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Advances in the synthesis and processing
technology for CVD diamond has resulted
in materials with exceptional diamond
properties in practical components.
Engineered single crystal CVD diamond,
with ultra low absorption and birefringence
combined with long optical path lengths,
has made Monolithic Diamond Raman
Lasers a practical reality.
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INTRODUCING DIAMOND

Diamond is characterised by its
exceptional hardness, robustness and its
optical and thermal properties;
pre-eminent as a gemstone and an
industrial tool.

Natural diamond has an inherent
variability and scarcity that limits its use in
engineering applications. Developments
in synthesis processes have enabled the
production of consistently engineered
synthetic diamond; firstly in the 1950s
using high pressure and high temperature
and later using chemical vapour
deposition in the 1980s to produce the
exceptional covalent crystal diamond.

The modern industrial world consumes
approximately 800 tonnes of synthetic
diamond, around 150 times the amount of
natural diamond mined as gemstones.

carbon

6

C

12,011

Carbon’s position as a group IV element above silicon
in the periodic table.

ITIS ALL IN THE STRUCTURE

Diamond’s properties derive from its
structure; tetrahedral covalent bonds
between its four nearest neighbours,
linked in a cubic lattice. This strongly
bonded, tightly packed, dense and rigid
structure gives rise to its outstanding
properties. Manipulating the impact

of defects and the synthesis conditions
means that material scientists have been
able to optimise and tailor the remarkable
properties of diamond for a wide range of
applications.

3
NS

High pressure high temperature synthetic diamond is
usually nitrogen doped, giving it a distinctive
yellow hue.
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PHYSICAL PROPERTIES

PROPERTY VALUE

DENSITY 3:51524 x 10% kgm*
NUMBER DENSITY 177 x 102 per cm?®
LATTICE TYPE Cubic Fd3m-07

Lattice constant between
LATTICE SPACING 0.356683 +/-0.000001 and

0.356725 +/-0.000003 nm at 298 K
5 MPam® Single Crystal

8.5 MPa m®® Polycrystalline
POISSON'S RATIO 0.1

YOUNG'S MODULUS 1050 GPa

2.5 to 3 GPa Single Crystal
surface finish dependent

FRACTURE TOUGHNESS K,

FRACTURE STRENGTH
200 to 1100 MPa Polycrystalline

grain size and grade dependent
FATIGUE LIFE >95% strength after >>10" cycles to 70% of FS
FRACTURE PLANE {111} and occasionally {110}

2.55 Single Crystal

WEIBULL MODULUS .
10 Growth Surface Polycrystalline

20 Nucleation surface Polycrystalline

70 to 120 GPa Single crystal
(Plane and direction of indent dependent)

HARDNESS
-81 +18 GPa Polycrystalline

(Grain orientation dependent)

0.05to 0.15 (orientation dependent)

FRICTION COEFFICIENT (p) . . R
Inair (requires surface termination)
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DIAMOND CLASSIFICATION

N>5PPM

Type I - Contains nitrogen
Typically 100 = 3000 ppm

>98% OF
NATURAL
DIAMOND

TYPE la TYPE Ib

Contains aggregated Contains

nitrogen single
substitutional

nitrogen

Natural diamonds were first classified
according to their optical properties.
The majority, being Type I, have an
absorption edge of around 330 nm and
a small group, being Type II, have an
absorption edge of about 220 nm. Over
the years this natural classification
scheme has been extended and further
linked to different predominant
defects, such as nitrogen and nitrogen
clusters. In its broadest sense, this

N < 5PPM
Type II - Very low nitrogen
concentration

MOSTCVD
DIAMOND
(UNLESS DOPED)

VERY RAREIN
NATURE

TYPE lla

Nitrogen as
the major
impurity
Electrically
insulating

TYPE IIb

Boron as
the major

impurity p-type
semiconductor
Boron doped
CVD

classification scheme remains relevant to
synthetic diamond, in that most HPHT
grown diamond falls into the type Ib
classification and most CVD into type
IIa, due to their different nitrogen levels.
However, within this there are now
multiple polycrystalline and single crystal
grades, developed with specific tailored
properties that this simple classification
system does not distinguish between.
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DIAMOND SYNTHESIS

HPHT

The vast majority of synthetic diamond

is made by high pressure and high
temperature diamond (HPHT) methods.
HPHT aims to mimic the thermodynamic
conditions in nature that diamond forms
in, but with the addition of a molten metal
solvent / catalyst to reduce the large
kinetic barrier and act as transport media
for dissolved carbon. Material grown

this way typically has a yellow hue, as a
consequence of nitrogen incorporation
into the diamond lattice from the
atmosphere and growth materials.

CHEMICAL VAPOUR DEPOSITION (CVD)

CVD diamond exploits the relatively
small difference in stability between

the two allotropes (sp* & sp®) of carbon.
Create the right surface conditions, the
presence of atomic hydrogen and surface
temperatures above ~ 600°C and the
formation of diamond depends on having
a faster nucleation and growth rate than
graphite.

The growth conditions are created by
thermal dissociation of hydrogen, and
a gaseous source of carbon in plasma,
with a gas temperature above 2000°C.

