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A B S T R A C T   

The challenge of doping synthetic diamond with phosphorus stems from the atomic size mismatch between 
phosphorus and carbon atoms, which previously hindered achieving high phosphorus doping levels. This limi-
tation delayed the exploration of phosphorus-doped diamond (PDD) in electrochemical applications, where it 
holds potential as a novel and appealing electrode material because PDD uniquely combines diamond’s excep-
tional properties with phosphorus atoms inducing n-type conductivity. In this study, heavily doped PDD elec-
trodes were successfully developed using chemical vapour deposition, followed by comprehensive 
microstructural and electrochemical characterisations. The influence of phosphorus doping, manipulated via 
high phosphine gas concentration or time-dependant precursor gas flow control, on the PDD properties was 
thoroughly examined. PDD layers grown at higher phosphine concentrations demonstrated enhanced phosphorus 
incorporation, leading to a higher prevalence of fine nano-crystalline diamond grains and non-diamond carbon 
components, while also slowing the growth rate. Notably, a distinct PDD sample produced under dynamic gas 
flow with lower phosphine concentration revealed larger grain sizes, increased effective deposition rate, and 
improved phosphorus levels compared to its counterpart synthesized under static conditions. Cyclic voltammetry 
in a 1 mol L− 1 KCl solution revealed a low double-layer capacitance (<11 µF cm− 2) in all as-grown PDD elec-
trodes. However, significant differences between the samples emerged during the experiments conducted with 
redox probes [Ru(NH3)6]3+/2+ and [Fe(CN)6]3− /4− . Particularly, higher phosphorus content promoted well- 
developed voltammograms, significantly reduced peak-to-peak separation values, faster electron transfer rates, 
and increased peak currents. Furthermore, the possibility of using heavily P-doped diamond electrodes for the 
detection of two organic analytes, dopamine and ascorbic acid, was successfully manifested. All in all, the as- 
grown, highly P-doped diamond electrodes proved their ability, first time ever, to record well-defined signals 
of both inorganic redox probes and complex organic compounds, unravelling their potential in electroanalysis 
and sensor development and broadening the scope of PDD utilisation.   

1. Introduction 

The atomic structure of diamond is built up of sp3-hybridized carbon 
atoms arranged in a tetrahedral shape and connected with strong co-
valent bonds, which create a dense crystal lattice. This compact 
arrangement gives rise to the remarkable properties of diamond such as 
its extreme mechanical hardness, robustness, high chemical stability, 
wide band gap (5.48 eV), high thermal conductivity, and high charge 

carrier mobility [1-3]. On the other hand, this high atomic density 
makes it very difficult to incorporate different, and particularly larger, 
atoms into the diamond lattice and only limited number of dopants can 
be introduced via intentional and controlled doping during the diamond 
growth process such as chemical vapour deposition (CVD). Boron, ni-
trogen, and phosphorus belong amongst the available and most widely 
studied dopants, having ability to substitute carbon atoms in the dia-
mond lattice [1,4]. 
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Boron (B) possesses both a small atomic radius and a relatively low 
activation energy (0.37 eV) [1], and has a high solubility in diamond. 
Incorporated boron atoms act as acceptors in the diamond lattice and 
create a p-type material. Importantly, the combination of the former 
properties enables a heavy B-doping of diamond. This is effectively used 
to produce boron-doped diamond (BDD) materials, whose electrical 
properties can be readily modified, ranging from semiconductive to 
metal-like conductive. As a result, conductive BDD has become a 
well-established electrode material with many applications in various 
electrochemical fields [5], including electroanalysis [6,7], electro-
oxidation of organic pollutants and waste-water treatment [8,9], elec-
trosynthesis [10], and electro(photo)catalysis [11,12]. The effect of 
B-doping on the morphological, structural, and electrochemical features 
of the fabricated BDD electrodes has been extensively examined [6, 
13-18]. 

In contrast to boron, the incorporation of n-type dopants in the 
diamond lattice is limited and inefficient. Nitrogen is the most prevalent 
impurity in (natural) diamond due to its abundant presence in the at-
mosphere (78.1 vol.%) and its atomic size comparable to that of carbon. 
Although N impurities can act as donors, the fabrication of n-type 
semiconductor devices using nitrogen-doped diamond (NDD) has been 
shown to be ineffective [19], mainly due to the very high activation 
energy of nitrogen (1.7 eV) [1]. Notably, nitrogen in diamond can occur 
in several forms, including isolated substitutional nitrogen, 
nitrogen-vacancy (NV), or nitrogen-vacancy-hydrogen (NVH) [4]. 
Particularly, NV centres have been widely explored for quantum tech-
nologies, nanoscale magnetometry, and (bio)sensing applications [19, 
20]. 

Another representative of an n-type dopant is phosphorus (P), pos-
sessing lower activation energy (~0.6 eV) than nitrogen [1] but also 
much larger atomic radius compared to carbon. Consequently, the large 
P atoms cannot readily substitute carbon atoms in the diamond lattice, 
despite evidence of substitutional doping with P atoms [21]. Only a few 
successful attempts can be tracked in the literature reporting on the 
fabrication of heavily P-doped diamond (PDD) layers (with phosphorus 
concentrations [P] >1020 cm− 3), either in single-crystal [22-24] or 
polycrystalline form [25-27], using higher concentrations of phosphorus 
precursors during the deposition process. Even fewer studies have 
focused on the characterisation of the electrochemical properties of PDD 
films [26,28-30], whose [P], however, have widely ranged from 1016 to 
1020 atoms cm− 3. Besides electrochemistry, PDD has been recognized as 
one of the most notable wide bandgap materials, which is well-suited for 
the development of high-power electronic devices [31,32], thermionic 
emission cathodes [25], UV photodetectors [33], and high-frequency 
transistors [34]. 

