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Preface

The number of observed spectral lines in diamond is steadily increasing. For
example, the remarkable review by J. Walker in 1979 described 30 centers with
some 100 lines [Wal79]. The compilation by J. E. Field in 1992 had 118 entries
[Fie92]. A. M. Zaitsev in his valuable data collections, had 465 entries in his
book chapter of 1998 [Zai98] and 838 entries in his book of 2001 [ZaiO1]. This
book has more than 2,000 entries from some 300 centers. The main entries are
presented in 23 tables (see Chaps. 2—7), according to the type of sample, the method
of observation, etc. (see Sect. 1.4). Specific tables follow in Chaps. 8—13.

Of special interest for the present author is (1) the interpretation of spectra and
(2) the assignment of structures to the optical centers.

In the field of interpretation, it was found that in 113 cases line groups arise
from resolved donor—acceptor pair (DAP) transitions (see Chap. 10). Only two of
them have been published before [Dis94a, Dis94b, Ste99a, Ste99b], i.e., 111 DAPs
of this book are unpublished [Dis03]. Unresolved DAP transitions were proposed in
1965 to explain the band-A luminescence [Dea65a]. With the present knowledge, a
final proof for this hypothesis is provided (see Table 10.2.2).

The structure assignment of optical centers is established for some 15 cases
(e.g, A = N3,B = V|N;,C = N7,NV = V;N;,N = V|N§,GR1 = VJ9).
However, for the large number of some 200 proposed structures (preceded by *),
confirmation is desirable (e.g., H3 = *V N3, TH5 = *V3, 5RL = *(C,);N?}).

In contrast to previous reviews, where up to three possible structures are cited,
only the most probable structure is presented here. This selection is based on the
available information, like (1) isotope shifts, (2) frequencies of local vibrational
modes (LVM), or (3) of quasilocal vibrational modes (QLVM), (4) involvement
of intrinsic defects (vacancies or self-interstitials) as evidenced by the connection
to a special type of DAP transitions (the sideband DAP, see Chap. 10), and (5)
relationships of the value of the DAP dielectric factor with the number of electrons
involved (see Sect. 10.4) or with the charge state of the defect (see Sect. 10.5).

Certainly, the large amount of data (especially the new structure proposals)
require a critical examination. Each reader is urgently invited to inform the author
about errors, improvements, and new results.



vi Preface

The author regrets that no figures are included in this book. It was decided to
collect the figures and diagrams in a separate book. Fortunately, the experienced
diamond researcher Prof. Alexander M. Zaitsev has agreed to write this book
(together with the present author):

Handbook of Spectral Lines in Diamond, Volume 2, Figures and Diagrams by
A. M. Zaitsev and B. Dischler, Springer-Verlag, to be published.

This second book provides a good opportunity to update the present data on
spectral lines in diamond.

In the meantime, the reader will find figures for most of the lines and bands in
two previous books [Zai98, ZaiO1]. The respective figure numbers are indicated in
an extra column in the tables.
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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
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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 700nm (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.



6 1 Introduction

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 pwm 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.



Chapter 2
Spectral Lines in Natural Diamond

In this chapter ca. 600 lines (and bands), which are observed in natural diamond (see
Sect. 1.2.1), are presented in 32 tables. The entries are assigned to 120 centers. The
corresponding defect structure is established for 18 centers, is almost certain for 20
centers, and is incomplete or unknown for 82 centers.

Chapter 2 is subdivided into absorption lines (Sect. 2.1: 230 NA lines in 11
tables (see Tables 2.1.1.1-2.1.8)), into photoluminescence excitation (PLE) lines
(Sect. 2.2: 50 NE lines in three tables (see Tables 2.2.1-2.2.3)), into luminescence
lines (Sect. 2.3: 280 NL lines in 15 tables (see Tables 2.3.1-2.3.11.3)), and into
broad bands (Sect. 2.4: 40 NB bands in three tables (see Tables 2.4.1-2.4.3)).

The progress achieved within the last 30 years can be estimated from the
following comparison. In 1979 the comprehensive review “Optical Absorption and
Luminescence in Diamond” was published [Wal79]. For natural diamond 20 centers
are described, but only four corresponding structures are given (A center = N,°,
C center = N;°, boron acceptor = B{°, and N3 center = VN3°). The present
knowledge is an increase of 500%.

B. Dischler, Handbook of Spectral Lines in Diamond, 13
DOI 10.1007/978-3-642-22215-3_2, © Springer-Verlag Berlin Heidelberg 2012
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Absorption lines (NA)

2.1
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Absorption lines (NA)

2.1

[er6m1]
[8610Y
‘9610 ‘B 6]
[ap8e1D ‘c800M]
[96104
‘qpge1D ‘€800M|
[ap8e1D ‘c800M]

[¥60ud ‘q8e1D]
[10rZ ‘apgeld]
[861eZ
‘86427 ‘qr8eID]
[10rZ ‘apgeld]
[pz8roD]

S’L9TE
9T’
‘8°€°L'E
9T'€ ‘0TE
9T'L
‘0TELE
9T'€ ‘0TE
OLT"L
YL
9T'L
691°L
YTLLTE
cee

145

T8 QIqEL, 998 Yeam ‘Qul] Judo-(J ISe]
1°€°6 °198L

(AW T°C8E) q ‘B saul] om) ‘HD 1N

syorejerd [rewrs

(s10107e1d Jrews) Aowr g/ 03 (35Te]) 897 TeA
%T O=INHMA ‘duIf Ju20-) ise] ‘dreys
T1°1°6 9IqRL 99s ‘oul| Jued-7 ise| ‘dieys

