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A B S T R A C T

A coplanar waveguide resonator (CPR) is presented for kinetic inductance (𝐿k) and penetration depth (𝜆L)
measurements of superconducting boron doped nanocrystalline diamond (B-NCD) at microwave frequencies of
0.4 to 1.2 GHz and at temperatures below 3 K. Using finite element modelling and experimental measurements,
this work demonstrates that thin granular B-NCD films (thickness 𝑑 ≈ 500 nm) on Si have a large penetration
depth (𝜆L ≈3.8 μm), and therefore an associated high kinetic inductance per square (𝐿k,□ ≈ 670 to 690 pH/□).
These values are much larger than those typically obtained for films on single crystal diamond, which is likely
due to the high granularity of the nanocrystalline films. Based on the measured Q factors of the structure,
the calculated surface resistance is found to be around ≈ 1 to 6 μΩ at 𝑇 < 2 K in the 0.4 to 1.2 GHz range,
demonstrating the potential for granular B-NCD for high quality factor superconducting microwave resonators
and highly sensitive kinetic inductance detectors.
1. Introduction

Boron doped diamond (BDD) approaches metallic conductivity at
concentrations in excess of 1020 cm−3 [1,2] and shows superconduct-
ing properties at low temperatures in excess of 1021 cm−3, with an
observed critical onset temperature (𝑇𝑐) ranging between 3 to 5 K
at zero field and a high type-II upper critical field (𝐻𝑐,2) of up to
8 T [3–9]. BDD is typically grown using chemical vapour deposition
(CVD) either on single crystal diamond substrates (B-SCD) or on Si
to produce heavily granular nanocrystalline diamond films (B-NCD).
These films can be made into superconducting quantum interference
devices (SQUIDs) as demonstrated by Kageura et al. on B-SCD [8]
and Bose et al. and Mandal et al. on B-NCD [7,10–12]. In order to
understand the effective areas of BDD SQUIDs and also utilise BDD for
other superconducting applications, such as microwave devices, further
understanding of the magnetic penetration depth (𝜆L), is needed. For
B-SCD, moderate penetration depths have been observed (𝜆L ≈ 0.2 to
1 μm) [4,13]. However, for granular B-NCD, a recent study by Oripov
et al. has demonstrated very large penetration depths (𝜆L ≈ 2 to 4 μm)
in the microwave frequency range, thereby suggesting the possibility of
highly sensitive microwave kinetic inductance (𝐿k) detectors [14]. The
origin for the large penetration depths in B-NCD is most likely related to
the granularity of the superconductor which is also observed for other
materials; for example, non-granular aluminium films exhibit very
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small penetration depths (𝜆L ≈ 10 to 30 nm [15]), however granular
aluminium films have much larger values (𝜆L ≈ 0.3 to 1.2 μm [16]).

A method for investigating the penetration depth and kinetic induc-
tance of materials is by using the coplanar waveguide resonator (CPR)
method [17–20]. This approach involves patterning the superconductor
into a planar microwave structure with a known resonant frequency
and attributing differences to the designed frequency to the kinetic
inductance, and therefore the penetration depth. Since superconducting
films have a low surface resistance (𝑅𝑠) at temperatures below 𝑇𝑐 ,
high quality factor resonators can be obtained thereby offering a highly
sensitive material measurement. Additionally, the CPR method is very
convenient for CVD films since a CPR only requires one side of a
substrate to be patterned without the need for any additional ground
planes on the underside. The CPR method is less-widely reported for
superconducting BDD, despite being a well-known approach for under-
standing 𝐿k in a wide variety of materials including aluminium [21–
23], niobium nitride [17] and yttrium barium copper oxide [18,19,24].

In this work the seemingly high 𝐿k and 𝜆L of granular B-NCD is
investigated using the microwave CPR method. Section 2 details from
first principles the theoretical models for the estimation of 𝐿k and 𝑅𝑠
through the CPR resonant frequency and quality factor, respectively. A
CPR design is presented with a known theoretical resonant frequency
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based on the electrical length. Section 3 describes two finite element
models (FEM) of the CPR; a 2D model for estimating the current
distributions and a 3D model to identify the resonant modes and S-
parameters of the structure. Section 4 details the device fabrication
and characterisation process. Finally, Sections 5 and 6 detail the ex-
perimental results, including the film material characterisation using
Raman spectroscopy and scanning electron microscopy (SEM) and the
microwave device characterisation.

