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Abstract
Nitrogen-vacancy (NV) centres in diamonds are emerging quantum materials having applications in quantum computing and 
magnetic field sensing. The ability to synthesize polycrystalline diamond films from chemical vapour deposition technique 
offers a possibility to grow cheap diamonds with NV centres over large areas. Till date, extensive studies have not been car-
ried out to understand the influence of nitrogen flow rate on the formation of NV centres in polycrystalline diamonds. In this 
study, we investigate the effect of nitrogen flow rate on the morphology, optical, and electrical properties of polycrystalline 
diamonds deposited at low pressure. Several samples were prepared in different nitrogen flow regimes using the microwave 
plasma chemical vapour deposition (MPCVD) technique. The films were characterized using Raman spectroscopy and 
scanning electron microscopy (SEM). The I–V characteristics of the samples were measured using a point contact method 
at room temperature. Results obtained showed the formation of both neutral and negatively charged NV centres at an opti-
mum nitrogen flow rate of 10 sccm. An increase in nitrogen flow rate led to a decrease in the electrical resistivity of the 
films. Furthermore, nitrogen flow rates greater than 20 sccm results to a decrease in the reflectance spectra of samples and a 
depreciation in the crystalline quality of films. This study is important in benchmarking an optimal parameter space for the 
growth of nitrogen doped polycrystalline diamonds suitable for sensing applications.

1  Introduction

The intrinsic properties of diamond such as its extreme hard-
ness, high wear resistance [1–3], thermal stability [4–8], 
optical and electrical properties [9–12] renders it a material 
of interest for numerous technological applications. Dia-
mond finds application in biomedical implantation due to 
its hardness and high wear resistance [13]. Its thermal stabil-
ity and outstanding electrical properties have been utilized 
for high power electronic devices [14–16]. Furthermore, its 
optical properties are harnessed in nanoscale magnetometry 
[17, 18], quantum information, quantum metrology, ther-
mometry, dosimetry, and biosensing [19–21].

The incorporation of dopants/impurities like lithium, 
boron, silicon, and nitrogen during the chemical vapour 
deposition (CVD) process of diamond can profoundly alter 

its intrinsic properties [22]. For instance, when impurities 
are trapped in defects formed during the CVD growth of 
diamonds, optical centres can be formed. Optical centres, 
commonly known as colour centres are solid-state qubits 
with the potential to be hosted in diamond. They are respon-
sible for the numerous colours of diamonds. Examples of 
optical centres in diamond includes nitrogen-vacancy (NV) 
centres, silicon-vacancy (SiV) centres, and germanium-
vacancy (GeV) centres. These centres have a wide range of 
application in physics, material science, and biotechnology 
[23]. An ensemble of NV centre found in diamonds can be 
used for sensing and imaging weak magnetic fields. A good 
coherence property of the spin sensor will enable its use 
in developing low-field magnetic resonance imaging (MRI) 
detectors. Also, the single NV centre in diamond are recently 
employed for rudimentary magnetic resonance spectros-
copy (NMR) of nanoscale samples and proteins [24], thus 
allowing the properties of these samples to be studied at the 
nanoscale level. All these applications will be referred to as 
“sensing applications” in later paragraphs.

In the last few decades, research attention has been 
directed towards the study of the incorporation of impuri-
ties in the CVD growth process of single and polycrystalline 
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diamonds. Experimental studies [25, 26] have shown that 
the incorporation of the right amount of nitrogen impurities 
in diamonds will lead to an improvement in its dosimetric 
properties; for use as a radiation detector. In addition, an 
optimized nitrogen incorporation in single crystal diamond 
will result in the creation of high-density NV centres. More-
over, there is a need to study the effect of other impurities 
on the CVD growth of diamond. To address this, Yap et al. 
[27] successfully showed that the incorporation of boron 
impurities in homoepitaxially grown CVD diamond does not 
result in the formation of nitrogen-related optical features. 
The observed feature may be due to the competition of boron 
impurities for vacancies, thereby leaving a small number of 
vacancies for nitrogen [28].