%9 0=INHMJ ‘oul] U3¢ 1se]
adeys "wwiAse ‘9, | =]NHM] Yueuruoq

o (")«

JUH ) &
(D),

o (")«
o (")«

o'N

+ N

o'N'A
R o)
J(DNIA

(P m-q

puaq HO
() me0-q

(1,2)1u00-q
(,p)1ue0-q

(,8)'m0-H

(,8)u0-g
(,p)1we>-q
(8)1u00-g

€669

LIT'L
01CT’L

08¢'L
96¢°L

'L
60S°L

60S°L
ceSL
6SS°L

0erl

SOl
L8EL

Seel
sel

Prel
ceel

(4331
8¢l
€eel

ELLT

TYLL
0CLL

0891
9°L91

9991
1'$91

1°691
9¥91
091

A1700VN

BYLIOVN
C¢RIY00VN

1,21¥00VN
PIYO0VN

SS010VN
S81T10VN

Sr600VN
PTH00VN
SI1TIOVN



2 Spectral Lines in Natural Diamond

18

(€°¢ 219e1)
[1oreZ] Jop[noys dome] (WdT1eC IeLy 11¢ 079¢ USTCOVN
(€°¢ 219eL)
[1oreZ ‘v6oud] 01°¢ yead yeom domeT] B)d1e 08'% 80¢ 1'86¢C 36ZC0VN
(€°¢ 2198L)
[ToreZ] Iop[noys domeT] (€9% g 4 668 10¢ 1°¢€5¢T JSTTOVN
[9614 ILT°L
‘p6oud ‘T6ue(] O1°€ ‘L€ U 6 HT—€'TT JF20d "sqe “Yead Suong e (®dTe 8¢6'V §e0c 1'1s¢ 9GCI0VN
(€°¢ 219e1)
[ToreZ] Jop[noys ome] (P) 1 810°¢S €661 1'LyT  PSTTOVN
(9674 ILT°L
‘6oud ‘16Ue(] 0I'e‘Le [—WO 6'F[—€'CT "Po0d 'squ “yead Suong dome] (o)1 080°S 8961 0'¥¥C 9GTI0VN
(€°¢ 219e1)
[1oreZ] Jop[noys omre] (@dT1e eves L8l 0ceT qSTTOVN
(€°¢ a1qeL) Iop[noys
[ToreZ] “(0gg)b—e soury LT ‘suouoyd--1ey om], dome] (®)dTC 60S°S SI8I 0°sCC BGCTCOVN
[qzsI0D] vI°€ aurf -5t JHED)'N'AL (D)0 62¢9 0861 6'661 HZIOVN
(9614 9T’e 1°¢°6 219¢L
‘161 ‘qZ810D] PIELE ‘(AW RETy) q ‘B soul om) ‘HN 1eN  o('H'N'A) pueq HN ¥9t°9 L¥S1 8’161 BZ6I0VN
[qzgI0D] vI°€ ’ o (DIN'AL  (u)Iueo-g LLY'9 122! 7161 YIZTIOVN
1°¢°6 219¢L
[ar62uD] eI'e ‘(AW Z'IOP) q ‘B saul om) “HN BN ("H'N'A) Puaq HN €089 OL¥1 T8l BZSIOVN
[86reZ]
LS
‘[1orez]
"9-¢ (wrl)  (_wo) (Ao
SQOURIRJY s3] juowwo)  o3yep/Induy QweN  ISud[ABA ‘mbary  ASmoug  [oqel-oury

(A2 €P€°0-81°0) T Med “pareljur prur ‘soul] uondiosqe :puoweIp [eijeN 1'¢'T°C UL



19

Absorption lines (NA)
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Absorption lines (NA)
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Absorption lines (NA)
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Absorption lines (NA)
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Absorption lines (NA)
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Absorption lines (NA)
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Absorption lines (NA)

2.1
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2.2 Excitation of Photoluminescence Lines (NE)