2. Theory

2.1. Kinetic inductance in coplanar structures

The phase velocity of signals along a transmission line can be
defined as:

𝑣𝑝 =
1

√

(

𝐿ext + 𝐿int
)

𝐶ext

(1)

where 𝐿 and 𝐶 denote the inductance and capacitance per unit length,
espectively, the subscript ‘‘ext’’ is associated with the external electric
nd magnetic fields in the space outside of the line’s conductors, and
he subscript ‘‘int’’ is associated with the internal fields. The internal
nductance 𝐿int can be expressed as the sum of two terms: 𝐿int = 𝐿m+𝐿k

where 𝐿m is the magnetic inductance and 𝐿k is the kinetic inductance.
𝐿m is due to the finite magnetic field within the line’s current-carrying
conductors; however, it becomes small as the film thickness ‘𝑑’ is
reduced. 𝐿k is associated with the non-dissipative kinetic energy of
the ‘‘supercurrent’’ in superconducting films. 𝐿k becomes the dominant
contribution to 𝐿int when 𝑑 is less than the magnetic penetration depth
(𝜆L) of the superconductor.

Superconductors with quasiparticle mean free paths smaller than 𝜆L
are considered to be within the local London limit and electrodynamics
are well-modelled by the London equations [25]. In this limit, 𝐿k for a
transmission line carrying a total current 𝐼 over a cross-sectional area
defined by 𝑆 can be derived from first principles, starting with the
kinetic energy stored per unit length [17]:

𝑈k = 1
2
𝐿k𝐼

2 = ∫𝑆
1
2
𝑚𝑒|�̄�𝑠|

2𝑛𝑠𝑑𝑆 (2)

here 𝑚𝑒 is the electron mass and �̄�𝑠 and 𝑛𝑠 are the velocity and
ensity, respectively, of the electron pairs making up the supercurrent
of current density 𝐽𝑠 = 𝑛𝑠𝑒�̄�𝑠, where 𝑒 is the fundamental charge of

an electron). Rearranging for 𝐿k , the general expression for the kinetic
inductance per unit length is [26]:

𝐿k = 𝜇0𝜆
2
L

(

∫𝑆 |𝐽𝑠|
2𝑑𝑆

𝐼2

)

(3)

here 𝜇0 is the free space permeability and 𝜆L =
√

𝑚𝑒∕𝜇0𝑛𝑠𝑒2.
In the limit where 𝜆L is much larger than the thickness of the film,

for an isolated rectangular superconducting strip the cross-sectional
current density is almost uniform such that (3) can simply be approxi-
mated to [20]:

𝐿k ≈
𝜇0𝜆2L
𝑊 𝑑

(4)

where 𝑊 and 𝑑 are the width and thickness of the rectangular strip,
respectively. This simple formula for 𝐿k can also be adapted for a
coplanar waveguide (CPW) with symmetric ground planes where 𝑑 ≪
𝜆L:

𝐿k ≈
𝜇0𝜆2L
𝑊 𝑑

(

1 + 𝑊
2𝑊𝑔

)

(5)

where 𝑊𝑔 is the width of the ground planes. The correction term in
brackets increases 𝐿k by less than 10% for 𝑊𝑔 > 5 W.

In the case where 𝜆L is much smaller than the film thickness, the
current distribution on the line’s cross-section becomes highly non-
uniform, with current crowding along all of the film edges [20]. In this
252
instance, there is no simple analytical expression for 𝐿k and thus the
term in brackets in (3) needs to be computed numerically:

𝐿k ≈
𝜇0𝜆2L
𝑊 𝑑

𝑔(𝑊 ,𝑆, 𝑑∕𝜆) (6)

where 𝑔 is the geometrical function generated numerically by calcu-
lating the cross-sectional current distribution of the superconducting
CPW, which depends on the gap ‘𝑆’ between the centre conductor and
ground plane.