The plasma can be heated by microwaves,
radio frequency, lasers, direct current,
hot filament and chemical reactions. The
nucleation and growth of continuous
diamond requires a substrate with
refractory characteristics, stable carbide
formation and a low thermal expansion
coefficient.

Microwaves -
Chamber —»
P
Gas inlet —» "}
Pressu’rle
contro
N Vacuum

After nearly 4 decades of stop-start
research into CVD diamond growth,
microwave plasma enhanced CVD
diamond synthesis emerged as a
commercial synthesis method in the
1990s. The growth rates and control

over purity of this method lends itself to
manufacturing high quality, free-standing,
polycrystalline and single crystal CVD
diamond.
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TYPES OF CVD DIAMOND

TECHNICAL CERAMIC

CVD diamond is sometimes classified by
its grain size: ultra nano crystalline (< 10
nm), nano crystalline (< 50 nm) micro
crystalline (< 500 pm) and single crystal
diamond. The grain size depends on the
synthesis conditions, substrate and layer
thickness. Layers above ~ 50 pm can be
removed from the carrier substrates,
leaving free standing bulk CVD diamond
materials.

POLYCRYSTALLINE CVD DIAMOND

By controlling the impurities and

the grain boundaries, free standing
polycrystalline diamond wafers can be
fabricated 120 mm in diameter, with
thermal and infrared optical properties
that approach highest quality perfect
diamond. Free-standing polycrystalline
diamond wafers 140 mm in diameter
that are more durable, with finer grains,
with thermal conductivities still more
than 2.5 times that of copper are also
manufactured.

SINGLE CRYSTAL CVD DIAMOND

Single crystal diamond materials, with
uniformly exceptional Type Ila optical,
thermal and mechanical properties, are
routinely available up to 8 x 8 x 2 mm.

Single crystal
e diamond growth

N

Substrate removal

_’

Single crystal substrate

Poly diamond
growth .y

<~
m—

Non-diamond substrate

Substrate removal

SINGLE CRYSTAL CVD DIAMOND GRADES

SINGLE Engineered replacement for
CRYSTAL MCC natural type Ila diamond

OPTICAL Controlled absorption and
GRADES birefringence diamond
DETECTOR Ultrahigh purity for quantum
GRADE optics and electronics

POLYCRYSTALLINE CVD DIAMOND

OPTICAL
GRADE

ELECTRONIC Ultrahigh purity material for

Engineered for far infrared
laser optical applications

GRADE large area passive electronics
THERMAL High thermal conductivity
GRADES diamond heat spreading

MECHANICAL High strength diamond for

GRADES precision machining
[Elll:lirlf’l.liggkY Boron doped diamond for
GRADES electrochemical applications

The Element Six CVD Diamond Handbook

Further Reading
7. Technology and Applications


http://dx.doi.org/10.1088/0953-8984/21/36/364221

CRYSTALLOGRAPHY

DIAMOND STRUCTURE

Each carbon atom in diamond is bonded
to its four nearest neighbours in a regular
tetrahedron. These are arranged in

a variation of the face centred cubic
structure Fd3m-0;

The three primary planes to consider
for the octahedral diamond crystal are
the (111), (100) and (110) planes. The
nomenclature, more commonly used
within the diamond industry, describe
these as 3 point, 4 point and 2 point
respectively.

The majority of CVD single crystal
diamond is available with (100) orientated
surfaces, with (110) edges, while the (111)
is the cleavage plane. All of these surfaces
can be presented in CVD diamond
engineered products.

POLYCRYSTALLINE DIAMOND

The grain structure of polycrystalline
CVD diamond has a non-uniform
composition, due to the growth process.
Small randomly orientated grains form
during the nucleation process, then
grains with facets favoured by the growth
conditions rapidly form large grains,
that are ~ 10% of the film thickness in
diameter, elongated in the direction of
growth. When processed it still presents
an inhomogeneous surface of many
orientations.

A {100} {110} {m

\

4pt (point) 2pt (point) 3pt (point)
FACE 4PT 2T 3PT
PLANE (100) (110) (111)
w100 45¢ 540 44
900 900
Uﬂ
450 350 15"
2T (11 0
mo e
900
35016 Q0
T(1) 540 44°
(m 900 72037

SEM image of the polished surface of boron doped
diamond, highlighting the different orientations.
A polished cross section, illustrating the elongated
structure originating from the nucleation surface
along the direction of growth.
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MECHANICAL STRENGTH

STRENGTH OF DIAMOND

The covalent carbon to carbon bonds
make diamond a very high strength
material. The extreme rigidity of the
diamond lattice also makes it a very stiff
material, thus diamond is the ultimate
high strength ceramic. The stress to
fracture diamond is related to the size of
the critical flaws in the material.

STRENGTH OF SINGLE CRYSTAL

Tensile fracture testing of single crystal
diamond finds the critical flaw size to
be ~ 100 nm. In mechanical testing the
fracture strength is dependent on the
surface finish and volume under test.
With careful surface preparation,

3 x 5 x 0.2 mm samples achieve fracture
stresses in the region of 2.5 - 3.0 GPa.