Recently, we have achieved advancements in increasing the phos-
phorus concentration in polycrystalline PDD by manipulating radical 
species in the plasma using a time-dependant gas flow technique [27, 
35]. The strong interactions between PH and CH radicals in the plasma 
inevitably creates unwanted species such as methinophosphide (HCP) or 
methylphosphine (CH3PH2) during the PDD growth process. Neverthe-
less, the formed radical species can be regulated by pulsing methane 
(CH4) gas at low phosphine concentration, which was manifested to 
circumvent interactions between PH and CH radicals and to facilitate 
effective phosphorus incorporation into the diamond layer by alter-
nating the major radical species in the plasma [35]. 

In the present study, we aimed to elucidate the microstructural and 
electrochemical properties of nanocrystalline PDD layers with varying P 
doping levels (four in total). To obtain heavily doped PDD (hPDD), the 
layers were synthesized in a chemical vapour deposition (CVD) chamber 
using high phosphine concentrations. Furthermore, one PDD sample was 
deposited at a lower phosphine concentration but under dynamic gas 
flow conditions to assess the impact of gas flow techniques on the ma-
terial’s final characteristics. The phosphorus concentration in the 
various PDD layers was probed by glow discharge optical emission 
spectroscopy (GDOES), while scanning electron microscopy (SEM) and 

Raman spectroscopy were employed for morphological and chemical 
analysis of the PDD layers. Cyclic voltammetry (CV) measurements were 
conducted to determine valuable electrochemical characteristics such as 
double-layer capacitance (Cdl) and peak-to-peak separation (ΔEp) values 
indicative of the electron transfer rates. Lastly, the nanocrystalline PDD 
samples were subjected to CV experiments with structurally more 
complex, redox-active organic molecules, specifically dopamine and 
ascorbic acid (vitamin C), to demonstrate their perspective use as a 
promising electrode material in electroanalytical and sensing 
applications. 

2. Experimental 

2.1. Chemicals 

Analytical grade chemicals were acquired from Merck and used as- 
received: potassium chloride (≥ 99%), sulfuric acid (97%), phosphate 
buffered saline (PBS, tablets, 10 mM, pH 7.4), hexaammineruthenium(III) 
chloride (≥ 98%), potassium hexacyanoferrate(II) trihydrate (≥ 98.5%), 
l-ascorbic acid (≥ 99%), dopamine hydrochloride (≥ 98%), isopropanol, 
acetone. Deionized (DI) water with a resistivity of >18.0 MΩ cm, purified 
with a LWTN Genie A system (Laboratorium Water Technologie Neder-
land), was used to prepare all aqueous solutions and for ultrasonic 
cleaning. 

2.2. Growth of P-doped diamond layers 

Conductive Si substrates (10×10 mm2) were cleaned using acetone 
and isopropanol in an ultrasonic bath for 10 min. Subsequently, a 
nanoparticle diamond seed solution was uniformly distributed onto the 
substrate surfaces using a spin coater to establish diamond nucleation 
sites. PDD layers were grown using a lab-made NIRIM type microwave 
plasma-enhanced chemical vapour deposition (MWPECVD) system [27, 
35]. The chamber was initially evacuated to reach a base pressure <10− 6 

mbar, and the working pressure was regulated to 80 mbar using a flow 
MKS control valve. Plasma was ignited by delivering microwave power 
at 0.45 kW and a frequency of 2.45 GHz from a GMP 30 K microwave 
generator (Sairem, France) to the downstream via a WR340 waveguide. 
The substrate was positioned into the reactor to reach a temperature of 
ca 1000 ◦C, ensuring optimal conditions for the deposition process. PH3 
(N5.0, diluted at 6000 ppm in H2), CH4 (N5.5), and H2 (N5.6) gases were 
used to grow the PDD layers. The total gas flow rate was set at 1000 sccm 
using GE50A mass flow controllers (MKS, USA). Precise control of in-
dividual gas flow rates was achieved through a homemade LabVIEW 
program, enabling static and dynamic gas flows. For static gas flow, the 
concentration of CH4 in H2 ([CH4]/[H2]) was maintained at 0.4%, while 
the concentration of PH3 in H2 ([PH3]/[H2]) varied logarithmically as 
63, 250, and 1000 ppm, resulting in concentration ratios of PH3 to CH4 
([PH3]/[CH4]) of 16k, 63k, and 250k ppm, respectively. On the other 
hand, dynamic gas flow control involved the linear increase and 
decrease of [CH4]/[H2] from 0 to 0.4% within a 30 second cycle at a 
constant [PH3]/[H2] of 63 ppm. Note that the effect of time-dependant 
CH4 control reversed as [PH3]/[H2] increased, due to the remnant PH 
radicals at high [PH3]/[CH4] and difficulties in changing radical species 
during the dynamic gas flow [35] (Fig. S1). Deposition time for static gas 
flow was 2 h, while it was extended to 3 h for dynamic gas flow to 
compensate for the lower total amount of [CH4]/[H2]. The as-prepared 
PDD samples deposited under static gas flow will be labelled from here 
onwards as PDD-63, PDD-250, and PDD-1000, whereas PDD-63-D will 
denote the only sample grown using dynamic gas flow (the numbers 
used in the labelling correspond to the [PH3]/[H2] ratios used during the 
deposition process). Finally, an undoped diamond layer, used for com-
parison purposes, was grown in another NIRIM type reactor to prevent 
any potential unwanted doping from internal reactor contamination. 
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2.3. Chemical, morphological, and structural characterisation 

Phosphorus concentrations ([P]) were measured by glow discharge 
optical emission spectroscopy (GDOES) using the GDA750HR spec-
trometer (Spectruma, Germany). This apparatus was equipped with a 
2.5 mm internal anode Grimm-type spectral source and operated with a 
dc discharge in argon at 850 V/15 mA. Quantitative depth profiles of the 
P-doped diamond layers were established based on a multi-matrix 
calibration by bulk reference materials with certified concentrations of 
phosphorus, carbon, and other elements [36,37], exhibiting no matrix 
effects, virtually no hydrogen present, and negligible self-absorption. 
Sputter rate-corrected calibration was performed with proper certified 
reference materials, in accordance with the EN/ISO standard 17025. For 
phosphorus analysis, the emission intensity of the P I, 178.284 nm line 
was collected. The precision of the resulting phosphorus concentration is 
constrained by spectral background at this wavelength [37,38], which 
primarily stems from a nearby Ar II line at 178.259 nm and exhibits 
slight variations, not related to the phosphorus content. The background 
at λ = 178.284 nm can be substantially suppressed and the precision at 
low phosphorus concentrations thereby improved by using neon as the 
discharge gas instead of argon [37]. The [P] incorporated at high 
[PH3]/[H2] shows comparable values to those obtained using the sec-
ondary ion mass spectrometry (SIMS) technique [35], confirming the 
accuracy and reliability of the GDOES measurements for determining 
phosphorus concentrations in hPDD layers. 

