysis
temperature for efficient material synthesis. In addition, MCP is shown
to be an effective method of quickly determining these qualities without
contact or damage to the samples and without excessive processing.
MCP also offers valuable insight in the dielectric properties of glass-
like carbon, and its potential applications as an absorber at microwave
frequencies.

2. Theory
2.1. Complex permittivity

The complex representation of relative permittivity (e,(w) = €/(w) -
Jje!'(w)) is able to describe a dielectric materials response in an alter-
nating electric field where €/(w) is the dielectric constant, €/’ (w) is the
dielectric loss factor, j is the imaginary number \/—_1 and w is the
angular frequency. The conductivity for a percolating sample can then
be approximated using the samples dielectric loss factor [15]:

(€Y

()~
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where ¢, is the permittivity of free space, and ¢ is the frequency
dependent AC conductivity.

2.2. Percolation & AC conductivity universality

In order to achieve long-range conductivity between two nodes, an
uninterrupted path (or multiple paths) of conducting pathways must
exist between those nodes. The fulfilment of this condition can be
described through percolation theory [16,17]. We can consider an
infinite network of nodes which can either be connected to a neighbour
by a conducting pathway or not. An insulator would be modelled by
a series of non-connected nodes, whilst a metallic material would be
represented by a fully connected network. For an arbitrary material
containing nodes which are randomly connected to neighbours accord-
ing to a probability (p), the material will exhibit conducting chains
of various different sizes. Logically, if this probability (p) is low, then
the average length of chains will also be lower, and as p increases
to 1, the network will become increasingly more connected. If p is
greater than a value p, (the percolation threshold), then the material
will exhibit interconnected chains that are of a size in the order of the
network size. The result in a macroscopic material is DC conductivity
between any two arbitrary points. Fig. 1 shows how varying p affects
the connectivity of the network and percolation. At this percolation
threshold, the material will becomes conducting to direct current, and
as p continues to increase, the DC conductivity of this network will also
increase.

If we consider a material with a network that is connected below
the percolation threshold (e.g. Fig. 1a) being subject to an alternating
electric field, then at low frequencies the AC conductivity will be close
to 0 as the path length of electrons in the material will be significantly
longer than the mean path length in the network. As the frequency
of the electric field () is increased, the path length of electrons
will decrease and the longest chains (those longer than the length
travelled by electrons) will exhibit AC conductivity. As @ continues to
be increased, these electrons are able to oscillate freely within shorter
chains and therefore the AC conductivity increases.

For a material with a conducting network connected at or above
the percolation threshold (eg. Figs. 1c & 1d), assuming that the sample
is macroscopic, the main structure within the network will give rise
to long-range conductivity across the sample. The AC conductivity will
present as a static value extending to w = 0 (long-range conductivity)
which then starts to rise at a given frequency known as the onset
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frequency (w,,,). The relationship between long-range conductivity
(0y) and onset frequency is defined by a Jonscher type power law
formalised as the Almond-West (AW) formula [19-21]:

a(w)=60+0'0<ww > 2)
onset

where o(w) is the frequency dependent AC conductivity and » is a value
determined by the conductivity mechanisms involved [22]. By nor-
malising the AC conductivity to the measured long range conductivity
(oy), it is made easier to observe the development of onset frequency
as the AC conductivity begins to rise due to shorter chains beginning
to contribute to overall AC conductivity at higher frequencies, thus
allowing us to see a response that shows the effect of increasing perco-
lation within a network and revealing the AC conduction mechanisms
as shown previously [19,23,24].

ol _ + <L>n 3)
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When the frequency (o) is equal to the onset frequency (o), Eq. (3)
simplifies to o,,,; = 20, allowing us to extract the onset frequency
from the normalised data.

In Fig. 2, the normalised AW formula (Eq. (3)) is plotted for a series
of arbitrary onset frequencies. At high frequencies (above the onset
frequency), the second term of the AW formula dominates, resulting in
a power-law relationship between frequency and conductivity (c(w) o
o).

