Chapter 1
Introduction

1.1 Diamond in History and Research

EENT3

The word “diamond” (or “adamas,” “adamant”) is of Greek origin with the meaning
“indomitable” or “invincible.” Diamond is a material with many outstanding
properties (a) extreme hardness (ten on the Mohs scale), (b) chemical inertness, (c)
high refractive index and dispersion (n = 2.463 at 400 nm and n = 2.405 at 700 nm),
(d) large optical transparency range, and (e) high thermal conductivity (better than
copper).

A large number of optical centers can be observed in diamond, due to a
combination of (d) the extended optical transparency and (a) the extreme hardness.
Diamond is transparent from the bandgap absorption edge in the ultraviolet
(at 5.49eV) through the visible and infrared spectral range to the microwave region.
Because of the hardness, defect migration (e.g., vacancies to the surface) requires
high activation energies, and most defects remain immobile up to temperatures of
420-2,500 °C (see Sects. 8.3.1,9.1.6, and 9.5.6).

The number of lines (ca. 2,000) is much larger than the corresponding number of
centers (ca. 300), because most zero phonon lines (ZPL) have typically 1-10 phonon
or vibrational sidebands (see Chap. 11). The centers with resolved donor—acceptor
pair transitions form groups of 3-23 lines (see Chap. 10).

To give a first impression, 45 typical defects are listed in Tables 1.1.1 and 1.1.2.
These Tables are given in matrix form, because the majority of centers consist of
associates. For some ten centers in Tables 1.1.1 and 1.1.2 the structure is generally
accepted, while for the remaining 35 centers (marked by a preceding *) the structure
is proposed in the literature or in this book.

In five sections, the principal types of diamonds are described: Natural dia-
mond (Sect. 1.2.1, including Table 1.2), high pressure synthetic (HPHT) diamond
(Sect. 1.2.2), low pressure synthetic (CVD) diamond (Sect. 1.2.3), modified dia-
mond (Sect. 1.2.4), and diamond-related materials (Sect. 1.2.5).

The introduction ends with a short description of the optical techniques
(Sect. 1.3) and explanations on the organization of the tables (Sect. 1.4).

B. Dischler, Handbook of Spectral Lines in Diamond, 1
DOI 10.1007/978-3-642-22215-3_1, © Springer-Verlag Berlin Heidelberg 2012



Introduction

1

evdvd
‘€9¥'T cedvd
- - - - (@IS=1N'A, - ‘I8LT8TUD= L 'A. +'A
Ivdvad €Ldvd vT/eT TSIS/08
‘TS8E0 ‘ocle ’dvd dvd dvd LY/9vdvVd
TYLT0 vLdVA ‘1617 S91°0—€60°0 686'C 19€°€ ¥91'C YSI'T ye/eedva
J(H'A).. ‘COET oA A MWR = 'N'A EN=N'A €H = ,'N'"A. AN=,'N'A CLYT YD ="A o'A
9Ldvd 8L/LLAVA
L9dVd ¥9/€9dvVd ‘9TST 0¢T'l 8TEV ‘€V6'1 €6dvd ‘0S1°€
- ‘v89°¢ _Td'A ‘TSTSON = _*N'A _IN'A . TH= _N'A, wugeg=_IN'A., IAN 0TI = _"A« _'A
L9S¥ ‘8T6'E 6S0'Y
CLE0—Y0E0 ‘6S1°0-090°0 ‘L91°0-S01°0
— e uoioq = g - - PUDVY=_IN D)= _IN - -
uonsodwod
HI+ a1+ Nv+ NE+ Nz+ NI+ - -095d

(8 "deyD 90s ‘soroUBORA YIIM APSOUL) 4.q-,PUOWIRIP UL $109JOP [ejuswepuny 1] IqBL



1.1 Diamond in History and Research

(01 "deyD e9s) suonisuen ared 10jdosoe—1ouop Jvd,

Ppavipp.ail = $o1vj1 ‘[eANjeU = Plog 4
AP Ul sa131oug,

8¢/LEAVA ‘86V'C
(QrH ="NAEN

LSdVd
BIS [¥E°E
—CI¢C

S = ~+c+~Z+

916
o NU

8¢dvd
BIS 008'C
—96¥'C

€S = o+o+uz+

67T
o'NPA &

S9dvda

TSO'T o(ISEA) 4 o(TUSEA) 4
901dvd

T95T o(AINFA) o(TINEA)