In general, impurities can be incorporated in several 
bonding configurations [25]. For example, the incorpora-
tion of nitrogen impurities in polycrystalline diamonds 
might lead to the formation of single substitutional nitrogen, 
vacancies with complexes, lattice defects or even nitrogen 
located at grain boundaries. Each bonding configuration 
is formed under different conditions, therefore, precisely 
controlled growth parameters (most especially, the nitrogen 
flow rate) are required. There has been much progress in the 
study of nitrogen incorporation in the CVD of diamonds. 
Despite this progress, the influence of nitrogen flow rates 
on the formation of NV centres in polycrystalline diamonds 
at low pressure has not been studied to date. In this study, 
we report the effect of nitrogen flow rates on the formation 
of useful NV centres in polycrystalline diamonds deposited 
at low pressure (4 kPa). In particular, the effect of nitrogen 
incorporation was investigated under different flow regimes. 
The novelty of the research presented here is to determine 
an optimal and reproducible nitrogen flow rate parameter 
for the synthesis of useful NV centres in polycrystalline dia-
monds. The study is essential because it provides informa-
tion for the growth of polycrystalline diamonds suitable for 
sensing applications.

Here, some experiments have been carried out in a 
microwave plasma enhanced chemical vapour deposition 
(MPCVD) chamber using a mixture of H2∕CH4∕N2 as the 
feed gases in order to systematically investigate the effect of 
surface impurities on the morphology, optical, and electrical 
properties of polycrystalline CVD diamonds deposited at 
low pressure. The work here differs from other work as fol-
lows. Earlier work on the incorporation of impurities in Refs. 
[27, 29] introduced impurities from the beginning in the 
gas phase. Here, the effect of surface impurities introduced 
for a period of time close to the end of the experiment was 
examined. The motivation behind this approach arose from 
the need to locate optical centres needed for sensing appli-
cations within a few nanometers of the surface. The effect 
of nitrogen was investigated under three flow regimes; low 
nitrogen addition (0 sccm), medium nitrogen addition (1–4 

sccm), and high nitrogen addition (10–40 sccm). Further-
more, we note that past approaches introduced impurities 
while working at moderate pressure (9.3–27 kPa). In con-
trast, the characteristics of these films under relatively low 
working pressure (4 kPa) were examined here. The results 
obtained are important in benchmarking optimal parameters 
for the growth of nitrogen doped polycrystalline diamonds 
that are suitable for sensing applications.

2 � Experimental details

2.1 � Diamond film preparation

Polycrystalline diamond (PCD) films were deposited on 
a 3 × 3 × 0.5mm3 P-type boron doped silicon substrate of 
resistivity 5Ω cm (Silicon Material Inc.) in a 2.45 GHz 
MPCVD reactor (Plasmionique Inc.). The silicon substrate 
has a 〈100〉 orientation. Prior to growth, the silicon sub-
strates were nucleated by treating the surface with a mixture 
of diamond powder and ethyl-alcohol in an ultrasonic bath 
for 30 min. A stainless steel disk was used as the substrate 
holder in the deposition chamber. The manufacturer’s details 
on the construction of the CVD reactor used can be found 
in Ref. [30].

Before deposition, the chamber was evacuated to a base-
line pressure of 4.9 × 10−3 Pa via a turbo molecular pump. 
At this pressure, some nitrogen gas (less than 1%) is trapped 
in the chamber [25]. Operating at this baseline pressure 
makes it possible to define low nitrogen flow rates without 
the intentional addition of nitrogen. Gas mixtures consist-
ing of H2∕CH4∕N2 were varied in the chamber (see Table 1 
for details). Diamond deposition was carried out at 800 W 
microwave power and 4 kPa pressure. The duration of each 
deposition run was 14 h. For samples in the medium and 
high nitrogen flow regimes, nitrogen gas was introduced 
for a period of time close to the end of the experiment, see 
details in Table 1.