The theory thus far considers the kinetic inductance contribution
of a non-resonant CPW transmission line. To measure 𝐿k with a high
a degree of sensitivity, CPW transmission lines are typically fabricated
into resonant structures by terminating a length of line 𝑙 with open
circuits at each end. This creates a half-wavelength CPR with resonant
frequencies of integer multiples of the fundamental value:

𝑓0 =
𝑛
2𝑙

1
√

𝐿ext𝐶ext
(7)

where 𝑛 is the integer mode number. For a superconducting CPR where
𝐿k ≫ 𝐿m, the fundamental resonant frequency decreases:

𝑓k ≈
𝑓0

√

1 + 𝐿k∕𝐿ext
(8)

For the purposes of estimating the S-parameters in FEM, the decrease
in frequency caused by 𝐿k can also be modelled as an effective contri-
bution to the relative permeability:

𝑓k ≈ 𝑛
2𝑙

1
√

𝜇0𝜀0𝜇r,eff𝜀r,eff
(9)

where 𝜇r,eff is the modelled effective permeability taking into account
the contribution from 𝐿k , 𝜀eff ≈

1
2

(

𝜀𝑟 + 1
)

is the effective permittivity
of the CPR [27] and 𝜀𝑟 is the relative permittivity of the substrate, 𝜀0
is the free space permittivity. All harmonics of the CPR are reduced by
the same factor of

√

1 + 𝐿k∕𝐿ext since the CPW is non-dispersive (i.e. 𝜆L
is frequency independent and thus 𝐿k , if the supercurrent conductivity
is dominant over the quasiparticle conductivity, which is usually true
for 𝑇 ≪ 𝑇𝑐). Thus, the reduction in frequency can be related to
𝐿k of the film if the contribution from 𝐿ext is known, which can be
calculated analytically using conformal mapping with the well-known
formulae [17,28]:

𝐿ext =
𝜇0
4
𝜇r,eff

𝐾
(

𝑘′
)

𝐾 (𝑘)
(10)

𝐶ext = 4𝜀0𝜀r,eff
𝐾 (𝑘)
𝐾 (𝑘′)

(11)

𝑘 = 𝑊
𝑊 + 2𝑆

(12)

𝑘′ =
√

1 − 𝑘2 (13)

where 𝐾 is the complete elliptical integral of the first kind.

2.2. Surface resistance in coplanar structures

The surface resistance can be obtained using a similar derivation
to 𝐿k . First, consider the per unit length power dissipated in the
transmission line:

𝑃 = 1
2
𝐼2𝑅 = ℜ

(

1
𝜎𝑐

)

∫𝑆
|𝐽𝑠|

2𝑑𝑆 (14)

here 𝑅 is the per unit length resistance, 𝜎𝑐 = 𝜎1 − 𝑗𝜎2 is the two-fluid
odel complex conductivity, 𝜎1 is associated with the quasiparticle or
ormal state conductivity and 𝜎2 = 1∕𝜇0𝜔𝜆2L is associated with the
upercurrent or Cooper pair conductivity. In the limit where 𝜎2 ≫ 𝜎1
hich is typically found at 𝑇 ≪ 𝑇𝑐 , (14) can be rearranged as:

≈
𝜎1
2

(

∫𝑆 |𝐽𝑠|
2𝑑𝑆

2

)

(15)

𝜎2 𝐼
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Note that the term within the brackets is the same as the term in (3)
and therefore the ratio yields:
𝑅
𝐿k

≈
𝜎1
𝜎22

1
𝜇0𝜆2L

(16)

The surface resistance (𝑅𝑠) is related to the above equation through 𝜎1
from the expression for the surface impedance in the two-fluid model:

𝑅𝑠 ≈
1
2
𝜎1𝜇

2
0𝜔

2𝜆3L (17)

Rearranging (16) for 𝜎1 and substituting into (17), an expression is
obtained for 𝑅𝑠 of the CPW transmission line:

𝑅𝑠 ≈
1
2
𝜇0𝜆L

𝑅
𝐿k

(18)

By fabricating a CPW into a resonant CPR structure, the unloaded
quality factor (𝑄0) can then be defined using the total per unit length
inductance and resistance 𝑄0 = 𝜔𝐿∕𝑅, thus the surface resistance can
be obtained using the following [18]:

𝑅𝑠 ≈ 𝜇0𝜆L
𝐿
𝐿k

1
2𝑄0

(19)

In practice, the total inductance 𝐿 is first calculated from the measured
𝑓k and the known 𝐶ext , followed by the determination of 𝐿k and 𝜆L.
These values along with the measured 𝑄0 are then used in (19) to
obtain 𝑅𝑠.