The relationship between onset frequency and percolation can be
explained by considering the conductivity behaviour of differently sized
conducting chains, and the average conducting chain length within a
material. In order for a conducting chain to respond efficiently to an
applied alternating electric field, electrons within the chain must be
able to oscillate freely along the length of the chain. This means that
at low frequencies, electrons in short chains are not able to oscillate
efficiently due to the electron path length being longer than the length
of the chain. However, as the AC frequency is increased, electrons
are able to oscillate efficiently in increasingly shorter chains, thus
increasing the overall contribution to AC conductivity in the material.
In materials with low connectivity (due to a low value of p — as seen in
Figs. 1a & 1b), the number of isolated chains is high and the average
conducting chain length is low. In this case, at lower frequencies, very
few conducting chains are able to efficiently host an alternating current,
but this number rises as the AC frequency increases — thus leading to
the observed power law.

However, as p increases and the network becomes more highly
interconnected (as seen in Figs. 1c & 1d), shorter chains are eliminated
as they are incorporated into the percolating pathway or longer iso-
lated chains. This results in the AC conductivity at lower frequencies
increasing due to the number of longer chains increasing, but it also
results in the number of short chains decreasing and therefore higher
frequencies are needed in order to oscillate electrons quickly enough
for the shortest chains in the network to contribute to the overall
AC conductivity, thus resulting in the phenomenon of onset frequency
increasing with percolation.

3. Experimental methods
3.1. Sample preparation

SU-8 3005 photoresist was spun onto 12 mm round fused-silica
substrates at a speed of 2000 rpm for 45 s proceeded by a soft bake
at 110 °C. The samples were then flood exposed to broadband UV
light from a mercury-xenon gas lamp in order to form cross links
between the epoxy groups to form a large polymer network followed
by post-exposure bake also at 110 °C. The samples were then placed
into an Inconel Alloy 600 tube furnace. The tube then underwent 3
purge cycles of being evacuated to 2mbar and flooded with Argon up
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Fig. 1. Varying probability for each pair of neighbouring nodes in a 2D square lattice to be connected. For a 2D lattice, the percolation threshold (p,) is 0.5 and percolation is
evident at p=0.5 and p = 0.6. At p = 0.3 an abundance of short and isolated chains exist with longer chains beginning to form at p = 0.4, but percolation across the lattice does

not yet exist. [18].
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Fig. 2. Almond-West model normalised to DC conductivity for a set of arbitrary onset
frequencies.

to 500 mbar. After purging, the furnace was once again evacuated to
2 mbar before introducing a constant flow of 200SCCM of Argon and
maintaining a pressure of 50mbar. The samples were initially heated
from room temperature to 300 °C at a rate of 2 °C/min and held at this
temperature for 1 h. The samples were then heated to their maximum
pyrolysis temperature (ranging from 500-900 °C) at a rate of 5 °C/min
and again held at this maximum temperature for 1 h. The samples were
then allowed to cool back to room temperature before being removed
from the tube furnace.

3.2. Raman spectroscopy

Raman spectra were collected using a Horiba LabRAM HR Evolution
Raman spectrometer at an excitation wavelength of 532 nm. For each
sample, an average was calculated for 3 data sets for each sample,
each consisting of 3 accumulation periods of 10 s. The laser power was
adjusted to result in the maximum output signal for each sample whilst
ensuring the sample remained undamaged by the laser.

3.3. Ultraviolet—visible spectroscopy

Ultraviolet—visible spectra were collected using a Filmetrics F20 thin-
film analyzer in a transmission setup between 380-1050 nm, using a Si
(silicon) wafer as an absorption standard for calibration.

3.4. Van der Pauw DC conductivity

Samples underwent further photo-lithographic processes to create a
‘clover-leaf’ pattern suitable for Van der Pauw DC conductivity mea-
surements [25]. nLOF 2020 photoresist was spun onto the samples,
patterned using a Microwriter ML3 direct-write photolithography tool
and developed in order to use as an etch mask for ICP-RIE etching
utilising a Oxford PlasmaPro 100 Cobra ICP-RIE etch tool. Silver con-
ductive paste was then applied to each of the arms of the clover-leaf
and 4-point I-V measurements following the Van der Pauw technique
were collected for each of the samples using a Keysight B2902B Precision
Source/Measure Unit at room temperature.