2.2 � Diamond film characterization

The microstructure and photoluminescence (PL) of the sam-
ples were studied using Raman Spectroscopy (Renishaw 
InVia). Raman spectroscopy can be used to detect struc-
tural defects and stress distribution in materials [31, 32]. 
All Raman and PL spectra were fitted with a sum of Lorentz 
functions (using the WiRE Raman Renishaw software) to 
identify peaks of interest. The Raman signals were collected 
using a × 50 objective focusing the beam on a 20�m diam-
eter spot. The spectra collected at different spots on the sam-
ples were averaged. The PL emissions were collected using a 
× 20 objective focusing the beam on a 50 μm diameter spot. 
For each spectra acquisition, a laser power of 0.010 W with 
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an exposure time of 10 s was used. The reflectance spectra of 
the films were collected using a spectroscopic reflectometer 
(USB-650 Red Tide UV–Vis).

Field Emission Scanning Electron Microscope (FE-SEM, 
Hitachi SU8000) was used to characterize the surface mor-
phology of the samples. Electron micrographs were taken 
using an acceleration voltage of 3 KV and × 15 magnifica-
tion. Meanwhile, the electrical properties of the films were 
determined by measuring the current–voltage (I–V) charac-
teristics using a point contact method at room temperature. 
For the I–V measurement set-up, a copper probe was used 
to form point contact with the film while the second copper 
probe was used to connect the back of the wafer to obtain 
an ohmic contact. In the results and discussion section that 
follows, samples were compared in groups; samples grown 
with the same hydrogen and methane concentration while 
varying the nitrogen flow rate. Here, 0 sccm, 1.5–4 sccm, 
and 10–40 sccm represent the low, medium and high nitro-
gen flow rate doping regimes respectively.

3 � Results

3.1 � Physical appearance and Raman spectra of films

Table 2 summarizes the data obtained from micro-Raman 
analysis and visual inspection of samples. The full width 
half maximum (FWHM), centre of the diamond peak, and 
colour of films are reported. From the table, it is evident 
that the colour of deposited diamond changes depending 

on the amount of nitrogen impurities in the sample. Poly-
crystalline CVD diamonds grown heteroepitaxially with-
out the addition of nitrogen impurities appeared grey in 
colour. Those grown with nitrogen impurities show a range 
of colours depending on the concentration of nitrogen in 
the sample.

Figure 1a and b show the Raman spectra of films in 
group 1 and 2. The spectra of films were presented with no 
particular preference. In these samples, we observe silicon 
peaks around 519 cm−1 , diamond peaks around 1332 cm−1 , 
D-band around 1345 cm−1 , and G-band around 1500–1600 
cm−1 [33]. The presence of both G and D-band results 
from amorphous carbon ( sp2 ) related content located in 
the grain boundaries [34]. As seen in Fig. 1c, films grown 
with medium nitrogen flow rate in group 1 and 2 (i.e. S5 
and S6) show almost similar spectra. The presence of this 
feature indicates that it might be difficult to differentiate 
spectra of films with quasi-similar nitrogen and methane 
concentrations during CVD [25].

The FWHM of a peak obtained from Raman spectros-
copy gives an indication of the structural distribution of 
a material. For example, a crystalline material will show 
narrower peaks when compared to amorphous materials. It 
can also indicate the amount of disorder or defect density 
incorporated into the material [35]. From Table 2, reported 
FWHM for diamond deposited on Silicon (100) substrate 
is in the range 7.8–15.5 cm−1. The observed FWHM of 
the deposited films is in good agreement with reported 
values in [36]. In reference to Fig. 1d, it can be seen that 
films doped with high nitrogen flow rate (30 - 40 sccm) in 
group 3 and 4 have larger FWHM than their counterparts.

Table 1   Growth parameters for the deposition of diamond films on 
silicon substrate at 4 kPa pressure, 800 W microwave power, and dep-
osition temperature of 700 °C

Parameters include doping time (in hours), hydrogen, methane, and 
nitrogen flow rates. All volumetric flow rates are in standard cubic 
centimeters per minute (sccm)

Group Sample H
2
–CH

4
–N

2
 flow (sccm) Growth time 

+ Doping time 
(hrs)