2.3. Design of coplanar resonator

The CPR device used in this study is shown in Fig. 1 with a
meandering transmission line of approximate length 𝑙 ≈ 68.6 mm on
a 10 × 10 mm2 substrate. The geometric parameters are: 𝑊 = 50 μm,
𝑆 = 5.6 μm, 𝑑 = 0.5 μm. In this CPR design the direct transmission
approach has been used whereby power transmission only occurs at
resonance when the device becomes superconducting. This is because
standing waves are only formed at resonance with field maxima at
the extremities where the coupling antennas are located. Typically,
designs incorporate multiple CPR’s tapped off of a feed-line, however,
for a sensitive readout, the coupling reactance needs to be sufficiently
large in order to observe the resonance minimum [20]. The coupling
structures further load the resonator which results in a measured 𝑓
and 𝑄 factor containing contributions from both the coupling antennas
and the intrinsic resonance [28]. In the direct transmission approach,
however, assuming a high dynamic range can be measured through
the instrumentation, extremely weak coupling can be achieved such
that the measured properties are approximated to the intrinsic reso-
nance [29]. For simple material investigations, the direct approach is
favourable, as to minimise unknown variability caused by the coupling
structures for different materials.

3. Modelling

Two finite element models were used in this work, a 2D cross-
sectional current density model and a 3D macroscopic frequency do-
main model. The current density model is used to determine a general
solution for 𝑔 in (6) for this CPR design, allowing determination of 𝜆L
for a given 𝐿k in both the small and large penetration depth limits.
The 3D FEM solution is used to determine the resonant modes of the
CPR meander design and the S-Parameters of the structure to ensure
minimal interference from other resonances.

3.1. Current density model

The 2D current density model was developed in MATLAB® and
uses the superconducting transmission line strip approach presented by
Sheen et al. [26] that was later adapted to CPR structures by Porch
et al. for details see [19]. Fig. 2 shows the calculated 𝐿k and 𝐿ext for
the resonator geometry as a function of penetration depth. For this
253
Fig. 1. 3D render schematic of the device layout (inset not to scale). ‘P1’ denotes port
for the microwave signal lines and ‘GND’ denotes the ground planes.

geometry, 𝐿k dominates the inductance at penetration depths of larger
than ∼2μm. Additionally, Fig. 2(b) shows the current distribution at the
top of the conductors for varying penetration depths, demonstrating
that fairly uniform current distributions (i.e. where the normalised
current density approaches unity on the centre conductor) are achieved
at penetration depths of the order of several microns. In this limit,
the simplified formula (5) can be applied. However, for penetration
depths of a few hundred nanometres (the limit approaching 𝜆L < 𝑑) the
current distribution significantly bunches towards the edges resulting in
extremely high current densities. This current bunching is an unwanted
effect as this results in very non-linear power dependent behaviour
which complicates the extraction of 𝐿k and 𝑅𝑠 since the critical current
density can be exceeded in these regions [20]. The lack of current
crowding in the large penetration depth limit (𝜆L ≫ 𝑑) can be linked
to linear behaviour when varying the power.

3.2. Macroscopic model

The 3D FEM solution was developed in COMSOL Multiphysics®
using the eigenfrequency and frequency domain solvers. Briefly, a 2D
work-plane was used to define the 10 × 10 mm2 CPR lithography
pattern. This work plane is sandwiched between two 10 × 10 × 0.5 mm3

domains, with the top defined as air (𝜀r = 1) and the bottom as Si
(𝜀r = 11.7, tan 𝛿 = 2 × 10−4 [30]). The BDD layers are simulated as
infinitely thin perfect electric conductors (PEC) with two multi-element
lumped ports defined between the centre conductor pads and the
ground planes. External boundaries are defined as PEC boundaries. The
model is first run in the absence of any kinetic inductance (modelled
as an effective permeability 𝜇r,eff = 1) to obtain the unperturbed
resonance. Subsequently, the kinetic inductance is introduced (𝐿k =
0.1 to 1.5 μH/m) by modelling all domains with an effective magnetic
permeability defined by (8). An electromagnetic eigenfrequency study
was used to estimate the resonant mode frequencies and a frequency
domain study was used to estimate the typical wideband S-parameters
of this structure. The FEM results are given in Fig. 3, showing the
calculated eigenfrequencies in the gigahertz range for this geometry.
The field distributions clearly show the first, second and third har-
monics (868, 1736 and 2604 MHz). After introducing values as large
as 𝐿k =1.5 μH/m and 𝜆L ≈ 4.9 μm in the modelling, the fundamental
resonant frequency decreases to a values as low as 336 MHz for this
structure with similar fractional frequency shifts observed for the other
modes.
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Fig. 2. Calculated inductance and surface current density of the proposed CPR design
using the coupled transmission line model. (a) shows the total inductance contributions
from the external and kinetic inductances with varying penetration depths and (b)
shows the calculated current distribution at the top of the conductors for penetration
depths of 5, 2 and 0.2 μm.