[oLe1d 1S1°L ARSLO'E
‘O0MeI ‘ovrs O[ed ‘79T = § (A9 9L E)0—®
‘9L90S] ‘€6'S soury G “(0-B)eN Jo A'1d O N'A  BETAVA-()EN'A ceoy 08¥¢ SLO'E BGLOCHN
orl's
[e00e1 ‘66°L (qe)
‘9,90S] =€6'S €N SouT[ Jo J1d *€7dVA Jo 1dZ JON'A OEN'A=()EN  €SIF 80V  S86'C S86TAN
TIN ‘YN 998 ‘A961L°C
O[Rd ‘7T = §981dvd
((APW G'g¢ 1B sGS) pueq pueqg
[1oreZ] A®-16°C 3y uo amyesy dreys ‘qaN '+ N MO[[oA JO H1d 9°6SY S6'1¢ 12Le 12LTAN
[1oreZ] 9ES pawrRU ‘A2 ()99°C I ‘97 = § 0+H0+IN(TINEA) 98SdVA-€S- N« S'L9Y 6¢'1¢ 9T 996¥CAN
[10reZ] PES PIWRU ‘A3 pH79T O[B0 ‘pE = § 0+H0+IN(TINTA) P8SAVA-€S-IN « 8CLY SIie [N P96V CHN
VN 998 :q ‘e saul[ o€
[10reZ] POWRBU ‘AS [(9°C OB Ty = § 0+H0+IN(TINTA) I86dVA-€S-IN « 0°LLY L6°0C 665°C 9961 CHN
CHN ¥Sd
dUI-)) ‘qgS pawel ‘A9 865°C
OB ‘p9 = § {IN 998 (o—®)
[1oreZ] SouT[ ‘(A9 [ ¢)S—E SoUI| U0AdG 1H0+IN(MINTA) 94LSdVA-TS- N« V'LLY $6°0C L6S'C qLESTAN
BES POWIRU ‘A9 H61°C O[8d
[1oreZ] 91 = § «(7S97)u~e soul[ W31 0+H0+IN(TINEA) BCdVA-€S-IN« L 961 €10c 961°C 961 CHN
[861eZ]
L3ud
‘[10meZ] 199J°p (W) (j_wo Q1) (A9)
S90oURIRJY 9—¢ ST likliiive) /andwy QWIBN  [OABAA mbary AS1oug  [oqe[-oury

(A2 01°€—€H'7) 19101A 03 an[q :R[qISIA ‘(FTd) SQuI douadsaurunjojoyd Jo uoneldxs :puoweIp [eInjeN [Z°7 dqeL

(AIN) SoUI'T 92UISIUIWIN[O0JOYJ JO UONBIDXY T'T



2 Spectral Lines in Natural Diamond

34

[oLe1d IS1°L
‘e00Nel ‘ovrs
‘9L90S] ‘€6'S ARTOTE O Yl = § oN'A Uezdva-()EN'A 99LE 66 9¢ wle USLOCHN
[10r7] a JTS POWRU ‘AD 0T '¢ OB 9 = 8§ TTOFIN(TINCA) JLSdVA-TS-IN« %% 60°9C yeCe JLESTAN
[oLe1D IST°L
“e00eIl orrs ARTETEOMTT =S oN'A 8¢zdva-O)EN'A 6°¢8¢ ¥0°9¢ 6CC't S6L0€aAN
66'L
[9.90S] =¢€6'¢ AR EBI'C I ‘pg = § oN'A JETAVA-()N'A L'68¢ 99°6¢ 181°¢ JSLOCAN
[oLeID] IS1°L AREIT'E O Ty = § oN'A 9¢TdVA-O)N'A S'leg ¥S'SC Lore 9CLOCHN
[oLeID] IST°L AR LYI'E OIS = § oN'A PETAVA-(O)EN'A I'v6¢€ 8¢€°6C orle PSLOEAN
[oLe1D IS1°L
“e00O eIl ‘ovrs APTYI'E DB YG = § oN'A 2¢TdVa-(0)IN'A L'¥6¢ yese Ivle ICLOCAN
[oLeID] Isr'L AP6TI'E OB Y9 = § oN'A QcTdvVA-P)EN'A 0°96¢ 9C'ST Iere qeLOEAN
[1017] B JES POWERU ‘A2 (07 '¢ OEd T = 5 OFOFIN(TINTA) J86dVA-CS-IN« P e8¢ 60°9C YeCe J96¥CAN
[861eZ]
L3
‘[1oreZ] 139)9p (wu)  (;_wo 0) (A9)
SQ0URIRJOY 9—¢ sS1] JUWWO)) JRullinng QuieN  TOABM mbary  ASmuyg  [oqe[-oury

(AR +6°€—01°€) 19[01ARIN JeaU ‘(FTd) SQuI] 2ouadsaurunjojoyd Jo uoneloxs :puoweIp [eInjeN g7 dqeL



35

2.2 Excitation of Photoluminescence Lines (NE)
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2.2 Excitation of Photoluminescence Lines (NE)
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2.3 Luminescence Lines (NL)
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2.4 Broad Bands (NB)
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2.4 Broad Bands (NB)
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Chapter 3

Spectral Lines in High Pressure Synthetic
(HPHT) Diamond

In this chapter ca. 330 lines (and bands), which are observed in high pressure
synthetic (HPHT) diamond (see Sect. 1.2.2), are presented in 20 tables. The entries
are assigned to 115 centers. The corresponding defect structure is established for
14 centers, is almost certain for 23 centers, and is incomplete or unknown for 78
centers.

Chapter 3 is subdivided into absorption lines (Sect. 3.1: 150 HA lines in seven
tables (see Tables 3.1.1.1-3.1.6)), into photoluminescence excitation (PLE) lines
(Sect. 3.2: three HE lines in one table (see Table 3.2.1)), into luminescence lines
(Sect. 3.3: 137 HL lines in nine tables (see Tables 3.3.1-3.3.7.2)), and into broad
bands (Sect. 3.4:40 HB bands in three tables (see Tables 3.4.1-3.4.3)).