- ("INTA)
97/STdvd ‘vOv'T
AOFT = "IN"A. LIIN'A
S1dava
‘CYST SHL = o « oA



Introduction

1

(01 "deyD 29s) suonsuen ared 101dedoe—1ouop v,

(2d£) rewwiou = ) "pojBIPELIl IO UMOIS-SE ‘pUOWRIp JAD = ,PoyIewun

paIIpp.LIl = $o1pj1 ‘[eINjeU = Plog,
AP Ul sa131oug,

001dVd ‘T60°€ 86dVd L08°C
+'g' (DN - - 7rz0 UDIN) +(0'N)
66dVd ‘T6L'T
DN« - - - JUDIN)
101dvd ‘266°C 86dVd ‘886°€
_'g'('0'N) & - - ry=_'"("2'n), _M1D'N)
96dVd ‘$TS'T LLI0-TF0°0
- - - PN q= SsPPrRId (D)
ET
- 1N (D) - - o)
06dVd ‘SES°T 98dVd ‘T95°T
- TN (D) 9L9t" [N'(2D). HE= ['(D), L)
€08y (D)adz
= £9'(%D) .'869°t ‘(©)agc
&9'(%0) L L6dVA ‘LLL Y ((1)AqT 6L6°T 08/6LdVd T8S'+ 1LdVd S89°'T
= lg'(?D), SN'(9D) TIS = o'N'(°D). = (D). )
68/88dVd ‘L9€°T TLAVA ‘88T°E 9¢/SEVA ‘S€9°C
- _INY(DD) ‘A 6I'E = _IN(?D) Il = _'(%D), (%)
uonsodwoo
de-1+ N+ NI+ - 10350

(7°8 1098 998 ‘S[enNSIANUI NS PIM) ,.q.,PUOWRIP UI S]OYIP [RIUSWEPUN T°T°T IIqBL



1.2 Types of Diamond Samples 5

Table 1.2 Classification scheme for diamond types (see Sect. 1.2.1)

Defect/ property Types

laA IaB Ib Ila IIb
A-center =N,° Dominant Weak Weak Absent Absent or weak
B-center Weak Dominant  Weak Absent Absent or weak
= V1 N4 °
C-center =N,° Weak ‘Weak Dominant  Absent Absent or weak
Defining defect A-center B-center C-center Absent Boron-acceptor
Boron content Low Low Low Very low Dominant
Typical natural 500 ppm 200 ppm 70 ppm <10¥em™3 <10 cm™3
hydrogen
content
Electrical >101° >10" >10" >10'6 Semiconducting
resistance
(2 cm)

1.2 Types of Diamond Samples

1.2.1 Natural Diamond

In its long history (from 400 BC), natural diamond gem stones (clear or colored)
came first from India and later from South America, South Africa, and Russia
[Mey98]. In a recent study [Shi02], it was shown that natural diamonds are very
old. There are three groups with an age of 3.3, 2.9, and 1.9 billion (10°) years.
Originally, they grew at a depth of 150-300km under the surface from carbon-
containing compounds like CO, or CaCOj3. From there the diamonds have been
transported to regions near the surface by volcanic activity. They are either still
enclosed in the volcanic rocks kimberlite or lamproite (primary sources in diamond
mines), or have been liberated by erosion and transported by rivers toward the sea
(secondary sources, e.g., in Namibia).

The value of natural diamond gemstones is closely related to the four “C”s: (1)
carat, (2) cut, (3) color, and (4) clarity.

1. The weight is given in the traditional unit “carat.” One carat =100 points =
200 mg, (the weight of a dried carobtree seed).

2. A good cut (e.g., “brilliant”) produces the “fire” from reflected light, making use
of the high refractive index and dispersion: n =2.463 at 400nm (3.10eV) and
n =2.405 at 700 nm (1.77eV) [Zai01].

3. The diamonds can be absolutely colorless (“River”), white (“Wesselton”), or
colored. Common colors are yellow, brown, or gray. More seldom colors are
red, blue, green, pink, or violet (see Chap. 6 in [Zai01]).

4. Most natural diamonds contain inclusions. Their number and dimension deter-
mines the value, i.e., their absence in clear diamonds makes a gemstone very
valuable.
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In 1934 Robertson et al. introduced a classification scheme for natural diamonds
[Rob34]: Type I diamonds (98% abundance) are transparent at > 300 nm(<4.13 eV),
and type II diamonds (2% abundance) are transparent at > 230nm (<5.39¢eV).
After the detection of boron, type II diamonds were subdivided into ITa (< 10 ppm
boron) and IIb (dominant boron, semiconducting) [Cus52]. Finally, characteristic
infrared absorption allowed discrimination between three different nitrogen centers,
and type I was subdivided: A centers (type laA), B centers (type IaB), and C centers
(type Ib) [Dye65b] (see Table 1.2).
Many lines are observed in natural diamonds, see Tables 2.1.1.1-2.4.3.