4. Method

B-NCD films were grown in a Seki Diamond Systems AX 6500
series microwave plasma CVD system. High resistivity float-zone Si
substrates (⌀ = 2", 𝑡 = 500 μm) were first seeded using a nanodiamond
colloid suspension [31–33] and grown at 3.5 kW at 40 Torr with a
pyrometer measured substrate temperature of 755 ◦C for 3 h. Depo-
sition was achieved in a gas mixture of CH4, trimethylboron (TMB)
dilute in H2 in a total flow rate of 500 sccm (3% CH4 and B/C ratio
∼12,800 ppm) [34].

The CPR device was patterned using a standard photolithography
process (solvent cleaning and AZ nLof 2020 resist recipe with an
adhesion promoter). A 100 nm nickel mask was evaporated onto the
B-NCD using an Edwards 306 physical vapour deposition system with
subsequent lift off. The samples were then etched in an O2/SF6 induc-
tively coupled plasma (ICP) using an Oxford Instruments PlasmaPro
100 Cobra system. Scanning electron microscopy (SEM) images were
obtained using a Hitachi SU8200 (10 kV at 10 μA) and Raman spectra
was obtained using a Horiba LabRAM HR Evolution (𝜆 = 473, 532 and
660 nm). Temperature dependent resistance measurements were also
carried out on a separate piece of the same wafer using a Van der Pauw
configuration in a Quantum Design physical property measurement
system from 2 to 300 K .

The CPR device was cooled using custom-made cooling platform
utilising a Cryomech PT-407-RM pre cooler and two Chase Research
Cryogenics sorption fridges. The first sorption fridge, a helium-4–
helium-3 pair, cools an intermediate stage to approximately 350 mK
and acts the condensing point for the second sorption fridge, a single-
shot helium-3 cooler, which cools the sample to ∼300 mK with a hold
time of approximately 36 h. The device readout was achieved via an
254
RF chain which includes 20 dB and 10 dB attenuators on the input at
the 50 K and 4 K stages of the cryostat, respectively, and a 10 MHz to
2 GHz low noise amplifier from Arizona State University. An additional
amplifier was used for warm readouts (0.1–8.0 GHz, Narda-MITEQ
AFS4-00100800-14-10P-4) and a programmable, 2-channel variable
attenuator (Weinschel Aeroflex 8310); connected via an RF relay to
a Rhode & Schwarz ZNB 20 VNA (used for S21 data and resonator
parameter fitting).

5. Results

5.1. Material characterisation

Microscope and SEM images of the CPR device after ICP etching are
shown in Fig. 4, showing the uninterrupted length of the transmission
line structure with the capacitive coupling gaps at the edges of the
sample. The SEM images show that in the gap regions, the B-NCD
has been successfully etched which was also corroborated using a
probe station measurement. Raman spectra is given in Fig. 5, showing
the first and second order bands of Si at ∼520 cm−1and ∼965 cm−1,
respectively [35–37] and numerous signatures typically associated with
BDD at high dopant concentrations. The B-NCD bands are labelled at
∼450 cm−1 (dA), ∼1200 cm−1 (dC), ∼1295 cm−1 (dB), 1332 cm−1 (d)
and the wide region at ∼1500–1680 cm−1 (G) is attributed to non-
iamond carbon [38]. Fig. 5(a) shows that there is minimal variation
n the spectra as a function of the laser excitation wavelength, where
ypically the G band is expected to become prominent at high laser
avelengths [35]. The magnified region given in Fig. 5 (b) shows a
otted line at ‘d’ where the characteristic zone centre phonon line
t 1332 cm−1 of diamond should be, however, this peak has shifted
ignificantly to ∼1295 cm−1, as denoted by ‘dB’. This shift and asym-
etry is a well-known signature of highly boron doped nano-crystalline

ilms [34,38–41].

