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Abstract: Diamond offers a range of unique properties, including wide band of optical transmission, highest 
thermal conductivity, stiffness, wear resistance and superior electronic properties. Such high-end properties 
are not found in any other material, so theoretically it can be used in many technological applications. But 
the shortcoming has been the synthesis of the diamond material in the laboratory for any meaningful use. 
Although microwave plasma chemical vapour deposited (MPCVD) has been in practice since 1980s for the 
diamond growth but it is in the past 7-8 years that its potential has been realised by the industry due to 
capability of MPCVD to deposit diamond, pure and fast, for commercial uses. There are many CVD 
techniques for growing diamond but among them MPCVD can only make single crystal diamond (SCD) 
effectively. SCD grown by MPCVD is also superior to other forms of diamond produced in the laboratory. 
For example, SCD is necessary for the best electronic properties - often outperforming the polycrystalline 
diamond (PCD), the high pressure high temperature (HPHT) diamond and the natural diamond. In many 
applications the short lateral dimensions of the lab-grown diamond available is a substantial limitation. 
Polycrystalline CVD diamond layers grown by hot filament CVD solved this problem of large area growth, 
but the presence of grain boundaries are not appropriate for many uses. On the other hand, there is still 
limitation in the area over which SCDs are grown by MPCVD, only upto 10-15 mm lateral sizes could have 
been achieved so far, while there are recipes which rapidly grow several mm thick bulk SCDs. This lateral 
size limitation of SCDs is primarily because of the small seed substrate dimension. Although natural and 
HPHT diamonds may not be suitable for the intended application, still they are routinely used as substrates 
on which SCD is deposited. But the problem lies in the availability of large area natural SCD seeds which 
are extremely rare and expensive. Moreover, large diamond substrate plates suitable for CVD diamond 
growth have not been demonstrated by HPHT because of the associated high economic risk in their 
fabrication and use. Other than lateral dimension, purity of SCD is also very important for technological use. 
Natural diamond is often strained and defective, and this causes twins and other problems in the CVD 
overgrowth or fracture during synthesis. In addition, dislocations which are prevalent in the natural diamond 
substrate are replicated in the CVD layer, also degrading its electronic properties. HPHT synthetic diamond 
is also limited in size, and generally is of poorer quality in the larger stones, with inclusions being a major 
problem.  

There will be much research interest in the next 10 years for the MPCVD growth of SCD. Purer and bigger 
SCDs will be tried to grow with faster and reproducible MPCVD recipes. Here the MPCVD growth of SCD is 
being reviewed keeping in mind its huge technological significance in the next decades or so. Discoveries of 
the commercial productions of silicon, steel, cement different materials have built modern societies but 
higher scales will be achieved with the advent of lab-grown diamond. 
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1. INTRODUCTION* 

Scopus search, with “single crystal diamond” in the title, 
abstract and keywords of the articles, published during 1980-
1989, came back with only 277 results. This was because 
during 1980s researchers were busy in understanding the 
metastable CVD growth process of diamond (other synthetic 
diamond was popularly called HPHT diamond). Once CVD 
became an established technology for growing diamond in 
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the laboratory, the concentration shifted to produce diamond 
for industrial uses during 1990s. Homoepitaxy [1] was already 
in place prior to the advent of heteroepitaxy [2-12]. For the 
periods 1990-94 (505 papers) and 1995-99 (884 papers) 
similar Scopus search showed much more numbers of 
scientific articles. But the research in this field picked up only 
from the year 2003 (as shown in Figure 1). From the very 
beginning of synthetic diamond research (1950s), various 
groups had been trying to synthesise diamond on top of 
diamond seed itself. But homoepitaxy substrates were rather 
small in size (<0.5mm) for any practical engineering 
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application. So there came the need of diamond 
heteroepitaxy [13-16], because large substrate sizes of 
silicon, c-BN, β-SiC etc were already available. But the 
hetero-epitaxially grown diamond grains were not large 
enough to be called stand-alone single crystals (Figure 2). 
Rather, they were textured columnar growth of diamond 
crystals with slight misorientation (2-6o tilt angles) with the 
substrate lattice planes (Figure 2I). This tilt angle between the 
substrate and the epitaxial film was due to substrate surface 
roughness, defects, dislocations, ion bombardment during 
bias enhanced nucleation (BEN) etc.  

The homoepitaxial substrates [17], i.e. high pressure high 
temperature (HPHT) or the natural diamonds, had many 
defects present inside and on the nucleation surface, which 
limited the perfect epitaxial growth of diamond. On the other 
hand, heteroepitaxy was predominantly governed by the 
lattice mismatch, resulting inevitable misorientation of the 
grown diamond crystals with the base substrate. Scratching 
of the substrate before deposition might cause surface 

damage which was detrimental to epitaxy. So, bias enhanced 
nucleation technique was adopted for enhancing the 
nucleation density before growth to achieve 1011cm-2 

nucleation density. Among different substrate material 
available, iridium (Ir) had the minimal lattice mismatch, so 
they could produce good amount of diamond epitaxial growth. 
Recently Ir has become the material of choice for large area 
(4 inch) growth of diamond single crystals other than trying 
tiling (Figure 2II), lift-off etc. homoepitaxial techniques. Earlier 
the term single crystal synthetic diamond (SCD) was limited 
to high pressure high temperature (HPHT) diamonds. But 
with the advent of efficient CVD growth recipes and reactors 
(Table 1, Figure 3); SCDs are also sourced from CVD 
reactors. Table 1 summarises the state-of-the-art CVD 
techniques for growing single crystal diamonds. There are 
many research groups around the world who are developing 
new techniques and methods for continuous advancement in 
this field. Michigan State University, Carnegie Institute of 
Washington, USA, LIMPH, France, Bristol University, 
Element Six, UK, Beijing University of Science and 

 
Figure 1: Publication statistics of “single crystal diamond” research. 

 
Figure 2: (I) heteroepitaxial diamond films on silicon with 30µm lateral size, developed during 1990s [15], (II) recently developed 20×40 mm2 
SCD tiled clones [56].  
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Technology, Wuhan Institute of Technology, China, AIST, 
Japan, IAP-RAS, Russia, Innovative plasma, Germany etc. 
are the names of the leading organisations. 

2. MATERIALS & METHODS: CVD GROWTH OF SINGLE 
CRYSTAL DIAMOND (SCD) 

2.1. CVD Reactors and SCD Growth Rates 

There are several diamond groups all over the world, who are 
designing and manufacturing reactors for efficient and fast 
production of diamond by CVD techniques. They are 
exploring new recipes and efficient plasma formation for rapid 
SCD growth. During the initial SCD growth years, it was 
believed that introduction of nitrogen into the CVD recipe 
would enhance the growth rate of diamond over HPHT single 
crystal seeds but the results were not very encouraging as 
the grown SCDs were yellow in color and were not useful for 
electronic applications. So the research effort was put into 
making colorless purer SCD by high pressure high power 
density microwave plasma CVD. It was found that using very 
high methane percentages at high pressure would rapidly 
grow SCD and high microwave power density ensured 
dissociation of precursor radicals effectively. Table 1 
summarises such efforts and their findings in making SCDs in 
recent years. Figure 3 shows snapshots of different reactors 
capable of producing SCDs. 