B. Dischler, Handbook of Spectral Lines in Diamond, 65
DOI 10.1007/978-3-642-22215-3_3, © Springer-Verlag Berlin Heidelberg 2012
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3.1 Absorption Lines (HA)
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3.1 Absorption Lines (HA)
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3.1 Absorption Lines (HA)
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3.1 Absorption Lines (HA)
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3.1 Absorption Lines (HA)

[10reZ *20610D]

[10reZ *20610D]

[1oreZ]
[ogemeT]

[ocomeT]
[ogLm]
[agomeT]
[1oreZ “0€810D]
[agomeT]
[ToreZ *ogemeT]
[10reZ]

Wil
=1vls

Wil
=1vls

ors

ors

Teors

AdW9g

INATO oM “aut] jJo-yds Asw [ |
(DT + INT?) Adw9g

INATTO 10J ‘ADZ90'¢ O[Ed ‘g =§
Sumprds
9JB)IS PAOX YN 99S AW 6S°()

{(Ad79L¢) d-egTdvd Jo TdZ
‘SqQe ur yeam

q ‘BG0TdVA ‘AR9L6'C O[Bd T =S
A9 LLL'T Oed

‘0§ =5 ‘(A2 1TC°€) P—& soul[ Ino

padop 4

APTI9T O ‘T=5

(A212T°¢) P-8S01dVA JO 1dZ

APG9GT I ‘g =5

(("TH) 2ouddsaurwin| ur jueuIwiop

nq ‘vondiosqe ur yeom q ‘®
saul]) ‘(A9 9L0°€) P-¥ SIUI] IO,
oul] Yeam

L (OINEA) 4

L (OINEA) 4

oIN'A
L (OINFA) &

L (OINFA) &

od
o'l + N
L (OINEA) .
o'l + N

L (OINEA) .
JAIN

2dVA-INT
9G0IdVA-INT
2N
qe01dvd
-INC
BGOIdVA-INT
[-1dvd

Z2601dVd-INT
Aldvd

AP 9SG T INT

0°e0y

Yoy

€SIy

091y

0'9%1
1'0Ly
LTy
0'6LY
8C8Y

6'c8y
968y

18vC

CLYC

801C

Y0'¥C

e
LT1C
9I'1Ic
L8°0C
1L°0C

L9°0¢
65°0C

9L0°¢

§90°¢

$86'C

086'C

08LC
LE9C
£€09°C
88S°C
89¢°C

9sC
£66°¢

9C9STVH

9C9STVH

$86CVH

q08LCVH

BO8LCVH

LE9CVH
[-0L0CVH
qc9STVH
A0LO0CVH

BC9STVH
€SSCVH



3 Spectral Lines in High Pressure Synthetic (HPHT) Diamond

76

9°¢’T'8 AquL
938 ‘(A2 9067 1TLY)
3-e18dVd JO 1dZ ‘YN

[10reZ L87eN] 938 ‘(A2 906't) S—€ saul| uaAdS )N A 4 Ore S1LT $8°9¢ L9SY L9SYVH
[L610D] 891°G ATLTH O =5 Jld+ | IN, 1,9dvd L68T SPE 08TY 1Z98¢VH
[L610D] 891°G APGRTF OmI‘9 =5 1+ N, 4,9dvd ¥'20¢ LOEE 00I'¥  UZ98EVH
[L610D] 891°G AR9LOT PIOT =5 ld+ LI, 8,9dvd o€ 88'7¢ 9.0  ST98EVH

(A9 6S ) pueq

[L8ZeN ‘L610D] 1S (TM)D 30 TdZ ‘Adw [9 4 sgS T o'N ®)e) ¥'60¢ yLTE 650y 6S0YVH
[L610D] 891°G ARTHOT P TI =5 Jld+ L IN, 3L9dvd 0°L0€ 8G°T€ 660 JT9SEVH
[L610D] 891°G APOTOY OB pT =5 ld+ N, 2,9dvd L80€ 6£7CE 910t  9T98EVH
[L610D] 891°G ARE66'E DIl =5 g+ N, PLOAVA LOIE 81°CE 066€  PTISEVH
[L610D] 891°G ARLTEEDMI9T =5 a4+ LN, 2,9dvd 6TIE 96'1€ 976'€  9798EVH
[L610D] 891°G AP968°E OB pE =5 g+ N, q,9dvd 1'81¢ 1€ 868°¢  9798EVH

176 °IqBL 998 ‘A2 868°¢ "o[ed
[L610D] 89I'S ‘05 = 5 (AP08TH) FeSAUAUIN  ,'d+ | N, ©/9dvd 0'1ze SIIE 798°€  ®BT9SEVH
[ogL1r3] o e o o ¥'6T¢ €L°0€ 018°¢ 018€VH
[ogLr3] 0S¢ 6S'8T ovs'e OvSEVH
[ogLr3] 9v9¢ LT 00v°¢ 00¥EVH
[10reZ] (VIN 99s) 76dVd 30 1dZ (@,N'Ax  2Z2SdVA-4EH 6'89¢ 11°Le 19¢°¢  AP9PTVH
AD €EE°€E OB
[10reZ ‘c6PeN] ‘98 = 5 ‘(HIN/VIN 998) saul| ¢ L ENTINCA e6SdVA-FS 4 0TLE 88°97 €eee €EEEVH
[20610D] 1S ARSTTE OOy = L(OINFA) . PSOIAVA-INT 678¢ 86°ST 120¢  POSLIVH
[10reZ] o o o e 000 00°ST 001°¢ 001€VH
[861eZ]
L 3ul
‘[1orezZ] (wu)  (;_wo0r) (A9)
SOOUAIYY 9—¢ s3I JuauIwo)) 1095op/-nduy QuIeN TOARA\ ‘mbary  ASioug [oqe[-aury