.2. Device characterisation

The power transmission characteristics as a function of temperature
re shown in Fig. 6. The broadband spectra shows that at 3 K mostly
ackground noise floor is measurable. As 𝑇 is lowered towards 300 mK,
harp resonances emerge at approximately 409, 813 and 1215 MHz,
uch lower than the designed frequencies of 868, 1736 and 2604 MHz,

espectively. Using an effective kinetic inductance of 𝐿k ≈ 0.93 μH/m,
he FEM frequency domain |𝑆21|

2 traces demonstrate a plausible cor-
elation with the experimental measurements. Additionally, the peak
ower transmission is low, demonstrating weak coupling. Magnified
iews of each resonance as a function of 𝑇 are shown in Fig. 6(b) to
d) with each of the spectra fitted to a Lorentzian function to extract
he measured resonant frequency and the loaded quality factor [42]:

𝑆21|
2 =

𝑃0

1 + 4𝑄2
𝐿

(

𝑓−𝑓𝑚
𝑓𝑚

)2
(20)

where 𝑃0 is the peak power at resonance, 𝑄𝐿 = 𝑄𝑈 (1 − 𝑃0) is the
loaded quality factor and 𝑓 and 𝑓𝑚 are the frequency and the measured
resonant frequency, respectively in Hz. Note that for all resonances,
the peak transmitted power 𝑃0 ≪ 0 dB such that 𝑄𝐿 ≈ 𝑄𝑈 where
the resonator is weakly coupled in this measurement apparatus, thus
mitigating the need for any de-embedding of the coupling capacitance.
The resonant frequency increases as 𝑇 decreases and is observed to
saturate as 𝑇 < 300 mK with minimal back-bending. Nominal quality
factors range from 4000 to 6000 at 300 mK, however, saturation was
not observed owing to the limited 𝑇 range. It is possible that the low
temperature Q could actually be higher as 𝑇 → 0 K.

Power dependent measurements of each of the modes at 300 mK
using variable attenuation from 40 to 20 dB are shown in Fig. 7.
The resonant frequency and Q factor showed minimal change. Non-
linear behaviour was not observed under these measurement conditions
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Fig. 3. 3D FEM eigenfrequency results (a) showing the electric field (top row) and magnetic field (bottom row) distribution for 𝑛 = 1, 2 and 3 and the calculated resonant frequency
as a function of 𝐿k (bottom axes) and estimated 𝜆L (top axes) using the current density model.
Fig. 4. Microscope and SEM images of the B-NCD CPR device.

implying a fairly uniform current distribution across the conductors
and therefore, the simple model for 𝐿k given in (5) is valid and giving
further support of the case that the penetration depth is within the limit
where 𝜆 (𝑇 ) ≫ 𝑑, or likely to be larger than ∼500 nm [20].
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𝐿

Using (8), the estimated 𝐿k and 𝜆L are shown in Fig. 8(a). Based on
these frequency shifts, the extracted kinetic inductance is ∼1.25 μH/m
with an associated penetration depth of ∼4.4 μm at 1.75 K and decreases
to ∼0.93 μH/m with an associated penetration depth ∼3.8 μm at 300 mK.
Since all harmonics are linked by 𝑛, similar values were obtained across
other modes. To estimate the zero temperature penetration depth,
temperature dependent models are required, with one of the most
typical approaches being the empirical two fluid model as presented
by Gorter and Casimir (GC):

𝜆L(𝑇 ) =
𝜆0

[

1 −
(

𝑇
𝑇𝑐

)𝛾] 1
2

(21)

where 𝜆0 is the penetration depth at 0 K and 𝛾 = 4, though exper-
imental measurements rarely exhibit this exponent depending on the
type of superconductor [43]. 𝑇𝑐 is estimated using the van der Pauw
measurement in Fig. 8 (b), giving 𝑇𝑐 ≈ 2.9 K which is in agreement
with B-NCD films grown in the same reactor at similar conditions (𝑇𝑐 ≈
2.4 to 4.5 K) [9,44,45]. Using this value and (21), the 0 K extrapolated
values are given in Table 1 for 𝛾 = 2.6, as determined in the insert
in Fig. 8(a). Similarly, the temperature dependent penetration depth
can also be related to the superconducting gap energy through the BCS
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Fig. 5. Raman spectra of B-NCD CPR device: (a) Wide survey spectra of the centre
onductor using 473, 532 and 660 nm excitation wavelengths and (b) shows a
agnified region situated around the diamond ‘d’ band.