For further investigation, an inVia Raman spectroscope (Renishaw, 
UK) was employed, using an excitation laser at a wavelength of 488 nm. 
The obtained Raman spectra of the grown diamond layers were baseline 
subtracted and fitted using Gaussian peaks for accurate peak analysis. 
Information regarding peak position (ω), intensity (I), and full width at 
half maximum (FWHM) of each peak was collected for subsequent 
analysis. Wide-range Raman spectra from 300 to 3000 cm− 1 were ob-
tained using 488 nm and 514 nm lasers to identify phosphorus-related 
peaks (see Fig. S2). 

To observe the surface morphologies of the various diamond layers, a 
scanning electron microscope (SEM) FERA3 GM (Tescan, Czech Re-
public) with a relatively low acceleration voltage (2.0 kV) was employed 
to minimize charging effects. Layer thickness of each sample was 
determined by analysing the line profile of the height differences be-
tween seeded and unseeded areas using an atomic force microscope 
(AFM) Dimension Icon (Bruker, USA) in a peak force tapping mode with 
ScanAsyst Air tips (Bruker; k: 0.4 N m− 1, nominal tip radius: 2 nm). 

2.4. Electrochemical measurements 

The electrochemical measurements were conducted at laboratory 
temperature (23 ± 1 ◦C) using an Autolab PGSTAT128N equipped with 
the FRA module and controlled by Nova 2.1 software (Metrohm, the 
Netherlands). The PDD samples, used as the working electrodes, were 
mounted in a lab-made Teflon electrochemical cell from underneath and 
the electrode surface area exposed to the solution (Ageom = 0.20 cm2) was 
defined by a circular aperture of 5 mm. A standard three-electrode 
arrangement was then completed with a silver-silver chloride electrode 
(Ag|AgCl|3 mol L− 1 NaCl; Bio-Logic, France) and a coiled 23 cm platinum 
wire (with a surface area of ~3.6 cm2; Bio-Logic, France), which served as 
the reference and auxiliary electrodes, respectively. The PDD samples 
were examined only in their ‘as-deposited’ state and no intentional pre- 
treatment, either thermal or electrochemical, was applied prior to the 
measurements. The electrodes were only sonicated in a series of solvents, 
particularly acetone, isopropanol, and deionized water, each for 5 min. 

Cyclic voltammograms were measured from lower to higher 
potential values and backwards, typically using a scan rate (v) of 
0.10 V s− 1, if not stated otherwise, for the following solutions: sup-
porting electrolytes (1 mol L− 1 KCl, 0.1 mol L− 1 H2SO4, 10 mmol L− 1 

PBS of pH 7.4), redox probes [Ru(NH3)6]3+/2+ and [Fe(CN)6]3− /4−

(both 1 mmol L− 1 in 1 mol L− 1 KCl), and two organic analytes 

Fig. 1. (a) GDOES depth profile for atomic concentrations of phosphorus (P), 
carbon (C), and silicon (Si) of the PDD-1000 layer grown using the static gas 
flow. Note that the concentration of P is magnified 100× for visibility. (b) 
Etching time-dependant phosphorus concentrations ([P]GDOES) for PDD layers. 
In the inset, magnified depth profiles near the interfaces of PDD layer and 
substrate are displayed. (c) Phosphorus concentration for layers grown at 
different [PH3]/[H2] using static (closed squares with solid line) and dynamic 
(open square with dotted line) gas flows. In the inset, the effective growth rate 
(GReff) is plotted against [PH3]/[H2] ratios for the layers grown using static 
(closed squares with solid line) and dynamic (open square with dotted line) 
gas flows. 
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dopamine (100 µmol L− 1 in 10 mmol L− 1 PBS of pH 7.4) and ascorbic 
acid (100 µmol L− 1 in 0.1 mol L− 1 H2SO4). In addition, CVs recorded in 
a 1 mol L− 1 KCl solution in the potential range from − 0.2 V to +0.2 V 
were used for the estimation of double-layer capacitance (Cdl) using the 
equation (Eq. (1)) [3]: 

Cdl = ΔIAV
/
Ageomv (Eq. 1)  

where ΔIAV represents the average background current difference (in A) 
between the forward and backward scan at a potential of 0 V, Ageom is 
the exposed surface area of the PDD working electrode (0.20 cm2), and v 
stands for the applied scan rate (0.10 V s− 1). 

The Mott-Schottky (MS) analysis was performed in a solution of 1 
mol L− 1 KCl in the potential range from − 0.4 V to +1.5 V at a frequency 
of 10 Hz. Subsequently, the slope of the linear part of each MS plot was 
identified and applied in the Mott-Schottky equation (Eq. (2)) to esti-
mate the donor concentration (ND) [28], which is later in the text 
denoted as [P]MS: 

ND
(
∼ [P]MS

)
= 2

/(
eε0εrA2[d

(
Cp

− 2)/ dE
])

(Eq. 2)  

where e is an elementary charge (1.602×10− 19 C), ε0 is the permittivity 
of vacuum (8.854×10− 12 C V− 1 m− 1), εr is the relative permittivity of 
diamond material (5.8), A is the electrode area (2.0 × 10− 5 m2), and Cp 
(F) is the capacitance obtained at various potential values E (V). 