2.2. Growth Theory of SCDs 

Homoepitaxial growth of diamond under microwave assisted 
plasma CVD with addition of nitrogen in the methane-
hydrogen precursor gas mixture at ppm level (Figure 4III), 
could result (100) oriented single crystal diamonds. But 
addition of nitrogen introduces defect in the diamond lattice 
which produces coloration of the SCDs. To produce, white 
diamond, it is required to prevent nitrogen from going inside 
the diamond lattice, by using leak proof reactors with very 
pure precursor gases. High power high density plasma could 
produce SCD at high growth rate even at high methane 
percentages (Figure 4I). But the exact mechanism of CVD 
diamond growth is still not clear because of lack of probing 
technique which could reliably give in-situ information of 
diamond growth environment. Researchers at the University 
of Bristol, LIMHP, France, Naval Research Laboratory, USA 
etc. have done pioneering work in understanding the 
diamond growth mechanism. Microwave generated plasma 
dissociates the precursor gas molecules into hydrogen and 
methyl radicals, which diffuse and react on the heated 
substrate to deposit diamond. CHx and C2Hy are the main 
precursor radicals for diamond growth. Nascent hydrogen 
helps in formation of diamond phase over other forms of 
carbon by preferential etching [114] of non-diamond deposits. 
Modelling and numerical simulations have been carried out to 
understand the microwave CVD growth of SCDs [115-117] as 
shown in Figure 5. Optical emission spectroscopy and mass 
spectroscopy techniques [118] are used to probe the plasma. 
Hydrogen radicals are most prevalent under the typical 

growth environment and it helps in formation of active site for 
adsorption of carbon radicals. Under high methane 
concentrations for growing SCD, it is the high density of 
microwave power that maximises hydrogen dissociation and 
promotes rapid growth of diamond (Figure 4I). Other than 
microwave plasma assisted process, DC plasma torch also 
have been tried for higher growth rates (Figure 4IV) but purity 
of the film can not be guaranteed. It has been observed that 
addition of N2O can greatly enhance the SCD growth rates 
(Figure 4V) but again the contamination issue prevents usage 
of any other recipe for high quality SCD growth. It has been 
observed that due to the presence of nitrogen vacancy 
centres, colorless crystals are not formed which further limits 
its electronic applications. Homoepitaxial growth can be 
explained by Figure 6, where it is evident that there exist 
three growth modes: lateral growth, 2D island growth and 3D 
growth, when the methane concentration is increased from 
0.005% to 0.25% gradually. Growth of atomically flat surfaces 
is very important for realising electronic grade diamond 
materials. SCD crystals are often found with growth hillocks 
(Figure 7I), step/terrace and also when they are etched with 
oxidants, dislocations can be traced back for etch pits. Such 
defective surfaces are detrimental for end engineering 
applications. So it is essential to remove such growth defects 
in SCDs either by pre-treatment of the substrate or by using 
proper growth parameters. The seed substrate must be 
smooth enough for producing defect free SCD surface [119]. 
However there are polishing techniques which can produce 
atomically flat silicon substrates but producing atomically flat 
diamond [120] seed substrate needs further research. Growth 
hillocks (Figure 7I) are formed due to preferential spiral 
growth at the site of screw dislocation in seed substrate, 
which are invariably present (104–105 cm−2). SCD grown by 
CVD unavoidably has bundles of edge dislocations lying 
parallel to the [001] growth axis. Strain induced birefringence 
pattern shows four bright petals with dark arms along <110> 
for polarizer parallel to <110> directions. But it changes to 
eight petals of weaker intensity with dark arms along <110> 
and <100> directions for polarizer parallel to <100> [121]. 
High-quality crystal with a flat surface (Figure 5II) and a low 
defect density is necessary for the stability of power-devices 
with low leakage current. Two dimensional local stress 
distribution in an epitaxial diamond layer had been studied 
and was found to be between −93 to +40 MPa around a 
dislocation with the assumption that the Raman peak shift 
[122, 123] image of the zone-center optical phonon was 
shifted at strained areas by 3 cm-1/GPa. Selective masking by 
Pt nanoparticles of the existing defects on the substrate 
surface is to prevent threading dislocations propagating into 
CVD grown diamond layers. The steps that are followed: a) 
etch pit (EP) formation at the outcropped defect sites on the 
HPHT substrate surface by H2/O2 plasma treatment at 830 °C 
for 90 min with working pressure of 200 mbar and a 
microwave power of 3 kW, b) 10-50nm Pt interlayer 
deposition by MOCVD, c) Platinum film dewetting (H2 plasma 
and 800 °C, a microwave power of 3 kW and a pressure 
around 200 mbar in CVD reactor) to match Pt nanoparticle
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Table 1: CVD Deposition Groups and their Techniques for Growing SCDs [18-38] 

Group of 
Researchers Type of Reactor Type of 

Substrate 
Precursor 

Recipe Pressure Power 
(kW) 

Power 
density 
(W/cm3) 

Substrate 
Temperature 

(oC) 

Growth 
rate 

(µm/hr) 
Relevant 
Figures 

Michigan State 
University, USA  

[39-45] 
 

Cylindrical 
resonant cavity, 
hybrid modes – 
reactors A, B, C 

types 

HPHT Type 
Ib SCD 

seeds with 
H2 plasma 
cleaning 

5-9 CH4/H2% 
(0-200ppm 

N2) 

180-300 
(Torr) 2 100-

1000 950-1300 20-75 
Figures 3(IX), 

3(XI), 4(I), 
7(IV) 

AIST, Japan [46-56] 
 

AsTEX/Seki, 
sometime with 

open or close type 
Mo substrate 

holders 

HPHT Type 
Ib SCD 
seeds 

12 CH4/H2% 
(0.12% 
N2/H2) 

160-180 
(Torr) 2-3 100-150 1130-1150 30-50 

Figures 2(II), 
3(VII), 4(II), 

10 

LIMHP, France  
[57-68] LIMPH 

HPHT Type 
Ib SCD 
seeds 

2-7 CH4/H2% 
(0.02% 
N2/H2) 

100-200 
(Torr) 2-4 60-130 800-1000 5-55 Figure 3(I), 

4(III), 5(I, II) 

Carnegie Institute of 
Washington, USA 

[69] 
AsTEX/Seki 

HPHT Type 
Ib SCD 
seeds 

8-22 
CH4/H2% 

100-200 
(Torr) 3-5 50-100 1100-1300 50-100 Fig. 8(VIII) 

IAP-RAS, Russia 
[70-74] 

MSU- Type A 
HPHT Type 

Ib SCD 
seeds 

1-12 
CH4/H2% 

50-250 
(Torr) 2.7 80-200 900 1-20 Figure 3(XI) 

Beijing University of 
Science and 

Technology, China 
[75-81] 

2.45GHz, Dome 
shaped, TM021, 

Cylindrical cavity, 
Ellipsoidal cavity 

with 
circumferential 

antenna 

Si (no SCD 
growth) 6 15kPa 8.5 - 950 3.5 

Figure 3(II), 
3(IV), 3(V), 
3(X), 3(XII) 

Wuhan Institute of 
Technology, China 

[82] 

TM021, 2.45GHz, 
multi mode 

Si (no SCD 
growth) 

0.6–5.0 
CH4/H2% 6 kPa 4.5 - 900 8.5 Figure 3(II) 

Bristol University, UK 
[83-88] 

 

2.45 GHz reactor 
of Element Six, 

quantum cascade 
laser for 

measuring C2H2 
and CH4 column 

densities 

Theoretical 
numerical 

modelling of 
CVD 

diamond 
growth 

4.5 CH4/H2% 
(7% Ar) 

565sccm 
150 Torr 1.5 20-40 700 

Cavity 
Ring 
Down 

Spectros
copy 

(CDRS) 
for C2, 
CH, H 

species 

- 

Element Six, UK  
[89-91] 

 
2.45 GHz {001} type IIa 

HPHT 

5.5 CH4/H2% 
with 10% 

argon 
(700sccm) 

>15kPa - - 830  - 

DC arc jet [92-94] DC arc jet for 3 - 
12 hours 

IIa natural 
SCD or 

HPHT Ib with 
acid and 
plasma 

etching for 
defect 

removal 

0.5-2.5 
CH4/H2% (no 
N2) (2-6 slm 
of Ar and 2-8 
slm H2 each) 

8-8.5kPa 20-30 - 900-1030 15-60 Figure 3(VIII), 
4(IV) 

Stress removal by 
depositing metal 

island on substrates 
[95-97] 

 

e-beam 
evaporation of 20 
nm thick Ni, Au, Pt 
islands for 0.17-10 

hrs 

(111) HPHT 
seeds, wet 

acid 
cleaning,ultra
so-nication, 
plasma etch 

0.5 CH4/H2% 80 (Torr) 0.8-
1.2 - 900-950 2.5-6.25 Figure 7(III) 

Iridium heteroepitaxy 
[98-105] 

 

2.45 GHz; BEN: 
30-60min, 50-300V 

negative bias, 
850°C, 20-40mbar, 

700-2100W 
microwave power 
with 1-10% CH4 in 

H2; 30hr of 
diamond CVD 

Ir/SrTiO3 or 
Ir/YSZ/Si 

(100) 1 inch 
size 

1 or 7 
CH4/H2% 

sometimes 
with 40 ppm 

N2 

30 – 50 
mbar 1.1-2 - 800 0.43 or 1 Figure 3(VI) 
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(Table 1). Continued. 