Table 1
Calculated zero temperature kinetic inductance per unit length and per
square and penetration depth based on the CPR effective medium model.a

Mode, 𝑛 𝐿k,0 (μH/m) 𝐿k,□ (pH/□)b 𝜆0 (μm)
±0.006 ±5 ±0.02

1 0.921 671 3.79
2 0.934 681 3.82
3 0.943 687 3.84

aError assumes a conservative measurement uncertainty in 𝑓𝑚 of ±1 MHz.
bCalculated by assuming 𝐿𝑘,□ = 𝐿𝑘,0 ×𝑊 ∕𝑙.

Table 2
Calculated zero temperature surface resistance and sheet resistance based
on the CPR effective medium model.a

Mode, 𝑛 𝑅𝑠,eff (μΩ) 𝑅𝑠,□ (nΩ∕□)b

±0.01 ±0.01

1 1.3 0.95
2 3.2 2.33
3 5.7 4.15

aError assumes a conservative measurement uncertainty in 𝑄𝑈 of ±10.
bCalculated by 𝑅𝑠,□ = 𝑅𝑠,eff ×𝑊 ∕𝑙.

ow-temperature model [43]:

𝐿(𝑇 ) = 𝜆0

√

𝜋𝛥0
2𝑘𝐵𝑇

exp
(

−𝛥0
𝑘𝐵𝑇

)

+ 𝜆0 (22)

where 𝛥0 is the superconducting gap energy at 0 K and 𝑘𝐵 is the
Boltzmann constant. Fig. 8(a) shows the fit to 𝜆L(𝑇 ) using the same
𝜆0 as (21), yielding 𝛥0 ≈ 895 μeV. Finally, the surface resistance values
obtained using (19) are given in Fig. 8(c) and Table Table 2, demon-
strating that 𝑅𝑠(𝑇 ) decreases from 10 to 85 μΩ at 1.75 K to 1 to 6 μΩ at
256

300 mK (see Table 2). a
Fig. 6. Power transmission spectra of the B-NCD CPR at (𝑃in = 0 dBm with 20 dB
variable attenuation and 30 dB RF line attenuation, for a total attenuation of 50 dB).
(a) shows the wide |𝑆21|

2 spectra at 3 K (grey) and 0.3 K (blue) with an FEM result for
𝐿k ≈ 0.93 μH/m (red dotted). (b) to (d) show magnified views of the 3 resonant modes
from 1 K to 0.3 K and the fitted 𝑓𝑚 and 𝑄𝐿. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

6. Discussion

The results presented here suggest that B-NCD films have large
kinetic inductances and hence large penetration depths, far greater than
the theoretical London penetration depths of BDD 𝜆0 = (𝑚𝑒∕𝜇0𝑛𝑒2)1∕2 ≈
168 nm where 𝑚𝑒 and 𝑒 are the electron mass and charge, respectively
nd 𝑛 > 1021 cm−3. The penetration depths are more consistent with
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Fig. 7. Power transmission spectra of the B-NCD CPR at 300 mK at variable attenuation
of each of the resonant modes. (𝑃in = 0 dBm with 40 to 20 dB variable attenuation;
total line attenuation = 70 to 50 dB).