3. Results and discussion 

3.1. GDOES analysis 

3.1.1. Phosphorus concentration in the PDD layers 
Fig. 1(a) shows the GDOES depth profile of phosphorus, carbon and 

silicon in the PDD-1000 layer. As phosphine gas was introduced during 
the diamond deposition process, the depth profile of phosphorus ex-
hibits a similar trend to that of carbon. In Fig. 1(b), an overlay of 
phosphorus depth profiles measured by GDOES ([P]GDOES) in different 
layers are plotted for comparison. Note that the depth profile of the PDD- 
63 approached the detection limit (~1.0 × 1018 cm− 3) of the GDOES 
analysis of phosphorus across the layer, with a slight increase at the 
interface, reaching [P]GDOES = 7.0 × 1018 cm− 3. As a result, the 
respective [P]GDOES profile is hardly distinguished in Fig. 1(b). In Fig. 1 
(c), the averaged [P]GDOES (listed in Table 1) are plotted for PDD-63, 
PDD-250, and PDD-1000 as function of the PH3 concentrations in the 
gas phase, and, as expected, [P]GDOES increased with the rising [PH3]/ 
[H2] ratios in the gas phase and reached a maximum value of 5.4 × 1020 

cm− 3 for the PDD-1000 sample, nearly equivalent to the highest re-
ported value of ~7 × 1020 cm− 3 [27,35]. 

Compared to the static gas flow, the PDD-63-D layer grown using the 
dynamic gas flow demonstrated a remarkable enhancement in [P]GDOES 
as shown in Fig. 1(b) and 1(c). This substantial increase in [P]GDOES 
indicates a significant effect of dynamic gas flow on the phosphorus 
incorporation. It is well established that CH4 strongly interacts with PH 
radicals in the plasma, inhibiting the incorporation of phosphorus atoms 
into the diamond layers [35,39]. However, the decreased amount of CH4 
during the dynamic gas flow process leads to the observed increase in PH 
radicals, resulting in enhanced phosphorus incorporation in the layers 
[35]. Although a longer duration is required for the residual CH radicals 

to flow out of the reaction chamber after discontinuing CH4 gas, a 30 
second period for ascending and descending gas flows effectively con-
trols most CH radicals in the plasma under the growth conditions of a 
total flow rate of 1000 sccm and a pressure of 80 mbar [40]. Conse-
quently, the dynamic gas flow process enables a higher incorporation of 
PH radicals into the diamond layer compared to the static gas flow 
conditions. 

3.1.2. Growth rate of the PDD layers 
The abrupt drop in phosphorus concentration observed in Fig. 1(a) 

and (b), coinciding with the abrupt increase in silicon concentration, 
provides a marker for the layer-substrate interface and correlates pro-
portionally with the diamond layer thickness. To calculate the effective 
growth rate (GReff), etching times established from GDOES depth pro-
files were converted into thicknesses by correlating them with the actual 
layer thicknesses obtained from AFM results (overviewed in Table 1). 
The relationship between thickness (T) and etching time (t) is deter-
mined using the equation (Eq. (3)): 

T(nm) = 6.3
(
nm s− 1)× t(s) (Eq. 3) 

The GReff for different [PH3]/[H2] is plotted in the inset of Fig. 1(c) 
and tabulated in Table 1. Note that the deposition time for the layers 
using the static gas flow is 2 h, whereas for the layer using dynamic gas 
flow, it extends to 3 h to compensate for the lower total CH4 flow. As the 
[PH3]/[H2] ratio increased, the growth rate reduced dramatically 
because the increased amount of PH radicals interacts with more CH 
radicals, consequently limiting the available source for diamond growth. 
Similarly, the dynamic gas flow seems to reduce the growth rate 
significantly. However, the dynamic gas flow consumes half the amount 
of CH4 compared to the static gas flow during the growth process. 
Therefore, considering the total injected CH4 flow within the deposition 
time, GReff of the PDD-63-D sample grown using the dynamic gas flow 
(720 ± 13 nm h− 1) is higher than the PDD-63 sample grown using the 
static gas flow (590 ± 10 nm h− 1). 

3.2. Raman spectroscopy and scanning electron microscopy 

3.2.1. Diamond peak analysis 
In Fig. 2(a), the Raman spectrum of a PDD-63 sample is presented, 

providing a detailed analysis for a deeper understanding of the layer 
composition (spectra of the remaining samples were also deconvoluted 
and are depicted in Fig. S3). Given that polycrystalline diamond layers 
consist of diamond grains and other carbon components, the Raman 
spectra can be decomposed into six peaks [41]: trans-polyacetylene 
(t-PA1: ~1150 cm− 1; t-PA2: ~1480 cm− 1), nanocrystalline diamond (dnc: 
~1200–1250 cm− 1), diamond (d: ~1332 cm− 1), and amorphous carbon 
(G: ~1600 cm− 1; D: ~1350 cm− 1). To elucidate the relationship be-
tween [P] in the layer and the diamond properties, the peak position 
(ωd) and the full width at half maximum (FWHMd) of the d peaks are 
plotted against [P]GDOES in Fig. 2(b). Well-matched linear fitting of 
ωd and FWHMd reveals that the positioning of the diamond peak 
significantly correlates with the phosphorus concentration present in the 
layer. As [P]GDOES increases, ωd shifts towards lower wavenumbers, 
which is accompanied by an increase in FWHMd for layers grown using 
the static gas flow. This linearity also coincides with the layer grown 
using the dynamic gas flow, i.e., a red shift and broadening of diamond 

Table 1 
An overview of the fabricated and characterised PDD layers with listed growth conditions and characteristics of each PDD layer.  