Group of 
Researchers Type of Reactor Type of 

Substrate 
Precursor 

Recipe Pressure Powe
r (kW) 

Power 
density 
(W/cm3) 

Substrate 
Temperature 

(oC) 

Growth 
rate 

(µm/hr) 
Relevant 
Figures 

High growth rates 
with addition of N2O 

and CO2 gases  
[106, 107] 

ASTeX 5250, 2 h. 

3×3×1mm3 
HTHP 

synthesized 
type Ib (100) 

12 CH4/H2% 
(0-10 sccm 
of N2O gas); 
CH4/H2/N2 
(60/500/1.8 
sccm), CO2 
0-30 sccm 

300; 120 
(Torr) 2  - 1100; 1000 135; 45-

70 Figure 4(V) 

HFCVD [108-111] 

sp3 Diamond 
Technology Inc., 
W impurity levels 
1.8 × 1018 and 1.2 
× 1019 cm−3 at the 
grown surface and 

interface region 

HPHT-grown 
type Ib (001) 
and MPCVD-
grown (001) 
substrates 
(cleaned in 
boiling acid 
mixture), ion 

C+ 
bombardment 

for lift-off 
technique 

3 CH4/H2% 30 (Torr) 

W filament, 2100 
°C, 10–15 mm 

substrate filament 
distance, 38hrs run 

Not reported 65/38= 
1.71 

Figure 7(I), 
7(II) 

 

 

Figure 3: PECVD reactors for SCD growth, (I) electric field distribution inside metallic-chamber with belljar, co-developed between LSPM and 
Plassys company, showed opened on the picture [63], (II) Multimoded reactor, the two primary modes of TM01 and TM02 overlap around the 
substrate, weak area of TM01 is the strong area of TM02 making large plasma ball [31, 82], (III) with conical-reflector [32], (IV) Ellipsoidal cavity 
type reactor at Beijing, China [80], also AIXTRON type has similar configurations, (V) to transform circumferentially fed ellipsoidal cavity into an 
MPCVD reactor. From(a) to (c), an upper and a lower part of the cavity are removed, with the resonant pattern of the remaining cavities 
unchanged, at Beijing, China [79], (VI) with bias enhanced nucleation (BEN) for Ir heteroepitaxy, 1) Sample post, 2) sample, 3) Mo cap, 4) 
grounded Mo plate, 5) ceramic spacer, and 6) bias plate [98], (VII) flat plasma at AIST [49], (VIII) DC arc jet plasma enhanced chemical vapor 
deposition [92], (IX) hybrid reactors (B type-TM013/TM001; C type-TM0/TM001) at MSU [39], (X) newly built TM021 mode cavity type MPCVD reactor 
at Beijing, China [78], (XI) MSU Reactor type A [71], (XII) Dome-shaped cavity type reactor at Beijing, China [77], (XIII) ASTeX/Seki type reactor 
[112], (XIV) iplas cylindrical reactor with annular slot [113]. 
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Figure 4: Growth rates for SCDs in (I) MSU reactors without nitrogen addition [44], (II) AIST reactor as measured by weight as a function of the 
nitrogen flow rates [50], (III) LIMHP reactor as a function of nitrogen addition in the gas phase [68], (IV) DC arc jet plasma enhanced chemical 
vapor deposition [92], (V) with N2O addition [106].  

 

 
Figure 5: SCD growth simulation and modelling at LIMHP reactor, (I) spatial distribution of atomic hydrogen density ([H]), gas temperature (Tg) 
and microwave power deposition (MWPD) deduced from 2D self-consistent modelling of a pure hydrogen plasma [59] (II) Modelling of epitaxial 
growth of diamond films for increasingly longer deposition times, from left to right, for cylindrical substrates with different orientations (from top to 
bottom: [1 1 0], [1 0 0], [1 1 3], and [1 0 0] misoriented by 10o along the [1 1 0] direction) [58]. 
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Figure 6: AFM images of the growth modes for producing atomically flat, step/terrace, rough SCD surfaces [17]. 

 

 
Figure 7: SCD growth defects and methods for arresting them, (I) Laser microscopy image of the nanocrystals and pyramidal hillocks [108], (II) 
schematic image of the substrate possessing different vicinal (001) off-axis angles from 0° to 5°; >2o misorientation angle produces hillock free 
SCD surface [108], (III) selectively mask substrate defects with metallic nanoparticles in an attempt to decrease dislocation densities [97], (IV) 
examples of SCD plates grown by MWCVD [39]. 

deposition only on EP, d) 80µm SCD growth again followed 
by, e) H2/O2 plasma treatment for revealing new etch pits. 
This cycle (steps a-e, Figure 7III) repeats successively for 

better control of dislocations (less number of EPs) on the final 
top surface [124]. Another method of reducing defect or 
dislocation density on the top surface of the growing SCDs is 
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to use pyramidal shape substrates. The original pyramidal-
shape tends to disappear after a certain thickness is grown. 
The 20o inclined faces of the pyramid deviated dislocations 
towards the edges of the crystal, hence limiting their 
occurrence at the surface [125]. However, complete 
suppression of growth hillocks are possible by using highly 
misoriented (>2o) substrates (Figure 7II). Atomically flat step-
free SCD surface can be formed with mesa fabrication 
followed by lateral growth mode with very low methane 
concentration [17]. 

2.3. Doping of SCDs 

Diamond is electrically insulating but with appropriate doping 
it can become semiconducting or even superconducting. P-
type doping with boron [126, 127] is not difficult but it has 
been found that doping diamond with nitrogen for 
semiconducting purposes is not possible, as the size of N2 
atom is bigger and it is associated with the diamond lattice as 
different color centres. It is now phosphorus which is being 
used for n-type conductivity in diamond electronics. H2-
diluted (1%) CH4 gas containing P(CH3)3 with P/C ratio of 
0.99% at substrate temperatures 960-1210oC was used for 
homoepitaxial diamond growth of phosphorus (P)-doped films 
on vicinal (001) substrates with misorientation angle of 5o 
using high-power-density microwave-plasma chemical-vapor-
deposition (MWPCVD), for making deep ultra violet light 
emitting diode [128, 129]. CL peaks were observed in the UV 
and visible regions, indicating further improvement of 
crystalline quality of the P-doped diamond film was required 
for observing monochromatic deep UV light emissions, with 
reported rectification ratio of about 103 at ±20 V. On the other 
hand, p-type doping with boron is well established for CVD 
grown diamonds. Ramamurti et al. deposited 1–2 mm thick 
boron-doped diamond with an electrical resistivity of 13 Ω-cm 
at a growth rate of 8–11.5 µm/h, using 1 ppm diborane in the 
feed gas as the boron source, in 30-45 W/cm3 power density 
plasma CVD. Boron doping was also carried out by boron ion 
implantation at the acceleration energy of 80 keV with two 
different doses of 5×1014 and 3×1015 cm−2 on 125-350µm 
thick SCDs at microwave power density of 200 W/cm3 inside 
a 2.45 GHz MPACVD reactor using natural diamond seeds 
(type IIa). Rapid annealing at nitrogen atmosphere, at 
1380°C, was used to recover the damaged layer and to 
activate dopants in the CVD diamond. B-implanted diamond 

layer showed, 1150 cm2/V.s mobility at 300 K and a surface 
resistivity of 13.3 kΩ/sq, with surface Ns concentration of 
4×1011cm-2 [130]. High microwave power density (100W/cm3) 
was found not to promote boron doping even at high 
concentration in gas phase (leading to plasma instability) 
while, low power density (<50W/cm3) could increase doping 
efficiency but at the expense of twinnings and other growth 
defects appearing on the surface. It has been shown that at 
moderate plasma power density, thick heavily B-doped 
diamond crystals >10×20 cm−3 with good morphologies can 
be produced [131].  