1 S1 100–1–0 14 + 0
S5 100–1–1.5 13 + 1
S9 100–1–10 13 + 1

2 S2 200–1–0 14 + 0
S6 200–1–2 12 + 2
S10 200–1–20 12 + 2

3 S3 300–0.75–0 14 + 0
S7 300–0.75–3 13 + 3
S11 300–0.75–30 11 + 3

4 S4 400–0.5–0 14 + 0
S8 400–0.5–4 10 + 4
S12 400–0.5–40 10 + 4

Table 2   Characteristics of the deposited samples: full width at half 
maximum (FWHM) of diamond peaks and center of diamond peaks 
were obtained from the Raman spectra

Colour of deposited diamonds changes depending on the amount of 
nitrogen impurities in samples

Group Sample FWHM (D) 
(cm−1)

Center of Dia-
mond peak (cm−1)

Color

1 S1 8.232 1331.2 Grey
S5 7.695 1331.7 Lustrous grey
S9 7.792 1332.0 Lustrous grey

2 S2 10.989 1331.3 Grey
S6 11.268 1331.9 Lustrous grey
S10 8.875 1331.9 Lustrous grey

3 S3 8.201 1332.0 Grey
S7 13.320 1331.2 Grey
S11 14.662 1332.5 Black

4 S4 8.586 1331.5 Grey
S8 8.752 1331.4 Dark grey
S12 15.463 1333.8 Black
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3.2 � Morphology of films

Figure 2 shows the SEM micrographs of films. Distinct surface 
morphology is clearly exhibited as the nitrogen concentration 
is varied. Without the introduction of nitrogen dopants in the 
gas phase, the films consist of randomly oriented grains with 
rough surfaces. Samples doped with low and high nitrogen 
flow rates have particle sizes ranging from 1.3 to 2.5 ± 0.08 
μm. The difference in grain sizes for these samples may be 
attributed to the different flow rates of hydrogen, methane, 
and nitrogen feed gas used. With the incorporation of medium 
(1.5–2 sccm) nitrogen flow rate in the gas phase mixture, sur-
face morphology reveals dense nano-sized grains in the films. 
The grain size of the nanocrystalline films were calculated 
using the model reported by Cançado et al. [37] as shown in 
Eq. 1,

where �l is the laser line wavelength (514.5 nm) used in the 
experiment; IDa and IG are the integrated intensities of the 
diamond and graphite bands. Nano grained samples have 
grain size of 21 ± 0.46 nm.

To further validate results from Raman spectroscopy, 
the surface morphology of samples grown with medium 
nitrogen flow rates in group 1 and 2 (S5 and S6) were 
observed. These films have similar morphological features. 
A closer observation from the SEM micrographs revealed 
the presence of cracks in the sample S6 (see Fig. 2e) which 
might be due to stress and as a consequence increased 
the FWHM of this sample. With regards to the previous 
physical observation for highly doped diamonds, surface 

(1)La( nm ) = (2.4 × 10−10)�4
l

(

IDa

IG

)−1

Fig. 1   Raman spectra of films a Raman spectra of films in group 1, 
b Raman spectra of films in group 2, c Raman spectra of films with 
medium nitrogen flow rate in group 1 and group 2, both films were 

deposited with similar methane and nitrogen concentration d FWHM 
of diamond peaks against nitrogen flow rate, films with high flow rate 
(30–40 sccm) show larger FWHM
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morphology of samples S12 (as in Fig. 2i) show heav-
ily defective diamond grains with grains having several 
surface pores.

3.3 � Photoluminescence (PL) and reflectance spectra 
of films

For the films to be used for sensing applications, the pres-
ence of optically active NV− centers located close to the 
surface is important. To investigate the incorporation of 
surface optical centers, a room temperature photolumi-
nescence (PL) measurement was performed. Figures 3, 4 
show the PL spectra of films. The observed sharp distin-
guishable peaks in the spectra are at 515, 529, and 552 nm. 
The 515 nm lines are due to the Ar ion laser; the 529 nm 

lines are due to the silicon substrate, and the 552 nm peaks 
are that of diamond [38, 39]. Broad peaks due to amor-
phous related elements are observed between 555 and 560 
nm. Neutral optical centers peak ( NV0 ) occur around 575 
nm, while negatively charged optical centres have peaks 
around 637 nm ( NV− ) [26, 40, 41].