Sample [PH3]/[H2] 
(ppm) 

Gas flow T 
(nm) 

GReff 

(nm h− 1) 
[P]GDOES 

(×1020, cm− 3) 
[P]MS 

(×1020, cm− 3) 
Cdl 

(µF cm− 2) 

PDD-63-D 63 Dynamic 1080 ± 20 720 ± 13 1.6 ± 0.4 0.12 ± 0.08 11.1 ± 0.5 
PDD-63 63 Static 1180 ± 20 590 ± 10 0.04 ± 0.03 0.002 ± 0.001 6.1 ± 0.3 
PDD-250 250 Static 820 ± 15 410 ± 8 1.3 ± 0.3 0.84 ± 0.25 3.7 ± 0.5 
PDD-1000 1000 Static 600 ± 15 300 ± 8 5.4 ± 0.4 2.1 ± 0.3 3.9 ± 0.4  
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peaks compared to the layers grown using the static gas flow. Recent 
analyses in single-crystalline BDD layers through Raman spectroscopy 
emphasize the close relationship between dopant ratios and diamond 
peak properties [42,43]. This correlation is attributed to electronic 
Raman scattering and multiple Fano functions, related to the carrier 

concentration and carrier mobility of the layer. Despite the lack of 
Raman spectroscopy studies on PDD layers, the observed variations of 
ωd and FWHMd in the herein studied PDD layers indicate increased 
strain at high [P] with structural degradation. This is likely related to the 
incorporation of phosphorus atoms in the diamond lattice, rather than 
being only simply present as components of non-diamond carbon com-
pounds [21,44]. Moreover, the broad and low-intensity peak observed 
below 1000 cm− 1, especially under a 514 nm excitation laser, also 
suggests a high concentration of phosphorus atoms in diamond layers, 
particularly in PDD-250 and PDD-1000 (see Fig. S2) [45]. Although the 
precise atomic configurations remain unclear, it is hypothesized that the 
combination of carbon, phosphorus, and vacancies might also signifi-
cantly contribute to the observed shifts and broadening of the diamond 
peaks [46]. 

3.2.2. Diamond microstructures 
In Fig. 2(c), the intensity ratio of diamond to nanocrystalline dia-

mond peaks (Id/Idnc) is plotted for the layers grown at different [PH3]/ 
[H2], showing decreasing trends as [PH3]/[H2] increases. Additionally, 
the increased Id/Idnc is accompanied by an increased intensity ratio of 
diamond to the sum of non-diamond peaks (Id/Inon-diamond). The higher 
amount of nanocrystalline diamond grains in the PDD layers grown at 
higher [PH3]/[H2] significantly amplified the area of grain boundaries 
and the amount of non-diamond carbon components in the layer, 
resulting in lower Id/Inon-diamond and Id/Idnc. This trend aligns closely 
with the observed surface morphology in the SEM results as shown in 
Fig. 3. Compared to undoped polycrystalline diamond layers charac-
terised by grains exceeding 100 nm in diameter with facet planes (see 
Fig. S4(e)), the PDD layers showed smaller grain sizes (less than 100 nm 
in diameter) with rounded shapes. Moreover, the average grain size of 
the diamond further decreased with an increase in [PH3]/[H2]. This 
correlation between Raman spectroscopy and SEM results indicates that 
PH3 addition led to a reduction in the size of the diamond grains. 

The PDD layer grown using the dynamic gas flow exhibited a larger 
average diamond grain size and a lower amount of non-diamond con-
stituents in the layer. An intriguing observation is that the layer grown 
with the dynamic gas flow demonstrated two distinct properties in 
surface morphology and phosphorus concentration compared to the 
layer grown using static gas flow. In the static gas flow, higher [PH3]/ 
[H2] is necessary to enhance phosphorus incorporation in the layer, but 
this leads to a reduction in grain size and deposition rate. On the other 
hand, the dynamic gas flow method provides larger grain sizes, higher 
effective deposition rate, and improved phosphorus concentration. 
Further investigation is required, but it appears that during the dynamic 
gas flow process, diamond growth is predominantly influenced by stages 
where CH4 flow is high, while phosphorus doping is governed by stages 
where CH4 flow is low (and PH3 flow is high). This suggests the possi-
bility of managing grain sizes and phosphorus concentrations simulta-
neously by controlling the CH4 flow. 

3.3. Electrochemical characterisation in a supporting electrolyte 

3.3.1. Cyclic voltammetric measurements 
The PDD samples were subjected to electrochemical measurements 

in their as-prepared state, i.e., without any thermal nor electrochemical 
pre-treatment. First, cyclic voltammograms (CVs) in a supporting elec-
trolyte solution of 1 mol L− 1 KCl were recorded within a short potential 
range from − 0.2 V to +0.2 V where only background (non-faradaic) 
currents flow, as shown in Fig. S5. These measurements served to 
determine the double-layer capacitance (Cdl) values (see Eq. (1)), which 
are listed in Table 1. The three PDD samples prepared with a static 
growth mode provided a quasi-rectangular shape of the CVs and simi-
larly low Cdl values in the range of 3.7 – 6.1 µF cm− 2. A slightly higher 
Cdl of 11.1 µF cm− 2 was assessed for the PDD-63-D sample, grown using 
the dynamic gas flow mode. The acquired values are well in line with a 
previous study on a hPDD sample (with [P] of 5 × 1020 cm− 3) in which a 

Fig. 2. (a) Baseline subtracted Raman spectrum of the PDD-63 sample (black 
line), deconvoluted Gaussian peaks (blue dashed lines) contributed from trans- 
polyacetylene (t-PA1 and t-PA2), nanocrystalline diamond (dnc), diamond (d), 
and amorphous carbon (G and D), and the cumulative curves of the Gaussian 
peaks (red line). (b) Raman shift (ωd: black squares, left y-axis) and full width at 
half maximum (FWHMd: red circles, right y-axis) of the diamond peak plotted 
against [P]GDOES for the layers grown using static (closed symbols) and dynamic 
gas flow (open symbols). Linear fitting of ωd (black solid line) and FWHMd (red 
dotted line) for [P]GDOES is also presented. (c) The intensity ratio of diamond to 
nanocrystalline diamond peaks (Id/Idnc) for layers grown at different [PH3]/ 
[H2] using static (closed squares with solid line) and dynamic (open square with 
dotted line) gas flows. In the inset, the intensity ratio of diamond to the sum of 
non-diamond peaks (Id/Inon-diamond) is plotted against (Id/Idnc) for the layers 
grown using static (closed squares) and dynamic (open square) gas flows with 
the linear fitting (solid line). 
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comparable Cdl of 8 µF cm− 2 was recorded under similar conditions (in a 
neutral 1 mol L− 1 Na2SO4 aqueous solution using the same scan rate of 
100 mV s− 1) [26]. Interestingly, the Cdl values measured for PDD elec-
trodes are comparable to those typically observed for high-quality BDD 
in neutral supporting electrolytes, which are generally < 10 µF cm− 2 [3, 
47]. 