STRENGTH OF POLYCRYSTALLINE
DIAMOND

Bulk polycrystalline diamond is in the
range 200 to 1100 MPa. It is significantly
weaker due to the critical flaw found to
be proportional to the grain size. Since
the critical flaw / grain size is large at

~ 50 to 300 pm, polycrystalline diamond
strength is relatively independent of
surface finish, with a Weibull modulus of
~ 20 when grain size is above ~ 100 pm.

With grain size increasing with layer
thickness, strength is also dependent on
thickness. Grain size is also dependent on
the growth conditions and the orientation
of the layer; with the nucleation surface
in tension, the fracture stress is higher
and the differences between grades less
pronounced. In use, consideration should
be given to which side is under tension.

After 107 cycles to 70% of fracture
stress, there has been found to be
no degradation expected in fracture
strength.

e Mechanical Grades
W Optical and Thermal Grades

8001
750
700 ¢
6501 o
600 SRR
550 . e
5001
450 ..

4001 : =
350
3001
250
200- :

GROWTH SIDE FRACTURE STRESS (MPa)

06 08
THICKNESS (mm)

0.4

The strength of polycrystalline diamond is dependent
on the grain size. Finer grained mechanical recipes
are stronger, whilst material from all recipes exhibit
a dependency with thickness. This effect is most
pronounced on the growth surface.
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POLISHING OF DIAMOND

Processing the hardest bulk material is
not trivial. To date most methods still rely
on diamond to process diamond. The
{111} plane of diamond is harder (up to
45%) and more wear resistant than the
others.

LAPPING

Rough processing of diamond is achieved
using lapidary processes with a diamond
grit slurry to remove material quickly.
The physical wear mechanism is brittle
fracture, leaving a rough surface with
significant sub-surface damage.

SCAIFE POLISHING

For single crystal diamond, by confining
the direction of the wear fracture plane,
low damage and low surface roughness
can be achieved. The diamond is pressed
onto a high speed rotating cast iron plate,
a scaife, which has diamond particles
embedded. It can achieve high surface
finish Ra < 1 nm with low damage.

RESIN BONDED WHEEL POLISHING

This can be used to process both single
crystal and polycrystalline diamond.
Large areas and higher flatness can

be achieved, however the subsurface
processing damage is more severe than
with scaife polishing.

ETCHING OF DIAMOND

CVD diamond can be etched in high pH
chemical mechanical polishing (CMP)
slurries and in reactive ion etching
plasma based process.

High quality, low damage surfaces prepared

on single crystal diamond by traditional scaife
polishing. The shallow polishing grooves, < 5 nm
are > 20 nm wide.

-100
-7

00 05 1.0 15 20 25 3.0
mm

Polycrystalline diamond, polished with a fixed
grit diamond wheel. The grain relief is due to
the different grain orientations, which polish at
different rates.
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DIAMOND SURFACES

SURFACE TERMINATION

The diamond lattice terminates with
dangling carbon bonds and typically O
and OH groups covalently bond to them.
The surface can also be terminated

with hydrogen via a plasma treatment
process. Exposed diamond surfaces have
an inherent affinity for oils and dust
particulates.

CLEANING DIAMOND

Residual surface contamination can be
removed from diamond using aggressive
high temperature, > 150°C oxidising
solutions, such as a combination of

acid, e.g. H,SO, and an oxidising agent,
e.g. KNO,. These types of cleaning

steps are used in the manufacturing
processes of bulk CVD diamond and
leave the diamond surface with an oxygen
termination. Cleaning diamond, and/or
care to avoid surface contamination, are
required immediately prior to processes
such as bonding and metallisation.

OXIDATION AND GRAPHITISATION

The thermal oxidation in the air starts at
above 600°C. In a reducing atmosphere,
e.g. H,, the onset of graphitisation is
above 1300°C. Surface graphitisation

can also occur under ion bombardment,
such as with low pressure plasma cleaning
processes.

CARBIDE FORMATION

Two distinct groups of metals react with
diamond. The first group form their
stable carbides, such as Si, W & Ti. The
second group, including Fe, Co, Cr & Ni
are solvents for carbon and exhibit poor/
no adhesion via graphitised interfaces.

METALISATION & OPTICAL COATINGS

Ohmic metal carbide contacts can be
formed using thin film, multi-layer metal
coatings, with a carbide former as the
basis for adhesion, followed by a stable
inert metal such as Au, Pt. Stable to
~400°C, these coatings are used for the
indirect attachment of contacts or heat
sinks. Dielectric optical coatings can also
be employed using extremely thin carbide
adhesion layers.

_ i =

-

Mounted ATR prisms for spectroscopy.