3. DISCUSSION OF PROPERTIES AND APPLICATIONS 
OF SCDs  

Single crystal natural diamonds had been in demand for its 
aesthetic value since ages and were being mined from the 
earth’s crust. There are ethical issues like “blood diamond” 
being involved in mining of diamond with cheap labour. 
Moreover HPHT and earth mining are more expensive and 
technologically challenging than CVD grown diamond. But 
there is a great demand-supply gap of SCDs due to their 
unique properties. The most profitable one among them is for 
the gem industry. But other than jewellery, there are many 
technological blockades due to non availability of suitable 
material. Diamond has the highest thermal conductivity, 
young’s modulus, and acoustic velocity, wear resistance, 
chemical and biological inertness, radiation hardness to 
name a few. Many of these properties can be utilised to 
achieve next technological revolution (Figure 8). For 
example, new era of high power electronics can be realised 
using SCD based switches (Figure 8III), with very high 
breakdown voltage, which is to be used in power 
transmission grids. There are many other properties (Table 2) 
like the presence of negatively charged nitrogen vacancy 
centre for realising quantum computation, high thermal 
conductivity for efficient heat dissipation in high power laser 
windows, which are seeing exponential rise in terms of 
number of publications in recent years. 

3.1. SCD Detectors (Figure 9) 

Diamond has several advantages over existing Si 
semiconductor. It has a wide band gap of 5.45eV in compare 
to 1.12eV for Si, which makes them to be used for high 

Table 2: SCD Property and Applications 

Property Values Application 

Radiation hardness 43eV Particle detector 

High breakdown voltage >10MV/cm High power switches 

Single NV- centres 1.96eV Quantum information 

Mechanical hardness 130GPa High pressure anvils 

Aesthetics Color, clarity Jewellery 

High thermal conductivity 22W/cm.K High power laser window 

High electron and hole mobility 4000 cm2/V.s High Power electronics 
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Figure 8: SCD applications: (I) X-ray detector [143], (II) PC board (=50mm) with the diamond (4.7× 4.7mm2) in the centre surrounded by 8 
amplifiers, for detecting time of flight of MIP [146], (III) Schottky barrier diode for high power electronics [179], (IV) SCD dosimeter within casing, 
[161], (V) Pixel Luminosity Telescope (PLT) with SCD sensors for LHC upgrade [138], (VI) SCD 3D particle tracker [141], (VII) detectors used in 
CMS and ATLAS detection locations of LHC [slide presentation, Jared M Smith, 2014], (VIII) near colorless and colorless single-crystal CVD 
diamond specimens, clockwise from the top: 1) Light brown, brilliant cut and polished single crystal containing nitrogen (~0.5 carat); 2) Near 
colorless, 0.2 carat brilliant cut and polished single crystal produced from a ~1 carat block; 3) Colorless 1.4 carat bullet shape single crystal 
produced from a ~2.2 carat block [69]. 

 

 
Figure 9: (I) Single crystal CVD diamond dosimeter [155], (II) diamond mosaic crystals for neutron instrumentation [152], (III, IV) SCD detectors 
for VUV and soft X-rays measurements on JET thermonuclear fusion plasma [148], (V) schematic of diamond detector and block diagram of the 
electronic circuit used in 3 MeV-proton measurements [144]. 

temperature semiconductor with less leakage currents. The 
thermal conductivity of diamond is 22 W/cm.K, which does 
not necessitate having extra cooling arrangement as in Si 

(1.5W/cm.K) devices. Diamond has very high electron and 
hole mobilities of 2200 (for Si 1450) and 1600 (for Si 500) 
cm2/V-sec respectively, giving rise to fast signals. But it has 
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high electron-hole pair creation energy of 13.6eV and low 
mean electron-hole pair by MIP of 36 per 1µm – giving rise to 
smaller signals. Although single crystal diamond gives 100% 
charge collection efficiency (CCE) but polycrystalline 
diamond has limited charge collection distance (CCD) due to 
recombination of the generated electron hole pairs before 
reaching the electrodes. Diamond has moderate dielectric 
constant of 5.7 (Si 11.9) which gives less capacitance and 
noise. The most important property of them all is the radiation 
hardness of diamond is very high (43eV atomic displacement 
energy whereas Si has 21eV). The diamond detectors (large 
area pads: calorimetry; microstrips; pixel detectors (Figure 
8V)) when used under the radioactive environment of particle 
physics experiments, it has shown to sustain high fluence of 
pions, neutrons, electrons, protons, gamma rays, alpha 
particles etc under high beam energies [132-138]. SiC 
although being radiation hard and can be used at high 
temperatures but due to its interaction with neutrons, it can 
not be used as detector in the event of nuclear reactor 
accidents. Diamond retains semiconductor properties even if 
the reactor core is melted. Tsubota et al. have shown that 
SCD detectors from Diamond Detector Ltd. can be used at 
523K [139]. CMS and ATLAS detection locations in Large 
Hadron Collider (LHC) have diamond based detectors (Figure 
8VII) [140]. The aim of the experiments was to detect new 
and rare high energy particles in LHC accelerator with 
maximum energy of 7TeV. It has been recently reported that 
the next upgrade of particle detectors in LHC may not be 
made of diamond as it has shown to degrade charge 
collection efficiency after exposure to proton irradiation from 
Polonium-210 alpha source. The author has also hinted that 
the future detectors may be based on 3-D diamond structures 
(Figure 8VI) [141, 142]. Prototype single-crystal quadrant 
detectors for the X28C beamline at the National Synchrotron 
Light Source (NSLS) have provided the ability to 
simultaneously resolve the X-ray beam position and obtain a 
quantitative measurement of the flux (Figure 8I) [143]. Single 
crystal diamond (Figure 9V) was tested to determine 3 MeV 
protons generated by a pelletron accelerator for possible 
fusion reactor plasma diagnostic application [144, 145]. 
4.7×4.7 mm2 SCD were irradiated with proton beams with 
kinetic energies from 1.2 to 3.5 GeV and with rates upto 
3×106/s.mm2 for HADES spectrometer (Figure 8II) [146]. 
Single crystal CVD diamond based photo-detectors, for 
extreme UV detection and for soft X-ray radiation, have been 
successfully installed at JET for possible future applications 
in ITER (Figure 9III, 9IV). The detectors installed in the 
Vertical Port (Oct-1), Oct-1 Limb 1/2 and in the main 
horizontal port (Oct-6) of JET are 200µm, 104µm and 75µm 
thick respectively and are embedded in paraffin or covered by 
a thermally evaporated 3 µm thick 6LiF film, surrounded by 
2.5-cm-thick polyethylene. They have a detection efficiency of 
about 2.9×E-05 counts/n×cm2 for the 14MeV neutrons [147, 
148]. Three dimensional graphite pillars [149] buried within 
single crystal diamond detectors by a femtosecond IR laser, 
have been demonstrated to be efficient charge collector when 
impinged with 90Sr, Y β-particles [150]. Femtosecond laser 

ablation technique has also been used to produce statically 
bent diamond single crystals for possible optimal solutions for 
crystal-based collimation and/or extraction [151]. Neutron 
diffraction experiments when performed on single crystal 
diamond samples, 34% peak reflectivity has been obtained 
for a 1 mm thick crystal at 1˚A wavelength (Figure 9II) [152]. 
One large size single crystal diamond, prepared by “lift-off” 
techniques, when used as sandwich type detector, showed 
98% hole charge collection efficiency whereas for electrons, 
CCE was 89% when irradiated with 5.486 MeV α-particles 
[153, 154]. 