Notably, the undoped nanocrystalline diamond layer was found 
conductive as it enabled recording of the background currents, see 
Fig. S5, with a Cdl of 1.5 µF cm− 2. Even though diamond is generally 
considered an insulating material, (ultra)nanocrystalline CVD diamond 
films may exhibit some conductivity effects [48-50]. Such limited con-
ductivity presumably originates from the presence of non-diamond 
(graphitic) carbon inclusions, revealed by Raman spectroscopy (see 
Fig. S3), and other defects in the intercrystallite boundaries [48], whose 
fraction in the tested undoped diamond sample is significant due to the 
wide presence of nano-sized grains (Fig. S4(e)). 

3.3.2. Mott-Schottky analysis 
To acquire further information on the ‘active’ P content present in 

the PDD layers, the Mott-Schottky (MS) analysis [28,51] was conducted 
in a 1 mol L− 1 KCl solution using the procedure described in Section 2.4. 
The recorded MS plots are displayed in Fig. S6; the linear part of each 
plot was used to estimate P concentrations ([P]MS), which are summa-
rized in Table 1. A similar trend can be observed as in the case of GDOES 
measurements (see Section 3.1), i.e., a gradual increase in [P]MS corre-
sponding to the rising [PH3]/[H2] ratio used during the growth of the 
PDD layers. In addition, the PDD-63-D sample manifested approxi-
mately two orders of magnitude higher [P]MS, in contrast to PDD-63, 
again confirming the ability of the dynamic gas flow mode to incorpo-
rate more phosphorus dopants into the diamond layer, compared to the 
static growth conditions. 

Next, for all studied PDD samples, consistently lower phosphorus 
concentrations were recognised by the MS analysis than by the GDOES 

measurements ([P]MS < [P]GDOES), which indicates that not all incor-
porated phosphorus atoms contribute to the conductivity of the as- 
deposited PDD layers. Similar finding was reported in [29], where the 
MS analysis yielded phosphorus concentrations one order of magnitude 
lower than those determined by secondary ion mass spectrometry 
(SIMS) and energy-dispersive X-ray spectroscopy (STEM-EDX) tech-
niques. A potential explanation for the discrepancy between phosphorus 
concentration values obtained by the GDOES and MS analyses could 
stem from oxygen chemisorption on phosphorus atoms, where oxygen, 
an electron-withdrawing element, interacts with phosphorus, an elec-
tron donor. This interaction, leading to the formation of P-O bonds, has 
been documented in P-doped sp2-carbon materials like graphene and 
carbon nanotubes [52]. Additionally, phosphorus atoms might be 
passivated by hydrogen (abundant in the CVD chamber) and/or incor-
porated as hydrogenated phosphorus species within inter-grain sites 
[53,54], possibly rendering the phosphorus atoms inactive and 
non-conductive. Although the Raman spectra (shown in Fig. 2(a) and 
Fig. S3) indicate the incorporation of P atoms into the diamond lattice, a 
portion of phosphorus atoms (whether passivated or not) may, indeed, 
reside in the grain boundary phase and at the non-substitutional sites 
within the diamond grains [26,29]. In a recent study on B-doped dia-
mond, we showed that boron atoms accumulated in the grain boundary 
regions are predominantly of inactive nature, as this localized enrich-
ment did not result in enhanced electrochemical activity [55]. Phos-
phorus atoms in the diamond layer may exhibit comparable behaviour; 
however, further research is necessary to verify the presented 
hypotheses. 

3.4. Electrochemical characterisation with redox markers 

The electrochemical characteristics of the PDD layers were further 
evaluated through recording the CVs of two inorganic redox probes, 
specifically [Ru(NH3)6]3+/2+ and [Fe(CN)6]3− /4− . The same set of 

Fig. 3. SEM images depicting the surface morphologies of (a) PDD-63, (b) PDD-63-D, (c) PDD-250, and (d) PDD-1000 samples.  
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experiments was conducted on an undoped nanocrystalline diamond 
sample but no peaks corresponding to the redox reactions were detected. 
Hence, electron transfer (ET) is not promoted at this sample, despite 
possessing limited conductivity manifested during the measurements in 
a supporting electrolyte (see Section 3.3.1 and Fig. S5). Concerning the 
PDD layers, the nature of the recorded CV curves, displayed in Fig. 4 (a 
and b), largely depends on the P-doping level. Several trends can 
evidently be identified with increasing P content: (i) better-developed 
and clearly shaped voltammograms, (ii) lower oxidation and reduction 
potentials effectively resulting in decreased peak-to-peak separation 
(ΔEp) values serving as an ET rate indicator, and (iii) higher anodic and 
cathodic peak currents. 

Turning to the PDD samples deposited using the same [PH3]/[H2] of 
63 ppm but under different gas flow mode, the one prepared with a 
dynamic mode (PDD-63-D) manifested slightly improved electro-
chemical performance as at least ill-shaped CV curves were obtained. 
This could be ascribed to the redox reactions occurring at the PDD 
electrode | electrolyte interface. In contrast, no peaks were detected on 
the PDD-63 sample deposited under static gas flow mode. This implies 
that the selected gas flow mode affects the electrochemical behaviour of 
the PDD electrodes. As already observed during the GDOES analysis (see 
Section 3.1), the dynamic growth mode improves the efficiency of P 
dopants incorporation into the diamond lattice (Fig. 1). Moreover, the 
GDOES and MS analyses revealed fairly comparable [P] of PDD-63-D 
and PDD-250 samples (Table 1) but did not translate into similar elec-
trochemical characteristics of these two electrodes. In contrast, their 
electrochemical performance is dramatically different as the PDD-250 
sample provided well-defined pairs of redox peaks for both markers 
and important peak parameters could be extracted. This also holds true 
for the highest doped PDD-1000 electrode with even further improved 
electrochemical characteristics, compared to the PDD-250 electrode. 
Notably, this is the first time that such well-developed cyclic voltam-
mograms of redox markers were successfully recorded on PDD elec-
trodes without applying any pre-treatment. Mukuda et al. [28] recorded 
only hints of peaks corresponding to [Ru(NH3)6]3+/2+ on anodically and 
cathodically pre-treated PDD electrode, which was ascribed to its 
semi-conductive nature ([P]MS of 7.4 × 1018 cm− 3). Interestingly, 
as-deposited and heavily P-doped nanocrystalline diamond with 
claimed [P]SIMS of 5 × 1020 cm− 3 was not able to detect any peaks of [Fe 
(CN)6]3− /4− redox marker in [26], and thermal annealing (vacuum, 800 
◦C, 7 h), leading to graphitisation of the electrode surface, was required 
to improve its electrochemical behaviour. 