3.5. Broadband coaxial probe
The Broadband Coaxial Probe (BCP) method, utilised a coaxial

probe that terminates in free space. A dielectric sample was carefully
compressed onto the aperture of opened ended probe, allowing the
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Fig. 3. Raman spectroscopy at 532 nm of SU-8 3005 pyrolysed at temperatures between 500-900 °C with fitted curves at the D & G bands.

electric field that extends from the open end of the coaxial probe
to penetrate into the dielectric material. By analysing the change in
reflection coefficient between the free space and dielectric terminated
coaxial probes, it is possible to calculate the complex permittivity of the
dielectric material [26]. Measurements of reflection coefficient were
conducted using a coaxial probe connected to an Keysight E4990A
impedance analyser (IA) & a Keysight E5071C vector network analyser
(VNA) in an S, arrangement (reflected signal). The choice of analyser
allowed for the selection of differing broadband frequency ranges that
could be measured over, with the IA able to measure lower frequencies
(~100 Hz-10 MHz) and the VNA able to measure frequencies in a
higher range (~1 MHz-10 GHz).

3.6. Microwave cavity perturbation

In the Microwave Cavity Perturbation (MCP) method, a dielectric
sample was placed inside an alternating electric field of a microwave
cavity resonator in such a way as to perturb the field and alter the
systems resonant frequency. The shift in resonance frequency (4w) is at-
tributed to a change in dielectric constant (¢/(w)), whilst the dampening
of the resonance in the cavity (as defined by the Q-factor) is attributed
to the dielectric loss factor (e:’ (w)) [27]. The alternating electric field
was applied using a Keysight E5071C vector network analyser (VNA)
to a split cylindrical dielectric resonator operating with the TE011
mode with the resulting resonance being measured by the VNA in an
S,, transmission arrangement [28]. This method requires no physical
contacts to be made with the sample.

4. Results & discussion
4.1. Raman & optical absorption spectroscopy

The structural development of glass-like carbon arises through the
elimination of non-carbon atoms from the polymeric structure of the
cross-linked SU-8 molecules. Fig. 3 shows Raman spectroscopy data col-
lected at an excitation wavelength of 532 nm. The disordered D-band
found at ~135 0 cm™! attributed to the breathing mode of graphitic
rings and the graphitic G-band found at ~1580-1620 cm™! attributed
to the in-plane bond stretching modes between pairs of sp? hybridised
carbon atoms are both evidence for the presence of sp? carbon [29,30]
and can be clearly seen to develop with pyrolysis temperature. Glass-
like carbon consists of an entirely sp? structure, and so we would expect
to see the G band develop at ~1600 cm™! [29].

Whilst the development of the D & G bands is clear, it is difficult to
correlate structural change and changes in conductivity with pyrolysis
temperature. This is particularly true in the region of 700-900 °C where
there is little to no change in the D & G peaks.

Optical absorption spectroscopy scans (Fig. 4) show an increasing
pyrolysis temperature leading to a sharp increase in optical absorp-
tion. SU-8 samples pyrolysed to 550 °C exhibit optical transmission
increasing across the measured range (380-1050 nm) resulting in high
transmission (above 60%) above 650 nm. The optical absorption then
increases steadily with temperatures below 700 °C across the measured
range and then sharply at temperatures about 700 °C to absorption
levels above 90% across the entire optical range. Fig. 5 shows images of
both non-pyrolysed SU-8 and 2 samples significantly above and below
the transition temperature (~700 °C) with the increase of absorption
in the optical range being evident.

Whilst the fused-silica substrates exhibit a band gap far exceeding
the highest energy in the measured range [31,32] resulting in high
transmission, and the SU-8 photoresist is reported to having high
transmission in the optical range above 400 nm [33], glass-like car-
bon exhibits a band-gap that develops with pyrolysis/heat-treatment
to values below 1 eV [34,35], resulting in the observed increased
in opacity. Above 700 °C however, changes in absorption between
samples at varying pyrolysis temperatures begin to reduce significantly
to the point where noise dominates. Similar to Raman spectroscopy, the
changes in optical absorption signal at pyrolysis temperatures beyond
700 °C are very small, making it difficult to use optical absorption
as a method to correlate pyrolysis temperature to structural change at
temperatures within the carbonisation process of pyrolysis.