In summary, samples in group 1 (S5 and S6), a sample in 
group 2 (S10), and samples in group 4 (S8 and S12) show 
the presence of NV0 . Only sample S9 in group 1 shows a 
tiny broad peak indicating the presence of NV− . Shown in 
Fig. 4(b) is a normalized intensity bar graph of samples hav-
ing nitrogen related optical features that can be harnessed for 
sensing. From Fig. 4b, sample S8 in group 4 has the greatest 
intensity of NV0 as measured by PL spectroscopy, while S10 
in group 2 has the lowest intensity.

Fig. 2   Surface morphology of films, a–c surface morphology of samples in group 1, rough surfaces. Samples doped with low and high d–f sur-
face morphology of samples in group 2, g–i surface morphology of samples in group 4
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In using this material for magnetic sensing applica-
tions, a reasonable photon collection efficiency should be 
achieved. NV centres suffer from a finite collection effi-
ciency and light trapping due to total internal reflection 
and imperfections [42] in the host diamond. The imperfec-
tions reduce the contrast of optically detected magnetic 
resonance (ODMR) when the material is used as a mag-
netic field sensor. To further determine the effect of nitro-
gen flow rates on the expected contrast of the sensors, the 
relative reflectance of the deposited films were compared. 
Since the thickness of films play a role in the intensity 

of collected light, the cross section of films were imaged 
to determine the thickness and shown in Fig. 5. For the 
growth parameters used, no considerable increase in film 
thickness was recorded after 12 h of growth even with the 
subsequent introduction of nitrogen gas, thus making it 
possible to compare samples in groups. The mean thick-
ness of samples in group 1 and group 4 were found to be 
11 ± 0.1 μm and 2.5 ± 0.07 μm respectively. Figure 6 
shows the reflectance spectra of the deposited films. From 
the spectra obtained in Fig. 6a, we observe that introduc-
ing 1–10 sccm nitrogen impurities does not have any effect 

Fig. 3   Photoluminescence spectra of diamonds films a photoluminescence spectra of films in group 1, b photoluminescence spectra of films in 
group 2
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on the reflectance of the material. Outside this regime, the 
reflectance of the deposited films is seen to decrease with 
excess nitrogen impurity level in the material (as shown 
in Fig. 6b–d).

3.4 � Electrical properties of films

A study of the I–V characteristics of the deposited films 
is presented here. The current density of the deposited 
films as a function of the anode voltages were compared. 
Shown in Fig. 7 is the J vs. E curves of samples in group 
2 and 4. From these plots, the turn-on field and emission 

current density can be obtained. The electrical resistivity 
of these samples were calculated by taking the inverse 
of the slope obtained from a power fit of I = aVb of the 
current density vs. voltage curves. See Table 3 for elec-
trical resistivity of these films. From the table, one can 
conclude that there is a decrease in the surface electrical 
resistance upon doping with high nitrogen flow rate. Fig-
ure 8 shows the variation of surface resistivity of doped 
samples with the flow rate of nitrogen gas. From the plot, 
we report a decrease in the electrical resistivity as the 
nitrogen flow rate is increased.

Fig. 4   Photoluminescence spectra of diamonds films a photoluminescence spectra of films in group 4, b Normalized PL intensity of NV− and 
NV

0 in diamond samples
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4 � Discussion

4.1 � Physical appearance and Raman spectra of films

The grey and lustrous grey colour of the deposited diamonds 
results from the dispersions created by different planes of the 
grains in the film. Dark grey and black colourations seen in 
doped diamonds may be due to extended defects from hydro-
gen atom impurities, dislocation density, and impurities in 
the lattice [43]. Notably, the incorporation of a high flow 
rate of nitrogen with a nitrogen-carbon [N / C] ratio greater 
than 30 in the gas phase mixture leads to black coloured dia-
monds. Black coloured CVD diamonds are heavily defective 
with a large quantity of impurity and presence of graphitic 
grains [44]. The identical spectra of samples with medium 
nitrogen flow rates (S5 and S6) indicates that a 0.5 sccm 
difference in flow rate is insignificant to change the micro-
structure of films grown with similar methane concentration. 
The observation of the increase in the FWHM of Raman 
peak of highly doped samples indicates that the addition 
of a large amount of nitrogen impurity is detrimental to the 
crystalline quality of CVD diamonds. Using diamond peak 
at 1332 cm−1 as standard, the shift in the Raman wavenumber 
and the ratio of the intensity of diamond and amorphous 