(A9 06'S-01°€) 19[01ABIN e} 0 Jeau ‘soul] uondiosqe ;puoweIp [HAH 9'T°€ dIqEL



77

3.2 Excitation of Photoluminescence Lines (HE)
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3.3 Luminescence Lines (HL)
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3.3 Luminescence Lines (HL)
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3.3 Luminescence Lines (HL)
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3.3 Luminescence Lines (HL)
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3.3 Luminescence Lines (HL)

[A6691S “e6691S] Sumrds ASW 9 A EL0°S OO ‘qBL = § Jd+d ngdva  Ltve L8OV L90S n[1LyTH
[1orez] ,od PawRY ({991 + [+ =) AW L0¢— dS q (@999 0'SHT I80F  090°S  TS—Q9SESTH

[1orez] @ paweu (((L91 + T+1 =) AW 80E— dS q ps—®)g-dd  9'S¥T Loy 8Y0°S  $S—B9SESTH

[ooouL] QuI[ (LS WOIJ AW GGT— gS [s-domp-yo-gd  TLbT ISor  SI10°S IS-0L1STH

[96691S “e6691S] AP$00°S DR ‘6 = § old+1d dva 18T I€0F  L66Y MILYTH

(O/vDI9IT X TH(VL)L8=)

[1orez] AW v— dS es—(®)qd =€V $'8¥T STOr 066t €5-860VSTH

[96691S “e6691S] ARYS6H ORI [ = § o+ old sgdvd  T0S¢ L6'6E  SS6'Y STILYTH
[A6691S “e6691S] ARQE6Y OB TT = § old+ d dva SISt 9L'6E 66V LY TH
[96691S “e6691S] A2 868t OB Y[ = § old+ old bzdva  o¢se $6E 0061 b1y TH
[96691S “e6691S] A2 888t OB G = § o+ old dzdva  sese rr6e 0681 d11LyTH
[A6691S “e6691S] APTLY Y OBI9] = § Jd+d 0-zdvd  9¥ST 8T6E  0L8Y O-11LyTH
[96691S “e6691S] A2H98't DRI L] = § old+1d uzdvd — 0°SSt 17°6¢ 198¥ uy[LyTH
[96691S “e6691S] AR 168t e B = § old+d wgdvd  $'SST vI6E  €S8°Y wil/yTH
[A6691S “e6691S] A8y OB ‘6] = § Jd+d [-tdvd  8°SST 6065 98T -11LY TH
[96691S “e6691S] AR EEH D[RO 0T = § old+1d Yedvd  $'9ST 66'8¢ eS8V NIILYTH
[96691S “e6691S] APBI8 Y DB ‘CT = § old+1d leava  TLst 88'8¢  0T8t 1Ly TH
[A6691S “e6691S] APH08'y OB ‘pT = § Jd+d Tdva  0'8St 9L'8¢ 908t HILYTH
[96691S “e6691S] AR 66LY ORI ‘ST = § old+1d yzdvd — T'8ST TL8¢ 108¥ Yl ILyTH
[96691S “e6691S] AP96LY D[ ‘9T = § old+1d Szdva  $'8st 89'8¢  96LY SI1LYTH
[A6691S “e6691S] ARYLLY OB 0g = § Jd+d Jedva  L6ST IS8 VvLLY JUILYTH
[96691S “e6691S] AR 69LY ORI [ = § old+1d 9Tdva 009t L¥'8E  69LY SIILYTH
[A6691S “e6691S] APEYL Y DB ‘TE = § Jd+d padva  €09¢ weE LY PIILYTH
[A6691S “e6691S] APOYPLy OB ‘LE =S Jd+d xdvd  €£'19C LT8E  SHLY STILYTH
[96691S “e6691S] AR 6ELY OB ‘6 = § old+1d qzdvad  8'19¢ 1786 9¢L¥ qIILyTH

AITILY
[96691S “e6691S] o[BI {0G = [[YS (AP GIT'S) m— saul[ ¢ old+1d eedvd  T'E9C 00'8¢ 1LY e [LyTH
(wu)  (;_udr) (A®)
SAOUAIJY juowwo))  309Jop/Induy QWIBN  [OABA ‘nbary  AS1oug [oqe[-aury