4.2. Van der Pauw DC conductivity

The DC conductivity of pyrolysed SU-8 films was measured and
analysed using the Van der Pauw technique utilising a clover-leaf geom-
etry. The resultant conductivity as a function of pyrolysis temperature
is presented in Fig. 6(a). The DC conductivity clearly increases by
almost 2 orders of magnitude between 700-750 °C (from ~2 S/m
to ~150 S/m). This increase is due to percolating pathways within
the material developing and whilst low pyrolysis temperatures exhibit
a low DC conductivity, the existence of a measurable conductivity
indicates the existence of a percolating pathway and thus a network
that is connected above the percolation threshold. The increase in
conductivity above the percolation threshold for a disordered material
is exponential [36] and is observed in the Van der Pauw measurements
for SU-8 as a function of pyrolysis temperature.
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Fig. 4. Transmission mode ultraviolet-visible spectroscopy of non-pyrolysed SU-8 3005 and SU-8 3005 pyrolysed at varying temperatures between 500-900 °C.
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Fig. 5. Images of three (12 mm diameter) samples at varying states of pyrolysis,
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Fig. 6. DC Conductivity for SU-8 3005 photoresist pyrolysed between 700-750 °C.
(a) As measured using Van der Pauw technique utilising a clover-leaf geometry).
(b) Comparison between normalised DC conductivity acquired from Van der Pauw
technique and Broadband Coaxial Probe.

Whilst the traditional Van der Pauw technique for measuring DC
conductivity does show a development in conductivity, this method
requires extensive sample preparation. By using a clover-leaf geometry,
errors caused by non-ideal contacts are eliminated [25]. However, this

500 °C

(¢) 900 °C

(a) unpyrolysed SU-8 3005, (b) & (c) pyrolysed up to 500 °C and 900 °C respectively.

creates additional work by requiring a series of photo-lithographic
processes to be completed to achieve this geometry. More commonly,
square or circular geometries are used to minimise the amount of
sample preparation required. But the existence of an edge bead, from
spinning the SU-8 onto the sample (which persists in the sample
through pyrolysis), means that some form of edge bead removal would
be required — thus still introducing further processing steps.

4.3. Broadband coaxial probe

Using Eq. (1), we can calculate the frequency dependent AC con-
ductivity from the measured dielectric loss factor. Fig. 7 shows the
measured effective AC conductivity (long-range conductivity scaled to
values for DC conductivity as measured using Van der Pauw tech-
nique) between 1000 Hz and 1 GHz for samples pyrolysed between
700-750 °C. For all samples, conductivity is measured at a constant
value for each pyrolysis temperature at lower frequencies (long-range
conductivity), with conductivity then beginning to steadily increase
(transitioning to short-range conductivity) above a certain frequency
(the onset frequency). There is a clear increase in the long-range
conductivity at lower frequencies (below ~1 MHz), increasing by al-
most 2 orders of magnitude between pyrolysis at 700 °C and 750 °C.
Through structural (Raman) and optical spectroscopy methods, almost
no change in this region is apparent, however the development of
the long-range conductivity indicates the development of long range
transport.

The fixed value for long-range conductivity, according to the AW
formula, should extend to ¢ = 0, thus suggesting that this is equal



J. Stritt et al.

Carbon 223 (2024) 119027

107 A BCP conductivity measurements scaled
to Van der Pauw measurements

3

(=1
g
L

Effective Conductivity (S/m)

750.0°C
740.0°C
730.0°C
720.0°C
710.0°C
700.0°C

2 3 4

107 10 10

10°
Frequency (Hz)

Fig. 7. Conductivity of SU-8 3005 pyrolysed at varying temperatures between 700-750 °C (Eq. (1)) with conductivity measured using BCP scaled to values for DC conductivity
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and Broadband Coaxial Probe methods.

to the DC conductivity. However, in this case, a clear disparity be-
tween the values measured through Van der Pauw measurements and
through BCP was observed. BCP requires the use of a model that
assumes an infinite effective sample thickness in order to ensure that
the electromagnetic field extending from the terminated coaxial probe
is contained within the material being measured. Finite Element Mod-
elling (FEM) of the BCP probe (provided in Fig. 9) was achieved using
COMSOL Multiphysics (V5.3a) using the Electromagnetics module to
obtain electric field plots and corroborate the capacitance model with
the measured standards. Axisymmetric models were carried out using
the frequency domain solver at 1 GHz.

FEM models show that the electric field, when a 1 mm thick
quartz sample is present, reduces the E-field at the probe end when
compared to an effectively infinitely thick quartz sample. Therefore
Fig. 7 provides a more accurate depiction of the AC conductivity values
by scaling the long range conductivity to the values for DC conductivity
acquired using the Van der Pauw technique.