BRAZING

CVD diamond can be attached using
active brazes, formulated to form a stable
carbide interface, in high temperature
vacuum processes, at ~ 800°C. Interface
shear strengths > 200 MPa can be
achieved. The stresses generated by the
thermal expansion mismatch between
diamond and most mount materials
requires careful consideration.
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B OPTICAL PROPERTIES

TRANSMISSION SPECTRUM

The exceptional properties of synthetic cut off at 225 nm (5.47 V). It is then
CVD diamond place it at the pinnacle of transparent in the ultra violet, visible near
modern optical materials, from ultraviolet  infrared regions, far infrared and radio
to radio frequency transmission. The frequencies, with only weak phonon band
intrinsic optical properties are governed absorption, in the ~ 2.5 to 7 pm region
by its band gap in the deep UV, with a peaking at 14 cm™ at 4.63 pm.
DIAMOND
30
T SAPPHIRE
P
g 20 CALCIUM FLUORIDE
g ] 2 and 3 phonon region
= GORILLA GLASS
g l[]_ Absorption edge
= visible
| region
u— D e —

T
0.2 0.5 | ) 5 10 20 RADIO
FREQUENCIES
WAVELENGTH (um)

Absorption coefficient for ultra high purity CVD diamond from the UV cut-off 225 nm to far infrared region.
Diamond has a relatively low dielectric constant making it highly suitable as a window for radio frequency
applications.
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B OPTICAL CONSTANTS

REFRACTIVE INDEX

2.75 Wavelength n
Diamond has a refractive index in the 2 70- 296nm 2.715
range of 2.7, at 220 nm, to 2.37 at 10.6 pm. = 400nm 2.464
The incident reflectivity is in the range >=< 2.651 300nm 1.431
21.3 % to 16.7%. The Sellmeier equation = 160 600nm 3'21[]55
approximates the dispersion curve for w55 {[?E?Erznm 2'392
226 to 650 nm, where A is in nm. = 50 7.0 um 2:375
T
o= i 10.6 pm 2.376
e 2.43 14.0 pm 1.375
0.5 9 40
0.3306A%  4.3356A°
n(l) = 1+ 2 2+ 2 2 2'35-| T T 1
AP =175 A*-(106) 0.2 1 10 100

WAVELENGTH (um)

In the range 2.5 to 25 pm, dispersion is
better approximated by the Hertzberger

expression.
4
n(A) =2.37837+ 118897 - 1.0083x10 = 2.3676x107°A% +3.24263x10°A*
~0.028 [ 4
1000 (1000—0.028)
2.396
2.3957
E 2.3944
The thermo-optic coefficient of refractive E gggg_
index (1/m)x(dn /dT) is in the range = 2' 391
3.2t0 6.7 x 10 K' IR region, 2 to 4.0 x = 2..29[1'
10 K! in the UV to NIR region. S 2389
; 2.388
= ).3877
2.386

TEMPERATURE °C
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RAMAN SPECTROSCOPY

The Raman frequency of diamond, at RT,
is =1332.3 cm™, line width 1.5 cm™. The
peak shape, position and luminescence in
the Raman spectroscopy can be used by
material scientists to assess diamond film
quality, including phase purity, crystalline
perfection and stresses.

In applications, the Raman shift can
be used as a sensor itself. Temperature
dependency is given by the semi-
empirical expression:

_ Dhcw,
kln{1+C /[, -w(T)]}

where w, = 1333 + 0.6 cm”, C=61.14+5

and D = 0.787 + 0.03. C & D are fitted
constants and w, is the Raman frequency
atT=0K.

The approximate relationship of peak
shift with hydrostatic pressure is given by:

Aw(P)=3.2 c¢cm™ GPa™

B RAMAN SCATTERING

RAMAN LASER

CVD synthesis enables intra-cavity laser
optics, including Raman frequency
convertors. In comparison with other
high gain Raman crystals, synthetic
diamond has a larger frequency shift at
much higher brightness.

kgL

Raman Figure of Merit = —=—~——
gure of (dn/dT)A)L

|

SOURCE

ko

i;
5
; -
i3
i

Nz,

The Raman peak shift of nanometre scale diamond
crystallites can be used as a micro temperature probe
measuring the gate junction temperature of electronic
devices such as transistor gate structures.

SCCVD DIAMOND KGW KGD(wWO0,), Yvo, BA(ND,),

RAMAN GAIN 19 4 5 11
RAMAN SHIFT AA cm™! 13312 901 892 1047
CRYSTAL LENGTH L mm 8 25 15 15
THERMAL CONDUCTIVITY W m 'K >2000 5 5.2 1.2
RAMAN FIGURE OF MERIT 1440 3 10 |
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B SINGLE CRYSTAL OPTICS

UV TO NIR OPTICAL PROPERTIES

Large area, up to ~ 60 mm? high purity
single crystal CVD diamond is available
that enables many applications in the UV,
visible and near infrared bands.

SCATTER

Scatter from CVD single crystal diamond

is very low, as the macroscopic defects and

surface finish that gives rise to scatter are
highly controlled. Total forward scatter
can be as low as 0.02 % at 1064 nm.

SINGLE CRYSTAL CVD DIAMOND

Absorption in the range 220 to ~ 2.5 pm
is mainly attributable to nitrogen. When
nitrogen is less than 5 ppm, single crystal
optical grade diamond has Type IIa
optical properties. Broad spectral range
and low absorption below ~ 1 pm.