Fig. 8. Calculated superconducting properties of B-NCD CPR device. (a) shows the
per unit length 𝜆L and 𝐿k using (8), (b) shows the van der Pauw 𝑅(𝑇 ) curve for
determination of 𝑇𝑐 and (c) shows the calculated 𝑅𝑠(𝑇 ) from the CPR. Identification of
𝑐 is denoted by the divergence in resistance (blue dotted). (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version of
his article.)

hose experimentally found in thin B-NCD films on Si substrates at
similar temperature ranges; 𝜆L ≈ 2 to 4 μm [14], however, less

consistent with much thicker films or those measured on single crystal
diamond substrates or B-SCD; 𝜆L ≈ 0.2 to 1 μm [4,13]. The results
upport the evidence that the granularity of the films plays a large
ole in increasing the penetration depth, and therefore its sensitivity
or microwave kinetic inductance based devices. The laminar model
resented by Hylton and Beasley considers the effect of large and small
rain sizes on the effective penetration depth of granular supercon-
uctors. This model shows that polycrystalline materials in general
ave much larger effective penetration depths than single crystal ma-
erials. Klemencic et al. have previously demonstrated that B-NCD
as characteristic signatures of a granular superconductor using the
257
Lerner, Varlamov and Vinokur model which exhibits clear dimensional
transport signatures at temperatures above and approaching 𝑇𝑐[44].
Assuming that the grain boundaries in B-NCD can be considered as
weak-links, the Hylton and Beasley laminar model is a reasonable
explanation for the large measured penetration depths.

The temperature dependence of 𝜆L as described by (22) yields a 𝛾
xponent that tends towards that of an s-wave superconductor as is also
emonstrated by Oripov et al. [14] and Sacépé et al. [46]. The extracted
uperconducting conducting gap of 𝛥0 ≈ 895 μeV is large, however, is of
imilar magnitude to those reported by other measurement techniques.
shizaka et al. obtained a gap of 𝛥0 ≈ 780 μeV by laser excited photoe-
ission spectroscopy, Sacépé et al. obtained 𝛥0 ≈ 285 μeV by tunnelling

pectroscopy and finally, Oripov et al. obtained a gap 𝛥0 ≈ 924 μeV
hrough microwave parallel plate resonator (PPR) [46,47].

The calculated surface resistance at 1-6 μΩ is not as low as mea-
urements of YBCO at similar frequencies although at much lower
emperatures since 𝑇𝑐 for B-NCD is much lower [48]. Additionally,
he calculated values here are much lower than those reported previ-
usly for B-NCD films in this frequency range, as is apparent by the
igher observed quality factors [14]. Since the presented method and
hat of previous approaches using microwave PPR are both capable
f measuring to similarly low values of 𝑅𝑠 [18,49], the discrepancy
ay lie in the material deposition approach, i.e. by either microwave
lasma assisted chemical vapour deposition (MP-CVD) vs hot filament
hemical vapour deposition (HF-CVD). Grain boundaries are typically
pparent in B-NCD films, irrespective of the deposition methodology,
owever, for films grown using MP-CVD, very low concentrations of
on-diamond carbon are typically observed by the low G band in
aman spectroscopy, in contrast to those by HF-CVD [38,45,50]. This
esult suggests that while non-diamond carbon is well-known to in-
roduce microwave losses at room temperature [51,52], incorporation
nto B-NCD films potentially creates significant microwave losses at low
emperatures. Regardless, the measured quality factor of this device for
-NCD is still fairly low when compared to other material technologies
ased on aluminium [53,54] and niobium [55] at 𝑄𝑈 > 104. The
ause of this is likely the substrate to which the B-NCD is deposited
n; using the FEM model to reduce the loss tangent to zero yields Q
actors > 105. High resistivity float-zone Si substrates are known to have
dditional losses at low 𝑇 owing to potential hopping conduction [30].
dditionally, boron and carbon diffusion into the Si is likely to occur
uring the plasma assisted growth process resulting in an additional
ielectric loss from the substrate [56–58]. Further improvements could
otentially be made using substrates to stop diffusion, or more robust
ielectrics that are less affected by microwave H2 plasmas which are
ut of scope of this work.

. Conclusion

This work demonstrates a measurement of the seemingly large
enetration depth and low surface resistance of B-NCD using a mi-
rowave CPR approach with an effective medium model. Using a simple
eander design with a weakly coupled power transmission technique,

he intrinsic superconducting properties of thin B-NCD films can be
btained. This work demonstrates that B-NCD can be potentially used
or superconducting microwave detection applications such as lumped
inetic inductance detectors (LEKIDs). This is because LEKIDs work
n the principal where microwave photons break cooper pairs on the
uperconducting device which then results in a decrease in 𝐿k and the
requency of microwave resonators. Since 𝐿k is so high for B-NCD, this
ould potentially mean a larger frequency shift, and therefore a high

ensitivity to microwave photons.
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