It should be noted however, that regardless of the specific values,
the trends shown between samples within this method are still valid.
Eq. (2) shows us that for frequencies below the onset frequency, the
conductivity approximates to a fixed value that extends to @ = 0

(DC conductivity). Once the AC frequency is greater than the onset
frequency, we see an increase in AC conductivity as a function of
frequency according to the AW formula (Eq. (2)). In Fig. 10, the
AC conductivity is normalised across the measured range to the DC
conductivity according to Eq. (3), due to a proportionality existing be-
tween these the long-range conductivity measured using these methods
(shown in Fig. 8). This analysis method does not rely on specific values
for conductivity, but instead is reliant on the conductivity mechanisms
measured as the frequency is increased, and therefore does not rely on
the infinite model theory to acquire values for onset frequency. There
is a clear increase in onset frequency with an increase in pyrolysis
temperature, with a significant increase occurring in samples pyrolysed
at 730 °C and above. The onset frequency, extracted from Fig. 10 is
shown in Fig. 11. This again shows the onset frequency increasing
drastically between 720 °C and 730 °C.

During exposure of SU-8 to a UV broadband or i-line (365 nm)
radiation source, cross links form between the epoxy groups of the SU-8
molecules. This process forms long polymer chains containing carbon,
oxygen and hydrogen. Through the pyrolysis process, non-carbon atoms
are eliminated, allowing for carbon atoms to form sp? hybridised bonds
with each other whilst maintaining the morphology of the polymer
before pyrolysis. By considering the carbon atoms as nodes within
a conducting, this process of a developing sp? structure matches the
development of AC conductivity as described by Dyre et al. This is seen
clearly within the normalised conductivity data and matches the model
described by the normalised AW-formula (Eq. (3)) as modelled in Fig. 2.
The increased connectivity of the network and its effect on a frequency
dependent AC-conductivity (c(w)) and onset frequency (®,,.) can be
described by theory surrounding percolation theory as discussed earlier
and an increasingly interconnected network due to the probability of
connected nodes (p) increasing.

BCP measurements are able to capture the development of the
structure over a broadband frequency range and indicate development
of long range electrical transport mechanisms. However due to the
requirement that the material is in contact with the coaxial probe,
delicate samples can be damaged in the measurement process.

4.4. Microwave cavity perturbation
Initial measurements of SU-8 3005 samples pyrolysed across wider

temperature range (550-900 °C) were conducted to investigate any
broad trends of pyrolysis on the ability for SU-8 3005 to act as an
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Fig. 9. FEM models for logarithmic electric field extending from coaxial probe into (a) air, (b) quartz (with effective infinite thickness) and (c) a finite thickness conducting film
attached to a quartz substrate (simulating a sample).
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Fig. 10. Conductivity of SU-8 3005 pyrolysed at varying temperatures between 700-750 °C, normalised to DC conductivity.

effective microwave absorber. Q-factor values for the perturbed reso- this region leading to a large increase in conductivity at ~8.3 GHz.
nance peak at ~8.3 GHz are presented in Fig. 12. Q-factor (which is This measurement was the leading motivation to investigate samples
directly related to the dielectric loss factor, and therefore conductivity) pyrolysed in the region of 700-750 °C.

can be seen to sharply decrease between pyrolysis at 700 °C and The resonance response of a microwave cavity and the shifts of
750 °C, indicating structural change occurring due to pyrolysis in this response due to perturbation by both pyrolysed samples (in the
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Fig. 12. Measured Q-factor for perturbed resonance peak due by SU-8 3005 samples
pyrolysed between 550-900 °C (measured using microwave cavity perturbation with a
resonance peak at ~8.3 GHz)

selected region of 700-750 °C) and reference samples (PTFE, quartz
and non-pyrolysed SU-8) are presented in Fig. 13. The unperturbed
peak can be found at ~8.3 GHz. Reference samples exhibit a clear shift
in resonant frequency with PTFE shifting to ~8.29 GHz and quartz and
non-pyrolysed SU-8 (on quartz) shifting the resonance to ~8.26 GHz.
Pyrolysing the samples results in a clear dampening in the Q-factor of
the cavity resonance with the FWHM of the peaks increasing by a factor
of 13.5, whilst the peak centre of pyrolysed samples only decreases
marginally. These shifts in the resonance response are directly linked
and used to calculate both the dielectric loss factor (Fig. 14b) and
relative dielectric constant (Fig. 14a) respectively.