OPTICAL PLUS LOW ABSORPTION

When nitrogen is less than 20 ppb,

single crystal diamond has the lowest
possible absorption. Suitable for the most
demanding optical applications, this is a
new class of synthetic optical material.

Further Reading
18. Low Birefringence
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——— Low Absorption Single Crystal
—— Single Crystal Optical Grade
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1000 1500 2000 12500 3000
WAVELENGTH (nm)

OPTICAL PLUS LOW BIREFRINGENCE

Due to its cubic lattice symmetry, diamond
is an optically isotropic material; the
refractive index should be independent
of the polarization of light. However the
presence of strain, typically from grown-
in defects, leads to birefringence. With
careful engineering, the defect density
and orientation of the diamond optical
component results in samples with
isotropic refractive properties with no
significant loss of polarization of light.
The birefringence loss of polarization
(An) can be <2 x 10 in the visible and
NIR bands.


http://dx.doi.org/10.1016/j.diamond.2009.01.013

B POLYCRYSTALLINE OPTICS

POLYCRYSTALLINE OPTICAL GRADE
DIAMOND

With low absorption across the UV,

VIS and IR band, polycrystalline
diamond is also an excellent optical
material. Combined with its thermal and
mechanical properties it offers up to 100
x power handling capability compared to
conventional IR laser optics.

Competitive grain growth and a high
density of defects, such as stacking

faults, result in relatively high strain.
Consequently it is less suitable for low
birefringence, or UV to NIR applications
where scatter is more of consideration.
Diamond has a refractive index of 2.38 at
10.6 pm and thin film AR coatings can be
used to achieve >99% transmittance.

SCATTER

Scatter losses are insignificant below 2
pm; polycrystalline diamond has excellent
infrared optical properties. High incident
angle scatter is correlated with micro-
features in the diamond, while low angle
scatter is attributed to strain induced
birefringence. The residual extinction
coefficient of diamond is 0.04 to 0.07 cm™
at 10.6 pm.

MICRO CRACK FEATURES

Cracks at the grain boundaries are a
characteristic of polycrystalline CVD
diamond growth. These macroscopic
cracks are formed during synthesis
and are a mechanism of intra and
transgranular stress relief.

The strain induced birefringence results in the
colour in this cross polar transmitted light optical

micrograph of polycrystalline transparent grade CVD

diamond.

For industrial lasers large area polycrystalline CVD
diamond optics are more robust and reliable than the
ZnSe optics they typically replace.
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B EMISSIVITY AND RF WINDOWS

EMISSIVITY IN THE FAR INFRARED

BAND 0

The residual absorption in the far infra- 80

red is due to the tail of the multi-phonon = 107

vibrational absorption processes. These = gg:

are temperature dependent and diamond E wd 25:5

is emissive. However these processes are =304 25093

only significant above ~ 100°C and the % 204 500%

absorption is successfully described by a &= 10

phonon recombination and destruction 0 T T T T
model. 5000 4000 3000 2000 1000

WAVE NUMBER (cm)

DIELECTRIC PROPERTIES ,
The temperature dependent Infrared spectra of optical

Diamond has a nearly constant dielectric grade polycrystalline CVD diamond.
constant from the terahertz region down
to radio frequencies and beyond. The

dielectric constant for diamond is at 35
GHz €= 5.68 + 0.15 with a loss tangent of TEMPERATURE’C 10.6 pm Abs.cm’

-4
<1x10" 2 0035
100 0.063

150 0.082

200 0.102

250 0.123

" 300 0.145

'y 350 0.168

; 400 0.191

450 0.216

500 0.241

Polycrystalline Diamond Optics > 100 mm diameter

Approximate absorption coefficient as a function o
are used in high power window applications. i 4 I / 4

temperature. See reference.

e(T) =5.700111-5.35167x10°T +1.6603x107'T>
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B PRECISON COMPONENTS

pCVD DIAMOND

pCVD DIAMOND (OPTICAL

THERMAL ELECTRONIC) (ETEgﬁgémth) SCCUDOIATOND
SIZE THICKNESS <085 mm; <2mm <0130 mm <2 mm gx8mm<2mm
DIMENSIONAL TOLERANCE -0, + 0.2 mm -0,+0.2mm -0,+0.2mm
THICKNESS £25 um £25 um 25 um
CUT EDGE KERF ANGLE 372" 372" 372"

SURFACE ROUGHNESS

LAPPED (Ra) <200 nm <200 nm <200 nm
g:ErSAHEEEDR(?!';;;HNESS <20 nm <20 nm <5 nm
FLATNESS (633 nm) I fringe in10 mm I fringe in 3 mm
ORIENTATION MISCUT +3°

FACET ANGLE (PRISMS) £0.25°

Specifications listed are typically production process limits. Tighter tolerances available on request.

[c—4 /.02
© oo [/0.02]A]

0.06:+ 0.03x45'(2x)
1ol r
[1101+€9+ 0.04:+0.03x45 (8x)
WS?
S8
(0.59)
[=]o.058]
27002
0 B
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THERMAL CONDUCTION

Unlike metals, heat conduction in
diamond is dominated by lattice
vibrations (phonons). The thermal
conductivity is then determined by how
these are scattered. In diamond, at room
temperature, this is related to phonon-
phonon scattering (Umklapp processes)
and defect/impurity scattering. With
grain size above ~ 50 pm and high phase
purity, polycrystalline CVD diamond
has been found to have a through plane

conductivity varying by less than 10% of its

in-plane value.