carbon peak ( IDa∕IG ) is obtained and shown in Fig. 9. Nega-
tive Raman line shifts are due to compressive stresses in the 
films, while positive Raman line shifts are due to intrinsic 
stresses which are tensile in nature [35]. A high quantity of 
nitrogen impurity can introduce stress in the material [44]. 
This is confirmed by a shift in the diamond peak from ∼ 
1332 to 1334 cm−1 for highly doped samples (sample S12). 
For sensing applications, black coloured diamonds are unde-
sirable due to the high concentration of amorphous carbon 
which quenches photoluminescence from the NV− centres. 
A potential candidate for this application are experimental 
samples showing either grey or lustrous grey colourations 
with the presence of NV− center.

4.2 � Morphology of films

From the SEM micrograph results, insights into the for-
mation of nitrogen related optical centres from a surface 
morphology perspective can be obtained. First, in small-
sized nano-grain diamonds typical of diamonds doped with 
medium flow rates (1.5–2 sccm), it is believed nitrogen is 
being incorporated preferentially at grain boundaries [45] 
rather than in the grains. This is evident by results obtained 

Fig. 5   Cross-section SEM 
images of films a cross-section 
SEM images of samples in 
group 1, b cross-section SEM 
images of samples in group 4
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from tight-binding molecular dynamics simulations in [46]. 
It is also possible that vacancies are not easily incorporated 
in small-sized grain polycrystalline diamond with fine and 
continuous surface textures, therefore, bringing doped 
nitrogen to grain boundaries or even forming other complex 
configurations that are not of nitrogen vacancies. This may 
explain why there are no nitrogen related optical centres in 
sample S6 in group 2. Samples with little or no vacancies 
like sample S6 in group 2 may require further processing.

Vacancies can be created using a high energy elec-
tron irradiation beam [47]. Since nitrogen is present in 
grain boundaries or in other configurations, an additional 
annealing procedure will help migrate vacancies to form 
nitrogen-vacancies in the films. Apparently, nitrogen 
related optical centers can be formed via excessive doping 

as shown by Ohno et al. [47] but at the expense of los-
ing the crystalline quality of the diamond films. In addi-
tion, several authors including Schirhagl et al. [40] have 
reported a depreciation in the spin coherence properties 
of excessively doped films. Nevertheless, it is important 
to emphasize that sample S9 in group 1 maintained its 
crystalline structure despite the high nitrogen flow rate (10 
sccm). This again points to the fact that sample S9 might 
be a suitable material for sensing applications.

4.3 � Photoluminescence (PL) and reflectance spectra 
of films

Several publications [25–27, 29] have shown that when no 
extra effort is made to exclude residual nitrogen gas in the 

Fig. 6   Reflectance spectra of samples a reflectance spectra of samples in group 1, b reflectance spectra of samples in group 2, c reflectance spec-
tra of samples in group 3, d reflectance spectra of samples in group 4
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chamber before deposition, the PL spectra obtained from 
CVD diamonds can show the presence of neutral or negative 
nitrogen-vacancy defects . The NV defect translates into PL 
peaks at 575 and 637 nm, where the 575 and 637 nm peaks 
correspond to a nitrogen atom bonded to the nearest vacancy 
and to the vacancy trapped at a substitutional nitrogen atom 
respectively [48]. The observed nitrogen related peaks are 
broad. The broadness might be indicative of the presence of 
other defects in the CVD grown diamonds [48]. In group 2, 
sample S2 shows a peak at 575.9 nm different from the 575 
nm line. This peak is also believed to be associated with 
nitrogen features in the sample [49]. In an earlier work, Gu 

Fig. 7   J versus E characteristics of films a J versus E characteristics of film in group 2, b J versus E characteristics of films in group 4

Table 3   Electrical resistivity and turn-on field of diamond films 
grown at different nitrogen concentrations

Group Sample N
2
 flow (sccm) Surface resis-

tivity ( Ω  cm)
Turn-on 
Field (V/
μm)

2 S2 0 8.0 × 103 –
S6 2.0 8.1 × 103 –
S10 20 4.7 × 103 –

4 S4 0 6.4 × 103 30
S8 4 5.8 × 103 35
S12 40 3.1 × 103 ∼72
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et al. [49] have shown that the 575.9 nm peak is common 
in milky type IaB diamonds. The formation of this nitrogen 
related peak in sample S2 is due to the baseline pressure we 
operated at before deposition [27].