The relative dielectric constant (seen in Fig. 14a), related to a
materials ability to store energy through the efficient polarisation of
a material due to an electric field (14a), can be seen to increase
rapidly at 700 °C from ~5.5 to ~8.5 at 750 °C. Complex Permittivity
measurements made by others at comparable frequencies for other
carbon allotropes (including graphite, graphene and carbon nanotubes)
show values for the relative dielectric constant increasing as a function
of sample density and crystallite size, both of which are analogous
to the loss of non-carbon material and increased connectivity of the
carbon network in glass-like carbon as a result of pyrolysis [37,38].

The dielectric loss factor, related to losses in the material due to
conductivity mechanisms being present can also be seen to increase

dramatically in both the trace data (Fig. 13, through the clear broad-
ening of resonance peaks with increase of pyrolysis temperature) and
in the processed dielectric loss factor data (Fig. 14b). The dielectric
loss factor starts to increase readily at 730 °C and continues to rise,
exhibiting a response very similar to what we show through Van der
Pauw DC measurements (Fig. 6) and BCP long-range conductivity . This
indicates a sharp increase in the formation of conductivity mechanisms
at the resonant frequency of the MCP method (~8.3 GHz). From BCP
measurements, we can see that 8.3 GHz is well beyond the long-
range response of glass-like carbon, and therefore any increases in
dielectric loss will be due to the consolidation of short chains (that
would otherwise not respond to the resonance peak) into larger chains
and the main conducting network.

The trends measured using Van der Pauw, BCP and MCP methods
are compared in Fig. 15. The trend between all three methods clearly
show an agreement in the development of long-range conductivity, and
display the exponential increase in conductivity that is expected for
a disordered material above the percolation threshold [36]. However,
MCP measurements offer the benefit of being completely non-contact
and therefore can be used without risk of damage to the sample. This
provides and excellent method for quality control and quantifying the
change in Q-factor (and therefore dielectric loss).

5. Conclusions

Broadband Coaxial Probe (BCP) and Microwave Cavity Perturbation
(MCP) methods of dielectric spectroscopy were used to investigate the
development of long range conductivity mechanisms in glass-like car-
bon as a result of pyrolysis. Initial data from both Raman Spectroscopy
and ultraviolet—visible spectroscopy were used to demonstrate struc-
tural changes in SU-8 3005 photoresist due to pyrolysis over a wide
temperature, however both methods fail to effectively demonstrate
structural change within the carbonisation step of pyrolysis that would
lead to the development of long-range conductivity mechanisms. Van
der Pauw DC conductivity measurements were also presented to show
the development of DC (long-range) conductivity with pyrolysis, but
requires considerable sample processing and does not provide insight
into the short-range conductivity.

We have demonstrated how both BCP and MCP are effective in
determining the development of long range conductivity mechanisms
in glass-like carbon. Analysis of BCP data for glass-like carbon samples
pyrolysed from SU-8 3005 in the region of 700-750 °C using perco-
lation theory and the Almond-West (AW) model demonstrates both an
increase in conductivity across the measured frequency range of almost
2 orders of magnitude whilst the shift in onset frequency demonstrates
a significant development in the number of longer percolating path-
ways between samples pyrolysed at 720 °C and 730 °C. MCP methods
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Fig. 13. Traces of resonance data for SU-8 3005 photoresist pyrolysed between 700-750 °C (measured using microwave cavity perturbation with a resonance peak at ~8.3 GHz).
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cavity perturbation method at ~8.3 GHz) to demonstrate the increase in both the (a)

show a similar transition between these pyrolysis temperatures with the
dielectric loss factor increasing rapidly at 730 °C, indicating an increase
in both the average length and number of conducting pathways in
the samples due to pyrolysis. Both of these dielectric spectroscopy
techniques provide means of measuring this development at a sig-
nificantly improved sensitivity compared to other techniques such as
Raman and optical absorption spectroscopy, and significantly quicker
& easier than Van der Pauw. MCP also provides a method for detecting
the development of glass-like carbons sp? network through a non-
contact method, allowing for the measurement of glass-like carbons
conductivity mechanisms without causing sample damage.
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