1.2.2 High Pressure Synthetic Diamond (HPHT)

The successful synthesis of diamond in a high pressure and high temperature
apparatus was reported in 1955 [Bun55]. Graphite is transformed into diamond
in the presence of transition metals (Fe, Co, Ni, Mn, or Pt), which act as a
solvent—catalyst. Typical conditions are a pressure of 67 GPa and a temperature
of 1,500-1, 700 °C [Set94]. The standard HPHT diamonds are of type Ib, and the
isolated substitutional nitrogen (C center) causes a yellow color. By the use of
a nitrogen getter (e.g., Al or Ti), the concentration of C centers can be reduced
[Kan98]. Lines from HPHT samples are given in Tables 3.1.1.1-3.4.3.

1.2.3 Low Pressure Synthetic Diamond (CVD)

In 1981 and 1982 it was shown that low temperature synthetic (CVD) diamonds can
be deposited with practical growth rates (up to 1 um/h) [Mat81, Kam82]. With the
standard CVD (chemical vapor deposition) method diamond films are grown on a
heated substrate [Spe94, Dis98, Pre98]. In a typical MW-CVD apparatus the feed
gas (3% CHy, 97% H,) is decomposed in a 2.45-GHz microwave plasma (200 mbar
pressure), and the (polycrystalline) diamond film is deposited on a silicon substrate
(at 850 °C). Instead of the MW plasma a hot filament (2,000 °C) can be used for
the decomposition of the feed gas (HF-CVD). Alternate methods use a combustion
flame or a plasma jet (see e.g., [Dis98]).

Typical for CVD diamond films is the incorporation of silicon and sometimes
boron (from the substrate), nickel (from the steel vessel), and also Ta or W (from
the hot filament), see Tables 4.1.1.1-4.4.3.

It has been shown that the prominent hydrogen lines of CVD diamond films
arise from hydrogen in an amorphous carbon surrounding (grain boundaries), and
are essentially identical to the hydrogen lines in diamond-like carbon (DLC), see
Tables 9.3.2-9.3.5 [Dis93]. Therefore, these CVD hydrogen lines are classified as
diamond related and listed in Tables 6.1.1.1-6.3.2.
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1.2.4 Modified Diamond

When diamond is irradiated with high energy electrons, fast neutrons, or X-rays, the
typical intrinsic defects (vacancies and (1 0 0) split self-interstitials) are created. At
anneal temperatures of 7 > 420 °C for interstitials and 7 > 500 °C for vacancies,
migration of the intrinsic defects starts and the typical associates with impurities are
formed (see Tables 5.1.1.1-5.4.4 and Chap. 8).

1.2.5 Diamond-Related Materials

There are several carbon compounds, which differ in their structure from diamond,
but have similar properties (see Tables 6.1.1.1-6.3.2). Five of these are natural:

. Lonsdalite (LON), a carbon mineral with a hexagonal structure

. Carbonado (CAR)

. Ballas (BAL), a naturally occurring polycrystalline diamond

. Natural brown/gray diamond (NBD/NGD), often with high H content
. Natural diamond coat (NDC)

[ I S OSI \R

The remaining two materials are synthetic films:

6. Diamond-like carbon (DLC)
7. Polymer-like amorphous carbon (PAC)

Typical films of DLC are obtained by high frequency (2.3 MHz) plasma deposition
from a C¢Hg feed gas (30-u bar pressure). In the negative self-bias voltage of 1kV,
the ionized fragments arrive at the substrate with high kinetic energy, forming a
compact and hard film. The structure is amorphous (also named a-C:H) with a high
concentration of 13-38 at. % hydrogen, which is bonded to carbon. The infrared
analysis yields a typical carbon hybridization of 68% sp?, 30% sp?, and 2% sp' (see
Sect. 9.3).

The low cost and flexible deposition methods of DLC films opened a wide field
of applications, making use of the high hardness, low friction, and exceptional
smoothness [Gri99]. More recently, high power deposition methods allowed the
preparation of “superhard” hydrogen-free DLC (named “tetrahedral” carbon, taC)
[Gri99].