60007 ~#-Single crystal CVD Diamond
55007 Polycrystalline Grades
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The thermal conductivity of diamond versus
temperature. In single crystal and high phase
purity polycrystalline diamond, phonon scattering
dominates. While finer grained materials exhibit a
lower but less temperature dependent characteristics.
Room temperature thermal conductivity of
polycrystalline optical grade CVD diamond exceeds
2000 Wm'K!

Further Reading
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B THERMAL PROPERTIES

THERMAL EXPANSION

Diamond has an extremely low coefficient
of thermal expansion, attributed to the
very high bond energy. In general the
expansion of materials is related to the
phonon characteristics as a function

of temperature and generally varies

with temperature. Diamond has a low
coefficient of thermal expansion at

room temperature, rising steadily with
temperature, as shown in the table below.

LINEAR MEAN EXPANSION
TEMP K COEFFICIENT REFERENCED
(a) FROM 300K
200 0.45
300 1.05
400 1.79 1.09
500 2.1 1.47
600 307 1.84
800 3.81 2.39
1000 4.38 1.82
1200 4.93 3.18
1400 9.43 3.512
1600 5.87 3.82
~ >
“\‘ i
- 5
. ’

Polycrystalline thermal grades are used in heat
spreading applications.
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Diamond is a wide bandgap

semiconductor, with an indirect gap of BAND GAP (eV) 54T 547
5.47 eV. Experiments on high purity CVD [N]." (ppb) EPR <50 <5
diamond have reported high mobility B (pph) SIMS <0.5 <0.5
values and long lifetimes for electrons and
holes. Combined with the high breakdown ~ DOPANTS
field anq thermal conductivity, this ' BORON 037 eV 07
makes diamond the preferred material

for a number of demanding electronic PHOSPHORUS 0.6 eV 107
applications. NITROGEN 1.7 eV 101 (111)

Activation Achievable
energy Levels

Diamond’s radiation hardness arises from
its high atomic displacement energy (42
eV/atom) and low atomic number. Thus

it can demonstrate stable high sensitivity
to radiation in comparison to other solid
state detector materials.

DOPING DIAMOND =

All known dopants for diamond are deep, \ -
however with B > 1 x 102 atoms cm™, the <3, -
acceptor levels overlap with the valence
band as the diamond undergoes the ~
Mott transition to demonstrate metal-like

p-type conductivity. High purity electronic grade polycrystalline diamond
is used in high energy particle detector applications

Due to the activation energy, n-type
doping in diamond has only been
considered for high temperature and UV
applications, with limited success.
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N ELECTROCHEMICAL PROPERTIES

BORON DOPED DIAMOND -

Conducting, polycrystalline boron doped I? mA cm™?  Negligible sp? Diamond 4

diamond (BDD) has the widest solvent - |~

window of all electrode materials in = I2 mA ¢m?  Trace sp? Diamond

aqueous solution. It also has very low =

background and capacitive currents, -

and reduced fouling, compared to other = [2mAcm? Glassy Carbon

electrodes along with the ability to % ]

withstand extreme potentials and harsh < T10 mA ¢ Platinum

environments. However these properties

are highly dependent on the diamond . /IV : . :

quality, with the properties improving as 9 -1 0 | 9

the non-diamond-carbon (NDC) content POTENTIAL vs. SCE [V

decreases. Free-standing, solid BDD

electrodes can be grown with both trace Solvent windows in 0.1 M KNO,, pH 6.5. For

and negligible NDC content. diamond electrodes the solvent window is heavily
influenced by the non diamond carbon content of the

BDD APPLICATIONS wfuenced by | /

The very wide solvent window of diamond
in aqueous solution pushes out gas

evolution to very high cathodic/anodic 197 — 9.2 x10'®
potentials and enables the generation of 14— 1x10®
highly oxidizing hydroxyl radical, with very — 5 x10"
high current efficiency. This process can - 059 — 1L9x1o®
be used in advanced oxidation processes. Zd 3 102
The inert characteristics of the BDD =

electrode make it an ideal platform for = -0.57
electrochemical sensing applications. S 104
ELECTROCHEMICAL PROPERTIES OF BDD 154

Polished bulk, free standing, polycrystalline

BDD, with B > 1 x 102° atoms cm™® and '2‘070 g —UIG 7[]'4 7[]'2 l]I[] 7[]'2

negligible NDC, with oxygen terminated
surfaces, exhibits the following
electrochemical properties:

POTENTIAL vs. SCE/V

Cyclic Voltammelry for the redox couple Ru(NH,) >

— Resistivity ~ 0. 5 x 10* Ohm m illustrating that full reversibility can be achieved