(A9 LO'S—€t°P) T Med I9[OIABIN Tej ‘Saul] d0UdSIUIN] :puowelp THAH [°L€’E AIqEL



3 Spectral Lines in High Pressure Synthetic (HPHT) Diamond

88

paururop
[1orez] j0011puL (A Jomo[) 1dZ (@ad  6'8c¢ 80'¢y  9It'S A607STH
10011pul (A2 91%°6) q
[1orez] ‘e soul] om) (gA 1oddn) 1dZ ®ad 76 ey 60F'S e60PSTH
[1orez] (dA 19mo]) 1dZ q (@g-aga  0'1¢e 6Tcr  L9ES q9S€STH
(A2£9€79)q
[1orez] ‘e soul| om) (gA 1oddn) 1dZ q (®g-ad ST 0Ter  9s€'S ©9CECTH
[ToreZ] (V1=) Aow /38— gS es-(@ad = ,'v  9tee 86'Ck  6C€'S  €5-A60¥STH "
[976100°000UL]  T91°L ‘9ST°S (V1=) Aow /38— gS gs-®HI ="'V  0¢ee €6'Cy  TIES 85-2601S TH
[o16100] 9I'L (01L=) AW [$[— dS —(@ad = ,'"d  0¢ee SSTh SLTS Ts-960vSTH
[976100°000UL]  T91°L ‘9ST°S (01L=) AW [$]— dS Ls-@Had="'d  ¢€S¢eT 6v'cy  89T'S LS-2601STH
[oLLaed] ‘[s9e=q] o o 29§ 8°GeT Ir'ey  8ST'S 8GTSTH
[ot610D] 91L (0T =) AdW 9] — dS 9s—(®)EA =1  £9¢C €Ty 9TS 95—860VSTH
,'d paureu
[1orez] {(OL =) AW Op[— gS q es—(@g-dad  T'LET 9I'cy  LTTS €8-9S¢STH
[96691S ‘e6693S] AP LOTSOMed‘p = § Jd+'d mzdvd  L'LET 92Ty  SITS MITLYTH
[1oreZ] ' poureu : AouI [H1— gS q 9s—(e)g-4d  L'LET 90Ty  SITS 95-89GEGTH
,/ 1 paweu
[1oreZ] {01 =) AP E9I— gs q gs—(e)g-A49  L'8¢€T 681y €61°S GS—B9GECTH
uoneoxa
[00oYL] 961°S asind A2 99°g asudju] domp-yo-gd  8'6¢C oL'Iy  OLI'S OLISTH
[96691S “B6691S] o APTIT'G I ‘G = § Jd+d AZAVA  SOKT 8Ty SST'S ATILYTH
((ODILIH(VL)L8=)
[ToreZ] APW SST— gS s-@®II =7V  L0VC SS'1y ISTS SS-e60¥STH
WODLYT x T =)
[1orez] AdWp6T— dS rs—(@)ad =%  ¥THe 9Ty SIS ¥$—260rSTH
[861eZ]
L3
‘[1orezZ] (wu)  (;_uoQ1) (A9)
SAIUAIRJY 9—¢ s3I juowwio))  309Jop/nduy QWBN  [OABA\ ‘mbar] ASioug [oqe[-aury

(A206'S~11°S) T Med I9[OIABIN Tej ‘SauI] d0UISIUIN] :puowelp THAH T'L'E'E AIqEBL



89

3.4 Broad Bands (HB)
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3.4 Broad Bands (HB)
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Chapter 4
Spectral Lines in Low Pressure Synthetic (CVD)
Diamond

In this chapter ca. 340 lines (and bands), which are observed in low pressure
synthetic (CVD) diamond (see Sect. 1.2.3) are presented in 22 tables. The entries
are assigned to 93 centers. The corresponding defect structure is established for
7 centers, is almost certain for 30 centers, and is incomplete or unknown for 56
centers.

Chapter 4 is subdivided into absorption lines (Sect. 4.1: 71 LA lines in 6 tables)
(see Tables 4.1.1.1-4.1.4), into photoluminescence excitation (PLE) lines (Sect. 3.2:
three HE lines in one table), into photoluminescence excitation (PLE) lines
(Sect. 4.2: 144 LE lines in 2 tables), (see Tables 4.2.1-4.2.2), into luminescence
lines (Sect. 4.3: 190 LL lines in 11 tables, (see Tables 4.3.1.1-4.3.9)), and into
broad bands (Sect. 4.4: 33 LB bands in 3 tables, (see Tables 4.4.1-4.4.3).

B. Dischler, Handbook of Spectral Lines in Diamond, 93
DOI 10.1007/978-3-642-22215-3_4, © Springer-Verlag Berlin Heidelberg 2012
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Absorption Lines (LA)

4.1
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Absorption Lines (LA)

4.1
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Absorption Lines (LA)

4.1
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Absorption Lines (LA)

4.1
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4.2 Excitation of Photo Luminescence Lines (LE)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.3 Luminescence Lines (LL)
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4.4  Broad Bands (LB)
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4.4  Broad Bands (LB)
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Chapter 5
Spectral Lines in Modified Diamond
(Irradiation, Heat, etc.)

In this chapter ca. 1,000 lines (and bands), which are observed in modified diamond
(see Sect. 1.2.4), are presented in 59 tables. The entries are assigned to 305 centers.
The corresponding defect structure is established for 29 centers, is almost certain
for 107 centers, and is incomplete or unknown for 169 centers.

Chapter 5 is subdivided into absorption lines (Sect. 5.1: 360 MA lines in 21
tables), into photoluminescence excitation (PLE) lines (Sect. 5.2: 96 ME lines in
7 tables), into luminescence lines (Sect. 5.3: 487 ML lines in 27 tables), and into
broad bands (Sect. 5.4: 57 MB bands in 4 tables).

B. Dischler, Handbook of Spectral Lines in Diamond, 127
DOI 10.1007/978-3-642-22215-3_5, © Springer-Verlag Berlin Heidelberg 2012
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Absorption Lines (MA)

5.1
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Absorption Lines (MA)
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Absorption Lines (MA)

5.1
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Absorption Lines (MA)

5.1
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Absorption Lines (MA)

5.1
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.2 Excitation of Photo Luminescence Lines (ME)
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5.3 Luminescence Lines (ML)
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5.4 Broad Bands (MB)
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5.4 Broad Bands (MB)
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Chapter 6
Spectral Lines in Diamond-Related Materials:
DLC, Lonsdaleite, etc.