Natural diamond dosimeter is very costly, rare and dose rate 
dependant, whereas CVD grown polycrystalline diamond or 
HPHT synthetic diamonds are defective to be used as 
dosimeter for radiotherapy (Figure 9I). Intensity Modulated 
Radio Therapy (IMRT) is created to form highly conformal 
dose distributions and to reduce unwanted irradiation of 
surrounding healthy tissues. Single crystal diamond (SCD) 
has all the properties of ideal dosimeter, like human tissue 
equivalence, radiation hardness, stability, linearity, high 
sensitivity and independence from energy and dose rate, 
other than having fast response time and high spatial 
resolution. Single crystal diamonds in p-type/intrinsic/metal 
(PIM) structure has been found to be effective in photovoltaic 
regime developed at University of Rome “Tor Vergata”. 6 and 
10 MV Bremsstrahlung X-ray beams and electron beams, 
from 6 MeV and upto 18 MeV, obtained by a CLINAC DHX 
Varian accelerator, were used for their characterisations. 
Water phantom and commercial ionization chambers were 
used for calibration and comparison with commercial 
dosimeters [155-158]. Other than x-ray and electron beams 
[159] such Schottky diode detectors have also been tested 
for small field [160] photon beams in clinical radiation therapy 
(Figure 8IV) [161]. Moreover the same PIM structure had 
been irradiated with 20nm to 100nm UV and EUV radiation 
with very good photoconductivity, without undesirable 
memory effect, good response time and high signal to noise 
ratios [162].  

Ultra-high power free electron lasers (FELs), Energy-recovery 
linac (ERL) light sources, electron cooling of LHC may need 
SCD amplifier for generating high-current, high-brightness 
electron Beams [163]. 

Thermonuclear fusion reactors need 1 MW continuous wave 
power source at 170 GHz frequency for plasma heating. 
Such high energy transmission necessitates large diameter 
diamond window for efficient thermal management and also 
low loss transmission [164]. So far large diameter 
polycrystalline diamond windows [165-167] have been used 
but they have grain boundaries which affect the transmission 
loss. So the best window material would have been large 
area single crystal diamond but synthesis of inch size SCD is 
still a technological challenge. Attempts have been made, to 
characterise by Fabry-Parot method, the rectangular tiled 
clones of SCDs, made by lift-off technique (Figure 10), for 
evaluating their possible future use in Gyrotron window 
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application [168]. It was found to show tanδ 10-5 for 
20×20mm2 tiled clones but for 20×40mm2 tiled clones the 
tanδ was equal to 10-4 at the central part of the SCDs with 5.7 
dielectric constant. 

3.2. High Power Electronics 

Diamond has a very high breakdown voltage which makes 
them effective for Schottky barrier diodes (SBD) or pseudo 
Schottky diodes (pSBD). FACTS (Flexible AC Transmission 
Systems) contains tens of silicon Insulated Gate Bipolar 
Transistors (IGBTs) in series with giant cooling 
arrangements. Low operating temperature of 150oC and very 
low thermal conductivity of 1.5 W/cm-K makes silicon 
inappropriate for making any improvement in the present 
electrical delivery systems and power converters, in order to 
provide a more efficient conversion of their output power into 
a form that is suitable for grid connection. Materials having 
superior properties over silicon are obvious alternatives for 
the next advancement in energy technologies. Wide band 
gap semiconductors like SiC, GaN having higher thermal 
conductivity and breakdown voltages are now in the process 
of commercialisation for such applications. But diamond’s 
highest thermal conductivity, breakdown voltage combined 
with wide bandgap, high electron-hole mobilities (4500 and 
3800 cm2/V.s for electrons and holes, respectively) at room 
temperature, low dielectric constant, and chemical inertness 
make it the ideal material of choice for high power high 
temperature electronics. Diamond shows extremely high 
Baliga’s figure of merit (BFOM) or Huang’s FOM compared 
with SiC or GaN for high-power and low-loss performance or 
high power switching. Specific-on-resistence of SiC is better 
or comparable with diamond at room temperature due to 
higher carrier concentrations, but at elevated temperature, 

when electron are scattered by phonons [169], the diamond 
performs better than SiC as its carrier concentration 
increases. 90% reduction of power loss has been estimated 
by using diamond SBDs instead of SiC SBDs in high 
temperature applications. But boron doping with 0.36eV and 
phosphorus doping with 0.6eV activation energies make low 
carrier concentrations at room temperature. Boron can be 
easily doped from 1018 to 1021 cm-3 concentrations whereas 
doping phosphorus into diamond cubic crystal is major (size) 
problem. Many types of unipolar diodes (Figure 8III) so far 
have been reported [170-185].  

High values of microwave power density is good for high 
quality rapid growth of SCDs, but it reaches a boron doping 
saturation value of 1019 cm-3, which could further be 
increased with increase of B/C ratio (>5000ppm) in precursor 
gas, but that leads to soot formation and unstable plasma. It 
has been found that 60 W/cm-3 plasma power density could 
give boron doping level of 3×1019 cm-3. The vertical Schottky 
diode has I–V characteristics current density between 1000 
and 2000 A.cm−2, a rectifying ratio of 1010 and a breakdown 
electric field in excess of 1.3 MV.cm−1, low leakage current 
and low on-resistance even at high temperature (250oC) 
conditions. 280 nm SiO2 anti-reflection coating has also 
reportedly been coated by PECVD on both sides of 1.12 ct 
SCD with 98.7% transmission at 1.64µm for intracavity 
component in high power laser [186]. 

3.3. High Pressure Research 

It has been found that boron doping also enhances the 
mechanical properties [187] of SCDs. Hemley et al. reported 
the growth of boron doped SCD by high density MPCVD at 
5–20% CH4/H2, 0–0.2% N2/CH4, at 150–220 Torr and at 
temperatures ranging from 1100 to 1300◦C on commercial 

 
Figure 10: Scaling up of lateral dimension for large area SCD growth: (I) enlargement of the area during the crystal growth as in the cases of Si 
and SiC, whereas, shrinking of the area during the crystal growth in the case of single-crystal diamond (SCD) due to introduction of nitrogen in 
the feedstock gas; 3D-growth of SCD to grow in dimension [46], (II) Lift-off process with ion implantation: high energy ion beam is injected onto 
the top surface of the substrate, and graphitic layer is generated beneath the top surface, after this process SCD layer is grown onto the 
identical top surface, by etching the graphitic layer selectively, SCD layer is made freestanding wafer, [46], (III) procedure to produce clones and 
tiled clones [56], (IV) size increase of crystal by repeated lateral growth [54]. 
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HPHT synthetic Ib diamond plates (5 mm × 5 mm × 0.3 mm) 
with growth rates of 20–100 µm/hr. Hexagonal BN powders 
were kept in between Mo substrate holder and HPHT 
substrates for doping during CVD growth. Low pressure of 
150-300 Torr and high temperature of 1600-2200oC was 
used for post-CVD annealing inside the same 6kW, 2.45 GHz 
CVD reactor. The fracture toughness of boron/nitrogen co-
doped SC-CVD diamond was found to be between 22 and 34 
MPa m1/2 without compromising on its hardness of 88 GPa, 
whereas undoped SCDs after annealing gives very high 
hardness of 125 GPa and moderate KIC of 12–16 MPa m1/2. 
Boron has also found to reduce lattice defects giving PL 
spectra as good as type IIa diamond [188]. A single-crystal 
CVD diamond window for high-pressure SAXS cell was 
shown to perform well for high pressure research [189]. 