— Diamond Solvent window > 3.0 V with boron concentrations above ~ 1 x 10°° atoms
- Reversibility < 70 mV (Ru(NH,)*) em? [Data for a I mm diameter electrodes, scan rate
— Capacitance < 10 pF cm of 0.1 Vs'; I mM Ru(NH,);* in 0.1 M KNO,]
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PROPERTIES SINGLE CRYSTAL POLYCRYSTALLINE COMMENTS
ELECTRONIC

Hole mobility (cm?V-'s™) >2000 1000

Electron mobility (cm2V-'s) >2000 1800

Carrier lifetime (ns) -2000 -1-10

Charge collection distance

*Typically >475pum ~ fTypically >180um

*At 0.5V yum™Tapplied field, for
500 um plate
T At1Vum'applied field, for 500

um plate

Charge Collection Efficiency Typically >95% Typically >36% for 500 um plate

Bandgap (eV) 5.47 5.41

Electron saturation velocity 9 )

(cms™) x 107

Ef{?tig;‘;’”H“d”“”m'zmev 10 With <25% signal drop
Experimental value. Threshold

Breakdown Voltage (MVcm™) 1-2 current 10 pA 4 x 4 mmx 20 um
contactarea 0.71 mm?

IMPURITIES

[N]® (ppb) <5 (typically 0.1-1) <50 Measured by EPR

[B] (ppb) <1 <1 Measured by SIMS

THERMAL PROPERTIES

Thermal conductivity (Wm'K") ~ >2000 > 1900

gzg%nﬂs:(un[loefficient(ppm K1) 10201 1001

eE;([Il[a]r[llf]iuKnCoefficient(ppm K1) bhe0] 4 b0

DIMENSIONS

Standard Sizes (mm)

2x2, 3x3, 4.5x4.5 5.5, 10x10, 20x20

Tolerance + 0.05 mm
Polycrystalline available up to
pri0mm

Standard thickness (mm) 0.38&0.5 0.38&0.5 Tolerance £ 0.05 mm
Laser kerf 3" 3’
Edge Features (mm) <0.2 <0.2
Crystallographic Orientation L 2% <110
(face | edge) {100} £ 3° <110
PROCESSED

L . . Single crystal polished on
Surface finish side 1 Ra (nm) 0.5 Ra <20 (100] face

L . . Single crystal polished on
Surface finish side 2 Ra (nm) 0.5 Ra <20 (100] face
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M OPTICAL AND RF GRADES

PROPERTY OPTICAL GRADE RF GRADE OPTICAL GRADE OPTICAL PLUS
Hardness (GPa) 81+ 180 81+ 1800 10-1200 70-120 0
Fracture toughness (MPam®?) 8.5 @ 8.5 @ 5-70 5-70
Young's modulus (GPa) 1054 @ 1054 © 1054 © 1054 @
Poisson's ratio 0.1 @ 0.1 0.1 0.1%
(el Hoous) R L CU
Nucleation surface 800 [10] 800 [10]
Growth surface 400 [15] 300 [15]
Rainimpact DTV (ms”) 2 mm drop size | 525 45753360
E;B%/eﬁrgéisuann(dmg/kg)atlU[] ms’! 910,600
Thermal conductivity at 300 K (Wm'K") | 1900 - 2200 1900 - 2200 {1900 -2200 >2000
Thermal conductivity at 500 K (Wm'K") | 1100 1100 1100 1100
Thermal expansion coefficient 1.0 at 300 K 1.0at300K [1.0at300 K™ 1.0 at 300 K
(ppmK)
4.4 3t 1000 K 443t 1000 K |4.4at1000 K" 4.4 3t 1000 K

Refractive index (10.6 um) |2.376 ©V 2.376 €0 2.376 ©0

(1550 nm) |2.386 2.386 2.386

(1064 nm) |2.392 2.392 2.392
dn/dT (K) 9.6 x 10560 9.6 x10 860 9.6 x 10800
Dielectric constant D (35 GHz) 5.68 +0.15 G0 5,68+ 0.15 60 -
Loss tangent 145 GHz (10°%) §-20060 10-100 ¢
10.6 um absorption coefficient (cm”) | <0.07 <0.05 17 <0.05
3-5umabsorption coefficient (cm”) | min 0.8 at 3.7 pm ©0 min 0.8 at 3.7 um % | min 0.8 at 3.7 um ©V
1.064 um absorption coefficient (cm™) | Typical 0.12 (™ <010 <0.00507
Emissivity at 10 um (1 mm thick) 0.02at573K 0.02at573 K 0.02at573K

0.3at 773K 0.03at 773 K119 0.03at 773 K%

Integrated forward scatter 8 —12um (%) |0.1-0.7% (™ NA
Integrated forward scatter visible (%) | <4% 9 <0.7% 1 0.10%
Birefringence (n,-n ) 1x 10408 <5x 10508
Specific heat capacity (Jkg'K") 300K | 520 2 5200 5201 520 )
Transmission 8 -2 00 pm (1 mm thick) |71 .4%" 68-70% * T14%" T1.4%"
Transmission 633 nm (1 mm thick) >B4% ¢ >69%* 70.6%*
For references " see page 27 # = Reflection & scattering loss limited. - = Not known
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B MECHANICAL GRADES