As can be further seen in Fig. 4(a, b), the acquired CV curves on PDD- 
250 and PDD-1000 electrodes have (quasi)reversible character as ΔEp of 

1.29 V (PDD-250) and 0.79 V (PDD-1000), and 1.08 V (PDD-250) and 
0.45 V (PDD-1000) were obtained for [Ru(NH3)6]3+/2+ and [Fe 
(CN)6]3− /4− , respectively (see also Table 2). Thus, faster ET rate was 
recognized for the latter redox probe. In contrast, for BDD electrodes, a 
different trend is usually observed. Smaller ΔEp values are noted for [Ru 
(NH3)6]3+/2+, often approaching 59 mV, indicative of a reversible 
single-electron transfer if the BDD electrode is sufficiently doped, due to 
its outer-sphere reaction character [3,56]. Conversely, larger ΔEp values 
and hindered ET rates are typically seen for [Fe(CN)6]3− /4− , a response 
that is very sensitive to the surface characteristics of BDD electrodes, 
particularly the surface (H- vs. O-) termination [3,5]. The differences in 
heterogeneous ET kinetics and the associated ΔEp values for redox 
markers on PDD and BDD electrodes can likely be attributed to their 
distinct types of conductivity. PDD exhibits n-type conductivity, which 
arises from the presence of additional electrons (negative charge car-
riers) moving in the conduction band, with phosphorus atoms acting as 
donors [28]. In contrast, BDD displays p-type conductivity, facilitated by 
the presence of holes (positive charge carriers) moving in the valence 
band, where boron atoms serve as acceptors [3,28]. 

In addition, the PDD-250 and PDD-1000 samples were subjected to 
scan rate studies in the presence of both redox markers; recorded vol-
tammograms are depicted in Fig. 5. The extracted ΔEp values for each 
scan rate are shown in Fig. 5(e, f). These graphs clearly revealed that 
smaller ΔEp, and thus facilitated rate of ET kinetics for both markers is 
recognized on the PDD-1000 electrode which can be ascribed to its 
higher P-doping level (Table 1). In the case of both PDD samples, the 
linear dependence of the cathodic peak currents on the square root of the 
scan rate was also evaluated for both markers (with the coefficient of 
determination R2 in the range of 0.977 – 0.997), indicating diffusion- 
controlled redox reaction (see the insets in Fig. 5(a-d)). 

Fig. 4. Cyclic voltammograms recorded in (a) [Ru(NH3)6]3+/2+ and (b) [Fe(CN)6]3− /4− (both 1 mmol L− 1 in 1 mol L− 1 KCl) on four different PDD samples. Scan rate 
(v) of 100 mV s− 1. 

Table 2 
Parameters of redox responses of [Ru(NH3)6]3+/2+, [Fe(CN)6]3− /4− , dopamine 
(DA) and ascorbic acid (AA) obtained from CV measurements (at the scan rate of 
100 mV s− 1) on the PDD electrodes.  

PDD electrode PDD-63-D PDD-250 PDD-1000 

ΔEp - [Ru(NH3)6]3+/2+ (V) (EpA ~ +0.84) a 1.29 0.75 
ΔEp - [Fe(CN)6]3− /4− (V) ˃ 3.0 1.08 0.45 
EpA1, DA (V) +1.25 +0.69 +0.55 
IpA1, DA (µA) 4.2 6.2 7.3 
ΔEp – DA/o-DQ (V) - a 0.72 0.53 
Ep, AA (V) +1.70 +1.02 +0.94 
Ip, AA (µA) 3.8 5.6 6.3  

a Only the anodic (oxidation) peak was recognized and evaluated in the CVs. 
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3.5. Cyclic voltammetry of organic molecules 

Finally, the as-deposited PDD samples were subjected to CV experi-
ments in the presence of two organic analytes, dopamine and ascorbic 
acid, in order to further explore their electrochemical performance and 
ability to provide responses for structurally more complex compounds 
whose redox reactions involve more than a single electron [57,58]. 
Dopamine and ascorbic acid were selected because their redox reactions 
are well-defined and proceed through inner-sphere ET mechanisms, 

which make them sensitive to the surface and electronic characteristics 
of BDD materials [56,58-60], and presumably also PDD electrodes. 
Indeed, as clearly depicted in Fig. 6, the variously doped PDD samples 
provided significantly different electrochemical responses towards the 
two organic analytes, which can be associated with different phosphorus 
content. Similarly to previous experiments with inorganic redox markers 
(see Section 3.4), the PDD-63 sample failed to provide any distinguish-
able signals for dopamine and ascorbic acid, whereas on the PDD-63-D 
somewhat improved responses were recognized, however, still far 