3.4. Jewellery 

3.4.1. Color and Associated Defects 

Diamond can be classified as type I and type II, based on the 
presence or absence of nitrogen (N) impurities inside the 
lattice. When the nitrogen atoms are aggregated inside, it is 
called type Ia, which further can be classified into type IaA 
(aggregated N pairs) and type IaB (aggregated 4N+V). 
Diamonds having isolated N atoms are called type Ib. But the 
absence of nitrogen or any other impurities make it very pure 
type IIa diamond. If there is presence of isolated single boron 
(B) atoms inside the diamond lattice, which makes it blue in 
color, it is called type IIb diamond [190]. Absence of any 
impurity makes the diamond colorless but it is the color which 
makes them attractive for jewellery purposes. Very common 
example of coloration is that the presence of nitrogen makes 
them yellow. There are as many as 500 types of defects, 
extended defects in natural/synthetic diamonds [191-196] but 
all of them are not important from gemological perspective. 
Yellow color (nitrogen atoms surrounding vacancy) in the 
visible spectrum is given by N3-415nm, N2-478nm, 480nm, 
H4-496nm and H3-503.2nm defect centres. Green color at 
3H-503.5nm is given by interstitial carbon atom in the 
diamond lattice. Pink-to-red color in natural diamonds at 
550nm is associated with plastic deformation of the diamond 
lattice. The popular defects centers NV0 with absorption at 
575nm and NV- centre with absorption peak at 637nm, also 
produce pink color. Another well studied defect centre, 
although outside visible spectrum is uncharged vacancy GR1 
centre (irradiation with heavy ions) which gives green or blue 
colors with absorption at 741nm. H2 (986 nm) is often 
associated with H3 but gives strong green body color. 

3.4.2. Industrial CVD of Gems 

CVD growth rates were not high enough until recently for 
making gem size diamonds. But recent developments of high 
quality and high growth rate microwave plasma SCD 
technologies have raised immense interest among jewellery 
industry [197, 198]. Many lab-grown diamond companies are 
starting up, like US based Apollo Diamond (now known as 
SCIO diamond) [199], Gemesis Corp. [200], Washington 

Diamonds, Microwave Enterprises, Singapore based IIa 
Technologies and many others all over the world. These are 
the new businesses based on CVD diamond technique, but 
before CVD, lab-grown diamond had been commercialised by 
HPHT techniques since early 1990s [201-205]. HPHT is very 
cumbersome process and it has inherent impurities from 
catalysts. Producing large size defect free diamond, in 
economical time frame is not possible by HPHT. Whereas, 
CVD diamond produces high quality colorless diamond, 
equivalent or even better than the best quality natural type IIa 
diamond [206] within reasonable duration. But before the 
advent of such high growth rate CVD processes in the past 
10 years, there were coating attempts in utilising CVD 
diamond process for jewellery. But such efforts were to 
increase the aesthetics of the natural stones and with limited 
added value. Even the natural/HPHT diamonds were 
laboratory-irradiated with heavy ions for giving attractive 
colors to the stone [207]. Other than irradiation, CVD grown 
diamonds are also sometimes HPHT or low pressure low 
temperature (LPLT) treated for stress removal giving rise to 
different colors to the diamond stone. CVD grown 0.5 carat 
gems have been characterised by Gemological Institute of 
America (GIA) and it has been found to be as good as type 
IIa natural diamond. The color; shape; clarity; birefringence 
under crossed polarizer; green fluorescence in long, short 
and ultra-short UV radiation of DiamondView; blue 
phosphorescence at 550nm; FTIR absorption at 1332cm-1 
and 1344cm-1 for Ns

+ and Ns
0 respectively; UV-Vis-NIR 

absorption band around 270nm with sharp peaks at 271nm 
and 268nm due to isolated nitrogen impurity; UV-Vis-NIR 
absorption doublet at 737nm due to [Si-V]-; have been 
certified by GIA for lab-grown CVD diamond. Depending on 
the wavelength of laser excitation, Gemesis diamond has 
reportedly given PL zero phonon lines at, 737nm [Si-V]–, 
575nm [N-V]0, 637nm [N-V]0, 415 nm (N3), 451–459 nm (with 
HPHT post processing), 503.2 nm (H3), 946.0 [Si-V]0, 882.7 
and 884.4 nm (Ni related) wavelengths to prove the high 
quality of CVD grown diamond for jewellery industry. 

3.5. Defect Centres 

Photo luminescence (PL) emissions of nitrogen vacancy (NV) 
defect in diamond lattice (Figure 11I) can exist in two charge-
states, NV− and NV0, with λ=638 nm and λ=575 nm zero 
phonon lines (ZPL), respectively. The inhomogeneous 
broadening of the ZPL NV− emission corresponds to a 
vibronic/phonon side band (PSB) transition with lifetime of 12 
ns. Impurities and structural defects inside diamond lattice 
lead to variations in strain and electric fields, causing large 
broadening in PL spectra (Figure 11II). Whereas, silicon 
vacancy (SiV) centres (Figure 11IV) has ZPL at 738 nm and 
can be created by ion implantation or by in situ doping during 
CVD [208, 209]. 

3.5.1. Bulk NV- Centre Synthesis 

NV centre [210-213] is created in a diamond crystal 
containing nitrogen and vacancy defects with thermal 
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annealing at temperature ≥600 °C, when the vacancies start 
migrating to the nearest substitutional nitrogen atoms where 
their aggregation is energetically favourable. Defect 
concentration in SCDs can be controlled by thermal treatment 
(below the growth temperature) and by ultraviolet irradiation 
for influencing optical absorption profiles. Thermal treatment 
reduces various broad absorption features {absorption bands 
at 270 nm (for 1.7eV - NS

0), 360 and 520 nm}. Above ~500 K, 
electron paramagnetic resonance (EPR) spectroscopy shows 
a decrease in the concentration of NS

0 centres and a 
concomitant increase in the negatively charged nitrogen-
vacancy-hydrogen complex (0.6–1.2eV for NVH-) 
concentration. But the ultra violet illumination recovers back 
the lost defects due to thermal annealing. Since the loss of 
NS

0 concentration was greater than the increase in NVH- 
concentration, it was suggested, that another unknown 
acceptor, existing at a similar energy as NVH, was present 
[214]. 1.8ms of spin dephasing time could be achieved by 
isotope engineering [215] of CVD diamond, which could 
detect magnetic field by single electron spin, where sensitivity 
was reaching 4 nT Hz-1/2 with subnanometre spatial 
resolution [216-220]. It had also been found that NV centre 
could be created more effectively with low energy electron 
beam (2-30keV) irradiation, in scanning electron microscope, 
of the already N2 implanted diamonds, and with a subsequent 
thermal annealing at 800oC for 15 min under 10-7 Torr 
vacuum [221, 222]. GR1 (uncharged vacancy) centers in 
diamond, formed by ion implantation of 2 MeV He ions over a 

wide range of fluencies, also give zero phonon line at 742nm 
[223]. 

Layered diamond structures with NV- color centres were also 
fabricated either by doping/no-doping with N2 (ppm) or it can 
be deposited by alternate pressure changes leading to 
temperature change in definite successive time intervals. In 
both the methods, authors [224] could successfully control 
the NV- centre concentration of about >1012 cm−3, but 
accurate depth control was not possible with only N2 addition, 
due to long residence time of gases in the chamber, so it was 
concluded that alternate temperature variation alongwith 
constant N2 doping is better option for efficient NV- centre 
engineering. 

3.5.2. Shallow NV- Centre Synthesis 

Nuclear spin, exterior to diamond lattice, has also been 
detected with shallow NV- centres. NMR signal from single 
nuclear spins diminishes with the third power of distance, so 
single spin sensitivity can not be reached more than a few 
nanometers away from a sample. This limits the depth 
resolution and 3-D imaging of larger complex molecules. NV- 
centres also get affected by surface defects due to their 
shallow implanted depth (>2nm). NV- gets converted into NV0 
[225] state due to surface charge [226] traps or band bending 
or optical illumination or by quantum tunnelling phenomenon, 
which can be controlled by terminating the surface with 
oxygen and fluorine or heavy nitrogen doping upto 5 nm 

 
Figure 11: (I) Molecular orbital schematics of the NV center with nitrogen, vacancy, and three nearest neighbour carbon atoms with six electron 
spins at ground and excited states, (II) schematic illustrating excitation and fluorescence of the main optical transition while non-radiative decay 
is shown with dashed lines, with [NV-]~15 ppm, PSB–Phonon sideband, ZPL–zero-phonon line, (III) level diagram for the NV center showing 
spin-triplet ground and excited states, as well as the singlet system involved in intersystem crossing. Radiative transitions are indicated by solid 
arrows and non-radiative transitions by dashed arrows, lifetimes of the excited levels are also shown [236], (IV) SiV defect structure in diamond, 
energy level diagram, fabrication process of the resonance cavity [285], (V) magnetic field sensing from the nuclear spins of a molecule using a 
single NV- center, either embedded or on a tip [215]. 
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depth. Thin film magnetic impurities (dangling bonds) within 
10 nm depth can affect spin relaxation time and causes noise 
in the signal.  