PROPERTY DIAFILM CDD DIAFILM CDM DIAFILM CDE MCC -SINGLE CRYSTAL

THERMAL CONDUCTIVITY

@ 300 K (Wm'K'") ~1100 >1000 >600 >1900
@ 425 K (Wm'K") >9850 >9300 >500 >1500

THERMAL EXPANSION COEFFICIENT

@300 K (ppmK") 1.0+ 0.1 1.0+ 0.1 1.0+ 0.1 1001
@ 1000 K (ppmK') 4.4 + 0.1 b0 44«00 b0

+

THERMAL DIFFUSIVITY

300 K (cm?s™) >5.5 >8.3 >10.0 >11.1

SPECIFIC HEAT CAPACITY

300 K (Jkg'K) 520 520 520 520
HARDNESS

300 K (GPa) 80+ 18 80+ 18 80+ 18 70 -120¢1
FRACTURE Growth - Growth - Growth - Surface finish
STRESS Nucleation Nucleation Nucleation 2000 - 3000
(MPa) 500 - 1100 500 - 1100 500 - 1100

FRACTURE TOUGHNESS

(MPam?®) 8.5 8.5 8.5 5

YOUNG'S MODULUS

(GPa) 1050 1050 1050 1050
Poisson's ratio 0.1 0.1 0.1 0.1
DENSITY

(10° kgm?) 3.52 3.52 3.52 3.52
RESISTIVITY

Bulk Rv (Qcm) 1 x10" 1 x10" 0.05-0.07 1 x10"

T Orientation dependent
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BB THERMAL GRADES

PROPERTY DIAFILM 100 DIAFILM 150 DIAFILM 180 DIAFILM 200
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THERMAL CONDUCTIVITY

@ 300 K (Wm'K") >1000 >1500 >1800 >2000
@ 425 K (Wm'K") >900 >1400 >1500 >1500

THERMAL EXPANSION COEFFICIENT

@ 300K (ppmK") 1.0+ 0.1 1.0 0.1 1.0+0.] 1.0 0.1
@ 1000 K (ppmK") 44200 44+ 0] 4450 b4 +0)]

THERMAL DIFFUSIVITY

300 K (cm’s”) >5.5 ~§.3 >10.0 S11.1

SPECIFIC HEAT CAPACITY

@ 300K (Jkg'K™") 520 520 520 520
HARDNESS
GPa 81 +18 81 +18 81«18 81«18

FRACTURE TOUGHNESS

(MPam®?) 53-17.0 53-17.0 53-17.0 5.3-17.0

YOUNG'S MODULUS

(GPa) 1050 1050 1050 1050
Poisson's ratio 0.1 0.1 0.1 0.1

DENSITY

(10% kgm-3) 3.52 3.52 3.52 3.52
RESISTIVITY

Bulk Rv (10" Q cm) 1 1 1 1

Surface Rs (10" Q cm) 1 | | |
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WS ELECTROCHEMICAL PROCESSING

GRADE

PROPERTIES EP GRADE

ELECTROCHEMICAL PROPERTIES

COMMENT

Boron doping concentration (typical)  2to6x 102 Atomscm™

Averaged over 0.16 mm?

Non diamond Carbon Trace As measured by Raman Spectroscopy
Resistivity (Q m) 0.2-1.8x10° +0.25x10°
Contact resistivity (0 m) <1x10°% For Ti:Pt:Au metallisation

Values quoted measured with ohmic contacted diamond with polished surfaces

Solvent window™ (V) >3.0 0.1 MKNO, versus SCE
) N . Derived from cyclic voltammetry at a scan
g <

Capacitance” (uFcm?) 20 uf rate of 0.1 Vs
Recorded atalmm diameter disc electrode with 1

Reversibility (AEp)* (mV) <100 mM Ru(NH3),*/ at a scan rate of 100 mVs" when an
ohmic contact to diamond is made.

Erosion Rate (g h'm?) <B Measured at 10000 Am?

Operating Current Density (A m?) >20000 2mm spacing 50 mScm”'electrolyte

MECHANICAL PROPERTIES

Nucleation side fracture stress (MPa)  >800

Growth side fracture stress (MPa) >450

Young's modulus (GPa) 1050

Fracture toughness (MPa m’?) 8.5

Weibull modulus >10

Hardness (GPa) 81+18

THERMAL PROPERTIES

Thermal conductivity (Wm'K") - 700 Through plane @ 300 K
DIMENSIONAL TOLERANCE UN-PROCESSED

Thickness uniformity +15% Typical values
Nucleation side roughness (um) Ra <0.5 Typical values

Growth face roughness (um) Ra <200 Typical values

Max area available (round mm?) 12210 Diameter 130 mm

Max area available (rectangle mm?) 7150 Rectangle 110 x 65 mm
Lateral dimensional tolerance (mm) +(.2 All edges are laser cut
PROCESSED

Lapped face roughness (um) Ra <0.25 Standard tolerance
Polished face roughness (um) Ra <0.03 Standard tolerance
Thickness tolerance (mm) +0.05 Standard tolerance

*Values quoted measured for ohmic contacted diamond with Ra <0.03 yum surface finish
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