In this chapter 84 lines (and bands), which are observed in diamond-related
materials (see Sect. 1.2.5), are presented in 8§ tables. The entries are assigned to
55 centers. The corresponding defect structure is established for seven centers, is
almost certain for 12 centers, and is incomplete or unknown for 36 centers.

Chapter 6 is subdivided into absorption lines (Sect. 6.1: 64 RA lines in four
tables), into luminescence lines (Sect. 6.2: 14 RL lines in two tables), and into broad
bands (Sect. 6.3: six RB bands in two tables.

B. Dischler, Handbook of Spectral Lines in Diamond, 233
DOI 10.1007/978-3-642-22215-3_6, © Springer-Verlag Berlin Heidelberg 2012
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6.2 Luminescence Lines (RL)
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6.2 Luminescence Lines (RL)
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Chapter 7
Spectral Line Shifts from Substituted
and Natural Isotopes

In this chapter, 235 lines for which isotope shifts are measured are presented in ten
tables.

Chapter 7 is subdivided into 2H,* H,.,° H,% Hy shifts (Sect. 7.1: 74 lines (i2-,
i4-, 16-, 18-) in four pages), into 13C,,26 C, shifts (Sect. 7.2: 104 lines (i13, i26-) in
11 pages), into '* Ny shifts (Sect. 7.3: 26 lines (i15) in three pages); into >’ Siy,’8Si,
shifts (Sect. 7.4: eight lines (i57-, 58-) in one pages); into ®'Ni; ' Ni;,Niy ,**Ni or
Y8 Niy 120Niy 122 Niy \>*Niyshifts (Sect. 7.5: 23 lines (i60-, i61-, i62-, i64- or il18-,
i120, i122-, i124-) in two pages).

For vibrational lines, the theoretical isotope shift can be calculated from the mass
difference (see Sects. 13.2, 13.3, and Tables 7.1-7.3 captions), the isotopic line shifts
at zero phonon lines are small (see Sect. 13.1). They can be negative or positive.

B. Dischler, Handbook of Spectral Lines in Diamond, 247
DOI 10.1007/978-3-642-22215-3_7, © Springer-Verlag Berlin Heidelberg 2012
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Isotopic Shifts from 2H (Deuterium) (i2, 4, i6, i8)

7.1
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Isotopic Shifts from 2H (Deuterium) (i2, 4, i6, i8)

7.1
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7.2 Isotopic Shifts from 13C (i13)
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Chapter 8
Intrinsic Defects and Their Associates
in Diamond

The intrinsic defects (lattice vacancies, self-interstitials, and their associates with
impurities) give rise to over 60 defects in diamond (see Tables 8.1.1-8.1.7.2
and 8.2.1-8.2.4). Many of the configurations in these tables are proposals which
need confirmation (marked by a preceding *).

From the isolated lattice vacancy and divacancy, four optical centers are observed
(see Table 8.1.1).

Associates of the single or double lattice vacancy with one to four nitrogen atoms
are observed in 21 centers (see Table 8.1.3.1-8.1.3.6).

One to three nickel atoms form 16 associates with single, double, or triple lattice
vacancies (see Tables 8.1.4-8.1.5,9.5.1.1-9.5.1.2).

A total of 22 centers from other impurities with one or multiple lattice vacancies
are listed in Table 8.1.7.1-8.1.7.2 (see also Sects. 9.1-9.7).

The isolated lattice vacancy and self-interstitial are produced by irradiation.
These defects have limited thermal stability (see Sect. 8.3.1). Therefore, they are
absent in natural diamond. However, associates of the vacancy with nitrogen, nickel,
silicon, or hydrogen atoms are stable up to ca. 2, 000 °C, and are well-known defects
in natural diamond, especially those with historical names: NV center for VN7, N3
center for V{N3, and B center for V|Nj.

8.1 Lattice Vacancies and Associates

8.1.1 The Isolated Single Vacancy

The isolated single vacancy is a typical radiation center and can be created by high
energy irradiation (e.g., electrons, ions, neutrons, and y-rays). The properties of this
important defect have been investigated by theory, electron paramagnetic resonance
(EPR), and optically.

B. Dischler, Handbook of Spectral Lines in Diamond, 269
DOI 10.1007/978-3-642-22215-3_8, © Springer-Verlag Berlin Heidelberg 2012
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Theory. The results of theoretical calculations [Lan68, Bre95, Jou96, Mai97] are
summarized in recent reviews [DavOla, NewOlc]. The vacancy can exist in three
charge states: V;~, V,°, and V. There is a special situation, where the relative
stability of the different charge states depends on the position of the Fermi level Eg.
The most stable charge state are V|~ for Er > (E. —2.2eV) (typical for type Ib),
V,°for (E,+1.0eV) < Er < (E.—2.2¢eV) (typical for types Ia and ITa), and V; *
for Ep < (Ey + 1.0eV) (typical for type IIb).

The V;~ center has stable Ty symmetry with a A, ground state, and allowed
transitions to a calculated *T; state at +3.3eV.

The V,° center distorts from Ty to Dpq symmetry with a gain in Jahn—Teller
energy of 0.36 eV. However, the Jahn—Teller effect is dynamic in producing effective
Ty symmetry, and a splitting in the 'E ground state of a few meV (observed is
8 meV).