The relative intensity of NV centres shown in Fig. 4b 
reveals the formation of predominantly neutral NV centres 
on the surface of some of the deposited films. This condi-
tion as explained by Santori et al. [50] is due to the forma-
tion of electronic acceptor layers at the diamond surface. 
At the surface region, nitrogen donors are ionized thereby 
making it impossible to donate an electron to the NV cen-
tre. A potential acceptor candidate is an amorphous carbon 
( sp2 ) element deposited alongside diamond during the CVD 

growth process [51]. In addition, because shallow optical 
centres are formed at the surface, NV centers at the surface 
may not be stable [40, 52]. Samples showing the formation 
of neutral NV centers need further processing to covert the 
neutral NVs to negatively charged NVs. Surface oxygenation 
at about 465 °C may be a useful method to induce charge 
state conversion for the grown diamond films [40, 48, 53].

To understand the influence of microwave power density 
and pressure on the formation of negatively charged NVs, 
an additional experiment was done at 6.7 kPa working pres-
sure and 900 W microwave power, while keeping the rest 
of the parameters for sample S10 in group 2 constant (200 
sccm of hydrogen, 1 sccm of methane, 20 sccm of nitro-
gen, 4 kPa pressure, 800 Watt microwave power). The PL 
spectra obtained from the experiment is shown in Fig. 10. 
Contrary to the formation of neutral NV center in sample 
S10, the spectra of New S10 clearly shows the formation of 
both neutral and negatively charged NVs. This implies that 
higher microwave power density and pressure may increase 
the etching of unwanted carbon phases thereby making it 
possible to observe the photoluminescence of negative NV 
centers. It is also possible that at low pressure, nucleation 
is enhanced and as a result causes electron sinks at grain 
boundaries [54]. This is another possible explanation for 
the dominance of neutral NVs in samples grown at 4 kPa 
pressure.

From the PL spectra obtained in Figs. 3 and 4, it can 
be concluded that the introduction of high nitrogen (10–40 
sccm) concentration in the CVD process will always lead 
to a formation of neutral NV centers in diamond films. 
Also, increasing nitrogen concentration from 10–40 sccm 
results in broader 575 nm peaks. The introduction of a low 

Fig. 8   Electrical resistivity of doped samples as a function of nitro-
gen flow rates. High nitrogen flow rates in the gas phase mixture 
leads to a decrease in resistivity

Fig. 9   Graphical representation of shifts in the Raman lines and the 
ratio of the intensity of diamond peak to amorphous carbon peaks. 
Positive Raman line shift in sample S12 and S11 results from intrin-
sic stresses in the films

Fig. 10   Comparison between sample New S10 and sample S10. Sam-
ple New S10 was deposited with 6.7 kPa pressure, 900 W microwave 
power while keeping other growth parameters for S10 constant (800 
W microwave power, 4 kPa pressure, 200 sccm of hydrogen, 1 sccm 
of methane, and 20 sccm of nitrogen). Formation of neutral and nega-
tive NV is observed in sample New S10
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concentration of nitrogen impurities might not yield any sur-
face optical centers. This result is not in agreement with the 
work of Watanabe et al. [41] where they have have reported 
the formation of negatively charged NV centres while using 
extremely low nitrogen flow rates. The possible reasons for 
this disparity might be the difference in growth parameters 
or the substrate used. Watanabe et al. [41] have shown the 
formation of negative NV centers homoepitaxially. Demon-
strating the presence of NV centers on foreign substrates like 
silicon is a way to engineer cheap optical centers needed for 
sensing applications.