PAC films are obtained, if the kinetic energy is lowered. These films are of
scientific interest (see Tables 9.3.2 and 9.3.3), but have no practical applications.

In the next section, the optical techniques (Sect. 1.3) and the organization
(Sect. 1.4) of the tables in Chaps. 2—7 are explained.

In Chap. 8, the intrinsic defects (lattice vacancy or split self-interstitial) and their
associates are treated.
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Impurity defects (with sections on N, B, H, Si, Ni, Co, and others) are discussed
in Chap. 9.

Very important new information on donor—acceptor pair (DAP) transitions is
contained in Chap. 10.

The Chaps. 11-14 deal with vibrational frequencies (Chap. 11), modification of
diamond by irradiation and heat (Chap. 12), isotopic line shifts (Chap. 13), and
spectroscopic discrimination between natural and nonnatural diamond (Chap. 14).

The book ends with conclusions and outlook (Chap. 15) and an Appendix.

1.3 Optical Techniques

1.3.1 Absorption

The absorption coefficient o (in cm™') is defined by (1.3a)

I(Ey) = I(E)e™, (1.3a)

here, 1(E}) is the measured intensity of monochromatic light at energy £y, I,(E;)
is the initial intensity (corrected for reflection loss), and x is the path length (in cm).
With a scan of E|, an absorption spectrum is obtained.

1.3.2 Photoluminescence Excitation

The definition is given by (1.3b), which is similar to (1.3a)
I(E)) = I,(Ey)e ™. (1.3b)

However, now E| is fixed (monitoring energy of a luminescence line), while E;
is scanned (E; < E,). This photo luminescence excitation (PLE) spectrum is (in
general) similar to an absorption spectrum, but it can reveal relationships between
different lines of the same defect center.

1.3.3 Luminescence

A luminescence spectrum is obtained, when the optical emission of a sample is
monochromatically scanned. The standard luminescence is excited (a) by light
(photoluminescence, PL), (b) by an electron beam (cathodoluminescence, CL), or
(c) by X-rays (XL). Typical light sources for photoluminescence are mercury lamps,
argon, or krypton lasers. Cathodoluminescence is a “near surface” technique. The
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penetration depth is 9—18 wm for a typical 50-kV electron beam [Col92b]. In X-ray
luminescence, the high energy can modify the centers.

In contrast to the quantitative absorption, the luminescence intensity is only
qualitatively related to the concentration of the respective defect center.

In time resolved luminescence, the detection starts at a gated time delay after the
excitation pulse. This allows determination of radiative decay times. A tabulation of
decay times for 21 centers (ranging from 17 ns to 18 ms) is given in [Per94c].

1.3.4 Raman Scattering

This technique is used to investigate the crystal perfection, which influences the
position and linewidth of the principal Raman line at 165meV (1,332cm™"). Also,
nondiamond inclusions (graphitic or grain boundaries) can be detected. A review
(with a listing of 83 lines or bands) is given in Chap. 4 of [Zai01], see also [ZaiO0b].

1.3.5 Photoconductivity

If the photocurrent is measured as a function of monochromatic illumination, a
photoconductivity spectrum is obtained. A listing of some 60 photoconductivity
features is given in Chap. 10 of [ZaiOl]. In photo-Hall measurements, the type
of released carriers (electrons for n-type, holes for p-type) can be determined
[Col79a,Col97].

1.4 Organization of the Tables in Chaps. 2-7

The great French scientist René Descartes (1596—1650) proposed a four-step
method for the presentation of data “(a) split up the data, (b) put the data in order, (c)
establish surveys of the data, and (d) make sure the data are reliable and intelligible.”
After several hundred years, this is still a good advice.

A basic idea of how to split up the 2,000 spectral lines in diamond was found for
the present book, using two criteria:

1. The type of sample
2. The method of observation

The lines are presented in 150 tables (see Chaps. 2-7).
The five types of samples are:

N = natural diamond (Sect. 1.2.1 and Tables 2.1.1.1-2.4.3)
H = HPHT diamond (Sect. 1.2.2 and Tables 3.1.1.1-3.4.3)
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L = low pressure (CVD) synthetic diamond (Sect. 1.2.3 and Tables 4.1.1.1-
4.4.3)

M = modified diamond (Sect. 1.2.4 and Tables 5.1.1.1-5.4.4)

R = diamond-related materials (Sect. 1.2.5 and Tables 6.1.1.1-6.3.2)

The three methods of observation are:

A = absorption (see Sect. 1.3.1)

E = excitation (PLE, see Sect. 1.3.2)
L = luminescence (see Sect. 1.3.3)

B = the extra criterion for broad bands

For clarity and for referencing purposes, a six-digit label for individual lines
or bands is introduced, consisting of two letters and a four-digit number (e.g.,
NA2154 =NV):

The first letter identifies the type of diamond sample (N, H, L, M, R).
The second letter stands for the method of observation (A, E, L, B).
The four-digit number indicates the energy in meV units.