Fig. 5. Cyclic voltammograms recorded at different scan rates in (a, c) [Ru(NH3)6]3+/2+ and (b, d) [Fe(CN)6]3− /4− (both 1 mmol L− 1 in 1 mol L− 1 KCl) on the (a, b) 
PDD-250 and (c, d) PDD-1000 electrodes. The insets show linear dependence of the cathodic peak current (Ip,C) on the square root of the scan rate (v1/2) with 
corresponding coefficient of determination (R2). (e, f) The dependence of peak-to-peak separation (ΔEp) values of (e) [Ru(NH3)6]3+/2+ and (f) [Fe(CN)6]3− /4− on the 
scan rate (v) acquired on the PDD-250 and PDD-1000 electrodes. 
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from satisfactory. Again, the best developed peaks were recognized on 
PDD-250 and PDD-1000 electrodes. Peak potentials (Ep) and currents 
(Ip) were determined, and the values obtained, tabulated in Table 2, 
confirmed the trend of decreasing Ep and increasing Ip with increasing 
P-doping. Notably, such effect of P-doping on the electrochemical 
behaviour of PDD electrodes is recognized for the first time. Previously, 
similar observations have been made for P-doped tetrahedral amor-
phous carbon electrodes [61] and diamond electrodes doped with 
boron, e.g., in [6,13,60,62]. 

Further, Fig. 6(a) depicts the CVs of dopamine. On the hPDD elec-
trodes, a (quasi)reversible dopamine/dopamine-o-quinone (DA/o-DQ) 
redox pair can be clearly recognized in a potential range from − 0.30 to 
+0.70 V. Consequently, ΔEp could be evaluated as 0.72 V and 0.53 V for 
PDD-250 and PDD-1000 electrodes, respectively. This again proves 
facilitated dopamine ET kinetics on the latter PDD sample. Interestingly, 
the ΔEp values obtained on as-deposited PDD electrodes are fairly 
comparable to the ones obtained for dopamine on highly doped but 
oxidized BDD electrodes (ΔEp of 0.50 – 0.66 V [63,64]). Dop-
amine-o-quinone can undergo a spontaneous ring closure resulting in 
the formation of leucodopaminechrome, which may be further oxidized 
into dopaminechrome [65]. This is manifested in the CVs (shown in 
Fig. 6(a)) as the second developed oxidation peak at ~ +1.0 V. In 
contrast, the oxidation reaction of ascorbic acid has typically irrevers-
ible character, thus no reduction peak was detected in the recorded CVs, 
displayed in Fig. 6(b). Markedly, the obtained anodic peak potential (Ep, 

AA) values of +1.02 V and +0.94 V on PDD-250 and PDD-1000, 
respectively, are, again, roughly equivalent to the Ep, AA previously 
obtained on both hydrogen-terminated (Ep, AA of +0.80 ± 0.01 V) [56, 
66,67] and oxygen-terminated BDD electrodes (Ep, AA > +1.2 V) [57, 
66]. These observations highlight the efficiency of hPDD electrodes in 
the electrochemical detection of dopamine and ascorbic acid, illus-
trating their performance comparable to that of oxidized BDD elec-
trodes. This further supports the potential applicability of PDD in diverse 
electrochemical sensor applications, similarly to the established uses of 
BDD materials. 

All in all, the as-grown, heavily P-doped diamond electrodes suc-
cessfully enabled, first time ever, the recording of well-defined vol-
tammetric signals of both inorganic redox probes and more complex 
organic compounds. This clearly confirms their potential for applica-
tions in electroanalysis and sensor development, broadening the scope 
of PDD utilisation. Previously recognised as a promising electrode ma-
terial for, e.g., supercapacitor devices [26] and carbon dioxide reduction 
[30], this research further extends the newly emerging, versatile ap-
plications of PDD materials. 

4. Conclusions 

We comprehensively investigated the impact of phosphorus doping 
levels and the gas flow mode (static vs. dynamic) on the properties of as- 
grown, polycrystalline PDD samples. Under static flow mode, increasing 
the [PH3]/[H2] ratio in the gas phase enhanced phosphorus incorpora-
tion in the deposited PDD layers, as confirmed by GDOES analysis, while 
concurrently their thicknesses decreased due to reduced growth rates. In 
addition, SEM revealed a gradual decrease in the diamond grain size 
with elevated [PH3]/[H2] ratios, which was also coupled with an in-
crease in non-diamond carbon components, as evidenced by the recor-
ded Raman spectra. Dynamic gas flow, used to prepare the PDD-63-D 
sample, facilitated an efficient growth process, resulting in a higher 
phosphorus level, a larger grain size, a faster growth rate, and a 
reduction in the consumption of the phosphine gas precursor, in contrast 
to the PDD-63 deposited under static flow. This suggests the possibility 
of precisely controlling phosphorus content and microstructure of the 
layer by adjusting dynamic gas flow conditions for advanced electro-
chemical devices. 

This study marks successful preparation of hPDD electrodes, which, 
for the first time, provided distinct voltammetric signals for both simple 
inorganic redox markers and complex organic molecules requiring 
multi-electron transfer processes. The variation in phosphorus levels 
within the PDD layers significantly influenced their electrochemical 
behaviour: enhanced cyclic voltammograms were recorded with 
increased phosphorus doping as evidenced by more defined shapes, 
lower potentials (and associated ΔEp values), and higher currents. 
Despite MS analysis indicating that not all phosphorus atoms contribute 
to conductivity, with some possibly being inactive due to oxygen 
chemisorption, hydrogen passivation or location within inter-grain re-
gions and/or non-substitutional sites, these initial findings pave the way 
for novel applications of as-grown hPDD electrodes in the previously 
unexplored areas of electroanalysis and sensor development. Since the 
incorporation of phosphorus atoms into the diamond structure is ex-
pected to enhance its hydrophilicity and act as electron donors within 
the sp3 carbon frameworks, PDD electrodes may exhibit a notable af-
finity for basic and/or positively charged compounds. As a result, PDD 
electrodes may show promising electrochemical behaviour in detecting 
heavy metal ions and reducible aromatic organic molecules such as 
those containing, e.g., primary and secondary amine groups. 

Fig. 6. Cyclic voltammograms of (a) 100 µmol L− 1 dopamine in 10 mmol L− 1 PBS of pH 7.4 and (b) 100 µmol L− 1 ascorbic acid in 0.1 mol L− 1 H2SO4 recorded on 
four different PDD samples. 
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