The total reflectance of the film modelled by the Fresnel’s 
equation at normal incidence in Ref. [55] depends on several 
factors. In this case, the surface texture, and density vari-
ations due to defects in the materials among other factors 
appear to account for this variation. The difference in reflec-
tance observed in the deposited films is closely connected 
with crystal imperfections [56]. Highly doped films with 
stacking faults, dislocations, and impurities inclusion will 
show a significant decrease in surface reflectance compared 
to undoped or minimally doped films. Zuiker et al. [57] 
showed that the reflectance of thin film diamonds decreases 
with an increase in CH4 content. Here, it was observed that 
the reflectance of the grown films decreases with an increase 
in nitrogen content. Poor optically detected magnetic reso-
nance (ODMR) contrast are obtained from films with high 
nitrogen concentration. Films with high concentration of 
nitrogen impurity (20–40 sccm) are unsuitable for sens-
ing applications due to their poor reflectance properties. 
Although, sample S9 in group 1 has also been doped with a 
high nitrogen flow rate (10 sccm), no changes in the intensity 
of reflectance spectra was observed when compared to its 
counterparts in group 1, for this reason, sample S9 is suitable 
for sensing applications.

4.4 � Electrical properties of films

The addition of nitrogen impurity in polycrystalline dia-
mond led to a decrease in the surface electrical resistiv-
ity of samples as shown in Table 3. This is likely because 
nitrogen atoms act as a donor in the diamond films and, as 
a consequence, decreasing the bandgap of diamond. Exten-
sive results showing the same pattern are reported in Refs. 
[58–62]. As further described by Tsuchiya et al. [63], the 
decrease in electrical resistivity with medium and high flow 
rates of nitrogen doping is connected to the formation of sp2
C–N bonds on the surface of the deposited films.

The observed decrease in the resistivity of sample S2 
in group 2 as compared to doped sample S6 in the same 
group is associated with transfer doping caused by surface 
hydrogenation of the sample [63]. It is possible that due to 
the large volume of hydrogen used during the growth pro-
cess, hydrogen impurities are present in electrically active 

sites which is a reason for the slight decrease in resistivity 
[64, 65]. In addition, it is possible to further explain the 
decrease in surface resistivity of samples in terms of IDa∕IG , 
an increase in the ratio of IDa to IG results into a decrease 
in surface resistivity. This implies, the better the diamond 
quality, the lower the resistivity. In summary, introducing 
high flow rates of nitrogen in polycrystalline films led to a 
decrease in the surface electrical resistance for the chosen 
growth parameters.

5 � Conclusion

The influence of surface-introduced nitrogen impurities 
on the morphology, optical, and electrical properties of 
polycrystalline diamonds deposited at low pressure have 
been systematically investigated. The studies have been 
carried out in three flow regimes: no nitrogen addition (0 
sccm), medium nitrogen addition (1–4 sccm), and high 
nitrogen addition (10–40 sccm). Polycrystalline diamond 
changes colour depending on the amount of nitrogen 
impurities added. High nitrogen flow rates in polycrys-
talline diamonds led to an increase in FWHM of dia-
mond peaks. This feature indicates a depreciation in the 
crystalline quality of deposited diamonds as revealed by 
SEM micrographs. Signals from nitrogen related optical 
centres (predominantly neutral NV centres) were mostly 
detected in the PL spectra of diamond films doped with 
medium and high nitrogen flow rates. It was established 
that high flow rate of nitrogen doping (≥ 20 sccm) will 
lead to a decrease in the reflectance of polycrystalline 
diamond. However, one of the samples (S9 in group 1) 
doped with high flow rate of nitrogen exhibited a reason-
able FWHM, and presence of both neutral and negatively 
charged optical centers. In addition, the sample S9 in 
group 1 exhibited a good reflectance property as shown 
from the reflectance spectra. With these combination of 
properties, sample S9 in group 1 may be a suitable mate-
rial for sensing applications.

The results obtained are important in identifying opti-
mal parameters for the growth of polycrystalline diamonds 
suitable for sensing applications. Also, the set of experi-
mental parameters described in this work may be useful as 
a benchmark for the growth of polycrystalline diamonds 
with NV centres at low pressure.
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