The labels are very important for the identification of line groups belonging to the
same center. Group members can be easily recognized from the attached extensions:

The letters a, b, c, etc., identify different transitions of the same center. In the
case of DAP transitions, the letters identify different shells (see Chap. 10). The
extension —z is used for the ZPL of sideband DAPs.

In the infrared spectral range, the letters a’, b/, etc., identify different vibrations.
Phonon sidebands are denoted by -sl, -s2, etc., for increasing energies. Only
important sidebands have their own entry.

Lines from isotopes (see Tables 7.1-7.5 and Chap. 13) are characterized by a
prefix (i2 to i8- for *H, i13- for '3C, i15- for °N, i57- etc. for Sis, i60- etc. for
Ni;, and i118- etc. for Niy).

In order to present the relevant data in a concise form, a nine-column format
was chosen for the tables. The line label in column 1 is followed by three columns
(2,3, 4) giving the energy (in eV or meV), the frequency (incm™" or 103 cm™"), and
the wavelength (in nm or pum), with four significant digits. These three columns take
into account, that in the literature, the optical spectra and line positions are given as
a function of energy, frequency, or wavelength.

For the conversion of energy into frequency, the relation 1eV = 8,066cm™!
is used.

The tables in Sect. 2.1-6.3 are subdivided according to the spectral range, as
given in Table 1.3. Visible colors (in luminescence) are not observed from single
lines, but only from broad bands which are listed under the energy of the band
maximum. The considerable spectral overlap must be taken into account, therefore
some bands named “blue” have their maximum in the ultraviolet.

Many lines have a name(see Tables A.1.1-A.1.3) and this is given in column
5. From the literature, the impurity or the structure of several optical centers is
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Table 1.3 Spectral regions (infrared, visible, ultraviolet) used in Tables 2.1.1.1-6.3.2

Spectral region Energy (eV) Wavelength (nm)
Far infrared 0.04-0.18 30,000-7,000
Mid infrared 0.18-1.24 7,000-1,000
Near infrared 1.24-1.77 1,000-700
Purple 1.77-1.88 700-660

Red 1.88-2.03 660-610
Orange 2.03-2.10 610-590

Yellow 2.10-2.18 590-570

Green 2.18-2.43 570-510

Blue 2.43-2.58 510-480
Ultramarine 2.58-2.75 480-450

Violet 2.75-3.10 450-400

Near ultraviolet (UV-A) 3.10-3.94 400-315

Mid ultraviolet (UV-B) 3.94-4.43 315-280

Far ultraviolet (UV-C) 4.43-5.90 (—12.40) 280-210 (—100)

known or suspected, as listed in column 6, including proposals by the present author.
Additional information on the respective line is collected in the comment column 7.
Because no spectra are shown in the present book, but valuable collections of spectra
are contained in the reviews of Zaitsev [Zai98, Zai01], these figures are referenced
in column 8 by 3-6.x for Chaps. 3-6 in [Zai01], and by 7.x for Chap. 7 in [Zai98].
The last column (9) contains a limited number of references, especially for the cited
figures. Additional information on the respective lines can be found in the review
literature (e.g., [Bie67, Wal79, Fie92, Col97, Zai98] and especially in [ZaiO1] with
almost 1,300 references).

Some statistical numbers can be given: In Chaps. 2—7, more than 2,500 entries
are presented in 151 tables. In Chaps. 2-5, ca. 2,000 entries from ca. 400 centers
are given. The corresponding structures are established for 40 centers (published
before), are almost certain for 120 centers (mostly proposed for the first time), and
are incomplete or unknown for 240 centers. It has to be taken into account that
multiple entries for a single center can often occur:

1. Centers with line groups, e.g., from DAP transitions (DAP, see Chap. 10).

2. Centers with parallel entries, e.g., the N3 = V|N3°(c) center at 2.985eV with
seven entries: NA2985, NE2985, NL2985, HA2985, HL2985, LA2985, and
LL.2985.
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