20 keV 15N+ ions implantation to sub-100-nm length scales 
was carried out (7 × 1015 cm-3 ) into masked, high-purity CVD 
diamond substrates, with 30 nm size resist apertures 
patterned using a 100 kV electron beam lithography system. 
Successive annealing in Ar at 850 °C (induce vacancy 
diffusion to form NV- centers) and then in O2 at 420°C 
(reduce photochromism) did not promote diffusion of the 
implanted nitrogens for Toyli et al. [227]. 

Electronic grade single-crystal chemical vapour deposition 
diamonds (100) with a nitrogen background of <5 ppb from 
Element 6 were co-implanted with 14N+, hydrogen, helium 
and carbon ions with low dose rate of 3×109 ion cm−2 s−1 and 
low beam energy of 7.7 keV to avoid irradiation damages by 
Schwartz et al. And then they were annealed at 780oC for 2 
hrs in vacuum to enable vacancy movements for efficient NV- 
centre formation [228]. 

3.5.3. Application of NV Centres – Diamond Photonics 

One of the classical application of diamond NV centre is the 
diamond Raman lasers [229-234] for generating intense 
yellow light (573 nm) which corresponds to the peak 
absorption of oxyhaemoglobin for treatment of skin diseases. 
The NV- centre [235] inside diamond lattice consists of 
substitutional nitrogen atom with a vacancy present at the 
adjacent lattice site. The luminescence from NV- centre is 
very strong and stable. Moreover it can be optically detected 
with external magnetic field perturbations. This particular 
optically detected magnetic resonance (ODMR) property 
made this defect color centre of diamond a very important 
candidate for future quantum computers. EPR spectra of 
single NV- centres has been detected by measuring the 
fluorescence intensity or ODMR [236-238] in response to 
microwave irradiation and, shift in EPR spectra can be 
caused by external perturbations of magnetic [239] and 
electric fields [240, 241], temperature [242], spatial 
orientation, strain [243], pressure, nuclear spin [244] and 
other physical parameters. Continuous wave (difference in 
frequency is measured at zero field), pulsed probe 
experiments (difference in frequency is measured with 
Ramsay Fringe) and spin relaxometry (in absence of 
microwave the relaxation time is measured under pump 
probe excitation) enable different sensing applications of NV- 
centre in magnetometry. For example spin relaxometry can 
be utilised to measure paramagnetic ion concentrations in 
solutions. Shallow (<10nm) NV- centres can be created on 
SCD plates by ion bombardment or thin film growth, for 
making sensor arrays for microfluidics or wide-field 
microscopy. Absolute orientation of nanodiamond spherical 
particles can be optically trapped and controlled by 
adjustment of light polarisation, using the vector dependence 
of the NV center on magnetic field. Cell membranes have 
different electric potential across them and that difference in 

electric field potential can be detected by single nanodiamond 
embedded with NV centre. Nanoscale thermometry can 
measure temperatures in living cells by nanodiamond, with 
10mK/√Hz sensitivity even at zero Kelvin and upto 200oC, 
using the temperature dependence of zero field splitting. NV- 
centre can also react to change in strain or pressure which 
can further be used in high pressure anvil experiments or 
M/NEMS. Putting NV- centre at the tip of a scanning probe 
over surfaces can produce images of the surface with 
separation as low as 2 nm (Figure 11V). Either single 
nanodiamond [245] has been attached to AFM cantilever tip 
or single crystal diamond has been etched out to fabricate a 
tip. Another emerging application of diamond NV- centre is 
nanoscale NMR [246, 247]. 13C isotope naturally embedded 
(1.1%) in the diamond lattice has been placed in a higher 
magnetic field of hundreds of mT with detection of MHz 
Larmour precession of the nuclear spin. 

Quantum computation [248] has now been realised at room 
temperature with long coherence time of diamond NV- 
centres. At liquid helium temperatures NV- can also act as 
optically addressable solid state spin qubits for quantum 
computation [249]. A fiber-based open Fabry-Perot 
microcavity incorporating a thick (>10µm) diamond 
membrane with NV- emitters has been developed for cavity-
quantum electro-dynamics application. Modified microcavity 
spectra has been observed in the presence of the membrane 
with Purcell enhancement [250] of approximately 20 for 
emitters within the diamond in such device [251]. Strong 
enhancement was achieved for the zero-phonon line of 
nitrogen–vacancy centers of a diamond micro-ring (4.5µm in 
diameter and 500 nm wide) coupled to a ridge waveguide 
(300 nm wide with spacing between the ring and the 
waveguide of about 100 nm). The zero-phonon line is 
efficiently coupled from the ring into the waveguide and then 
scattered out of plane by the grating outcouplers (Figure 
12III) [252]. 

3.5.3.a. Nanofabrication 

Diamond photonics [253-261] is developing with advanced 
diamond nanomachining techniques. A top-down fabrication 
method [262] for realizing diamond nanowires (Figure 12I) by 
inductively coupled plasma (ICP) reactive ion etching (RIE) 
with oxygen was used to fabricate the nanowires. Different 
masking materials like drop-casted Au, SiO2 and Al2O3 
nanoparticles as well as electron beam lithography defined 
spin-on glass and evaporated Au had been used. Al2O3 
nanoparticles was the most etch resistant, while e-beam 
resist (spin-on glass) was suitable for fabricating ordered 
arrays of diamond nanowires with near vertical sidewalls in 
both polycrystalline and single crystal diamond. Single crystal 
diamond (types Ib and IIa) nanowires had the heights and 
diameters of 1-2.4 µm and 120-490nm respectively, with etch 
rates between 190-240nm/min. 

ICP-RIE technique was again used on selectively Ti masked 
SCD substrates to produce different suspended nanobeam 
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structures like micros-disk, curved, spiral nanobeams, 
cantilevers, with isotropic angled-etching method using 
triangular or conical Farady cage, which may have potential 
application in optical resonators and nanomechanical 
assemblies. 700 W ICP power, 100 W RF power, 10mTorr 
pressure, 50 sccm O2, and 2 sccm Cl2 flow rates were used 
for 200nm/min top-down etching rate [263]. 

SCD dome resonator (an outer diameter below 10 µm and 
elevation of ~200 nm at the apex) was fabricated by ion 
implantation of HPHT Ib substrate with with carbon (energy 
180 keV, dose 1 × 1016 cm–2, forming 230-nm-deep sacrificial 
layer) followed by MPCVD of 100 nm thin SCD and 
electrolysis removal of the underlying stressed layer. 
Exceptional mass sensitivity or mechanical vibrational 
spectrum of the dome (thin shell clamped on periphery) 
exhibited a series of sharp resonances corresponding to 
different configurations of standing flexural waves that 
provided a diamond surface with the specificity toward 
analytes of interest, a superb choice for chem/bio sensing 
applications [264]. 

Single crystal diamond cantilevers and bridges, were 
fabricated by “lift-off” technique; followed by oxygen-argon 
RIE – with a photolithography procedure and; consecutively 
wet etching of the ion implanted sacrificial layer. 
Nanoindentation with atomic force microscopy revealed 
Young’s modulus of 800 GPa whereas; the resonant 
frequency of vibration was 171 kHz. They could also be used 
as NEMS switches [265-267]. 

ICPRIE was also used to fabricate planar photonic crystal 
(PhC) cavities [268, 269] in nanocrystalline diamond with 
quality Q factor 2800. Nanometer thick silica layer was first 
deposited by plasma enhanced chemical vapor deposition 
(PECVD) on polished nanocrystalline diamond (NCD). 
Photonic crystal and the access waveguides were then 
patterned in electron-beam resist (spun on the surface) using 
electronic lithography. The pattern was successively 
transferred from the resist to silica (RIE) and then from the 
silica to the diamond (ICPRIE) with pure O2 ions. HF acid 
was used to remove the rest of the SiO2 mask. Vapor phase 
isotropic XeF2 etching process was applied to etch 4µm of 
the silicon substrate to free the diamond membrane [270, 
271]. 

Heteroepitaxial diamond films with a thickness of about 12 
µm were grown by CVD on Ir/YSZ/Si buffer layer substrates. 
A free-standing membrane was then fabricated by removing 
the silicon substrate and buffer layers in small areas. Next, 
the membrane underwent reactive ion etching (RIE) in 
oxygen plasma to thin down from the nucleation side to a 
thickness of 300nm. Afterwards, the 1D or 2D structures 
(Figure 12IV) were milled by a focused beam of Ga+ ions 
(FIB) into the diamond film. The sample was annealed and 
cleaned after the milling process to recover a high-quality 
diamond layer [272]. 

Quidant et al. [273] fabricated V-groove plasmonic 
waveguides and coupled the NV centre emitters embedded 
inside with channel Plasmon polaritons. The emission from 
the nitrogen–vacancy centre is effectively guided for about 5 

 
Figure 12: Single crystal diamond photonic structures: (I) “nanowires” obtained in a IIa CVD diamond [262], (II) “nanobeam” waveguide 
optomechanical system [276], (III) device consisting of a “micro-ring” resonator coupled to a ridge waveguide [252], (IV) SEM images of two-
dimensional and one-dimensional fabricated PhC “cavities” [272]. 
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µm before being out-coupled into free-space propagating 
light, bringing plasmonic circuitary closer to reality. 

It is difficult to build a photodetector directly out of diamond 
because of its wide bandgap, rigid lattice, and small lattice 
constant, for suitable detection of color center fluorescence. 
By combining diamond waveguides containing NV-s with a 
complimentary photodetector material, it is easy to detect NV- 
centers emission with hybrid devices [274]. Diamond 
nanobeams (with less than 5 NV- centre per beam) with 
triangular cross-section [275], 30-50µm long and 200-350nm 
wide, were fabricated by RIE oxygen plasma using Faraday 
cage and it was transferred, using a pair of 3-axis closed-loop 
piezoelectric nanomanipulators with sharp tungsten tips, to 
GaAs p-i-n structures for fabrication of hybrid photodetector. 
Barclay et al. demonstrated an inductively coupled plasma 
reactive ion etching (ICPRIE) process which did not require a 
Faraday cage, and instead utilized diamond undercut etching 
to fabricate nanobeams, from bulk single crystal diamond 
(Figure 12II) [276]. 

3.5.3.b. Microfabrication 

In-plane p-i-n structures (LED) were fabricated with (100) 
SCD crystal using lithographic masking and ion implantation 
of boron and phosphorus ions with energies of 70 keV & 95 
keV and fluences of 2×1016 cm-2 & ×1016 cm-2 respectively. 
The electrical activation of the implanted boron and 
phosphorus was achieved by post implantation annealing in 
vacuum at a temperature of 1600oC for 10 h. The gap formed 
between the boron- and phosphorus-implanted domains 
(intrinsic, i-area) varied from 1 µm to 50 µm for different 
structures. These LED structures demonstrate 
electroluminescence of radiation-induced defects at the 
edges of p- and n-type areas and single-photon 
electroluminescence of individual NV- defects in the i-gap 
[261]. 

Single crystal diamond pyramids with 4-5µm (100) base and 
triangular faces with 10-15 µm edge length were mass 
produced by DC arc-jet method and was demonstrated as 
AFM tip application [277]. Recently the same group reported 
mass production of diamond microneedles and its theoretical 
understanding [278]. 

Laser micromachining, by 355nm pulsed laser, of HPHT 
produced nano-polycrystalline diamond (NPD) and single 
crystalline diamond, revealed that two different mechanisms 
exist for NPD and SCD. Laser interaction with SCD forms 
microcracks and -cleavages, caused by the laser pulse itself 
and due to volume expansion involved in the diamond–
graphite transition. In contrast, the laser interaction with NPD 
was grain-by-grain thermal ablation without any micro-cracks 
and lattice strains, and therefore the NPD cut surface was 
relatively straight and undamaged; whereas, the SCD had 
rough-edged cut surface [279]. 

Photoconductivity had been noticed with current flowing 
through the circuit when Ti/Au gates were patterned on HPHT 

Ib SCD substrates with a potential across them, alongwith 
incidence of 532nm laser (2.3eV) [280]. 

Single-crystal diamond microdisk cavities (Figure 11IV) were 
fabricated, from a single-crystal diamond membrane - 
generated by ion implantation and electrochemical liftoff 
followed by homo-epitaxial overgrowth, and afterwards 
ICPRIE thinning, to produce Si-V centre [281-283]. Si-V 
centres in the cavity has 1.8ns lifetime whereas the vacancy 
centres in the membranes (outside microcavity) has 1.48 ns 
lifetime [284]. 

4. CONCLUSIONS AND OUTLOOK 

A comprehensive review of the current status of the single 
crystal diamond research has been carried out. The available 
reactors for growing SCDs and their respective capabilities 
have been presented concisely with tables and figures. The 
present understanding of the growth mechanisms of 
homoepitaxy have been outlined. The ongoing research 
activities in order to increase the SCD growth rates have also 
been described with graphs. Examples of real engineering 
applications of SCD, like particle detectors, high power 
electronics, high pressure anvils, gemology alongwith their 
working principles have been discussed. The most important 
of them all is the application of single NV- centre for quantum 
computation which has briefly been touched upon. It is the 
first example of gate quantum computer that works at room 
temperature. The negatively charged nitrogen vacancy centre 
creates spin relaxation photoluminescence under green laser 
radiation. An external field can manipulate the spin 
orientation of the electron, recorded as resonance splitting, 
which can be controlled at a microwave resonant frequency 
of 2.87 GHz (Figure 11III). Diamond chip can be placed on a 
microwave/radio frequency transmission line structure, and 
the chip’s photoluminescence can be recorded as a function 
of the transmission line RF frequency. Manipulation of the 
single electron spin forms the basis of a quantum bit or 
“qubit”. The NV- qubit can function as a quantum logic gate in 
a circuit which can be programmed to perform calculations, 
forming a quantum turing machine. Classical computers are 
turing machines and can only change the bit logic gate 
between 0 and 1, one step at a time. Qubit exist in a 
superposition of 0 and 1 states. Hence the qubit can be used 
in an algorithm that uses all possible logic gates. There is 
exponential rise in diamond photonic research and vast 
numbers of articles have been published in leading scientific 
journals like Nature and Science in the past few years on NV- 
centre. Photolumiscence property with application of different 
perturbation fields under room temperature conditions, with 
very long coherence time, has been exploited to make 
nanoMRI, strain/pressure sensors, nanoNMR etc. It is not 
possible to cover every aspect of microwave plasma CVD 
grown SCD in a single review article. There are review 
papers solely discussing, say “NV centre” [235] or “diamond 
photonics” [253] or “isotope engineering” [215] etc., in recent 
years. Here, an attempt has been made to provide an 
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overview of the present scenario of the single crystal 
diamond research (although leading researchers across the 
world recently published similar reviews [18, 63, 69] but they 
do not have free access to the researchers from poorer 
countries and are also few years older), alongwith its 
presentday and future applications. Research in this area is 
going to explode in the coming years [285, 286] and will 
change the modern civilisation by providing new engineering 
solutions to the present day impossibilities. The present 
review paper is an updated status of this field which has not 
been included in the earlier similar publications. Companies 
like Microsoft, IBM have started projects aiming to build 
quntum computers in the next 10-15 years, and the first 
prototypes of which have already been demonstrated at MIT, 
USA or Delft University, Netherlands. Parallel computations 
based on quantum theory, in opposed to classical 
computation by 0 & 1 only, with the help of tiny SCD qubits 
(may be smaller than sand grains), will solve problems in no 
time. 
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