The VT center is stable in the Jahn—Teller distorted Daq symmetry with a 2T,
ground state. The excited states are “well above “the ground state.

The carbon atoms of the first shell relax radially outward by ca. 13% of the initial
bond length (independent of the charge state).

EPR measurements: The EPR and ENDOR results confirm the theoretical
description [NewOlc]. Fortunately, also the V;° center with its diamagnetic 'E
ground state has a paramagnetic > A, excited state, which can be populated via ND1
absorption (see Table 8.1.1).

Optical measurements: The close correlation of EPR intensity and optical
absorbance allows to assign the ND1 center to V; ™ and the GR1 centerto V;°, even
with calibration factors [Twi99]. The GR2—GR8 lines, which are now interpreted as
donor—acceptor pair transitions of V;*, were previously assigned to ZPL transitions
of Vl °,

All three charge states of the vacancy have sideband systems from donor—
acceptor pair transitions (V;~: DAP93, V,°: DAP33/34, and V,+: DAP32, see
Table 8.1.1). The V;T-DAP32 sidebands are very efficient in the excitation of
the V{°(a, b) luminescence, and have been named GR2 to GRS8. The broad
V,°(b)-DAP33 absorption band, centered at 1.98eV (630nm), is (together with
a blue-violet absorption band) responsible for the green color of some irradiated
diamonds [All98a]. The green color of rare natural diamonds (e.g., the 41 karat
volume colored green diamond gemstone of Dresden) is ascribed to irradiation from
natural radioactivity [Bos89, Col97]. In a different case, a natural green skin (about
0.02-mm thick) has been reported [Wel94].
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Table 8.1.1 The single and double lattice vacancy in diamond
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Defect

Observed

Name/comment

\%

A\

v,°

*VlJr

(V27)

V,°

MA, EPR(SI,
$2) S =3/2

MA, EPR,
S = 4, (only
in A, exc.
st.; obs. via
ND1
absorption)

ML

MA, ME; EPR
(NIRIM3)
S=1/2

EPR (W29)

MA, EPR(R4
= W6)
S=1

R10 = ND1/LVM: (4x)

+80 meV; peak of broad
band at 3.45eV; no
luminescence (e~ emission
in exc. st.); photochromic
with GR1 at

1.1 < E < 2.8¢eV;stable T
symmetry with *A, gr. st.

GRI1b; line(a) at

1.665eV/QLVM: +41,
LVM: 468, +93 meV; gr. st.
spl. = 8 meV from dynamic
JT; effective Tyq symmetry
with 'E ground state; peak of
broad band at 1.95eV;
photochromic with ND1 at
E >3.1eV

GRI1b; line(a) at

1.665eV/QLVM: —37, —91;
LVM: =70 meV; gr. st. spl.
= 8meV from dynamic JT

GR2b-GRS8e (at

2.881-3.060 eV), very weak
ZPL (GR2a), PLE of GR1,
observed only in irradiated
type IIb or boron doped
CVD diamonds; no
luminescence (e~ capture in
exc. st.); resolved spectrum
also in photoconductivity
[Ver74]; Dyq symmetry from
JT distortion, 2T, ground
state (S = 1/2)

W29(EPR), S = 3/2;

no optical lines; Cyy
symmetry from JT distortion

THS5/weak ZPL; DAP lines at

2.543 (former ZPL) to
2.909 eV/no QLVM or LVM
SBs, Cy, symmetry from JT
distortion

EPR see [NewOlc]
SB-DAP = sideband DAP with ZPL = L = limiting energy, and D = dielectric factor; gr. st.
spl. = ground state splitting, exc. st. = excited state; JT = Jahn-Teller effect
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8.1.2 The Isolated Divacancy

The isolated divacancy occurs in the neutral state (V,° = optical TH5 center). The
negative charge state (V, ™) is observed only in EPR (W29) [New01b]. Divacancies
are formed by aggregation of two single vacancies at anneal temperatures 7 >
600 °C. The concentration of V,° in irradiated and annealed diamond is always
low because the migrating single vacancies are preferentially trapped by nitrogen
centers, and seldom by other single vacancies. A group of weak absorption lines is
observed in the 2.4-2.9-eV range and has been named THS [Cla56c]. The group
of 13 lines arises from the sideband V,°-DAPI15 (see Table 8.1.1) with a very weak
ZPL at 2.419eV (previously the first sideband at 2.543 eV was erroneously assigned
to the ZPL).

8.1.3 Associates of Single or Double Vacancies with Nitrogen

When the vacancies begin to migrate (at a typical anneal temperature of
800°C, Ep = 2.4eV), most of them are trapped by impurities before reaching
the surface. Some very stable (beyond 77 = 1,600-2,300°C) associates with
nitrogen are observed in natural, and also in as-grown synthetic HPHT or in as-
grown synthetic CVD diamond. They are named: The NV center (= V|N;°), the
638 nm center (= V{N; "), the H3 center (= V|N,°), the S1 center (= VN, 7), the
N3 center (= V|N3°), the 2,526-eV center (= V|N37), the B-center (= VN,°),
and the N9 center (= V|Ny ).

Metastable centers are Hl(a) =V C4N,° (precursor of NV =V|N;°, Table
8.1.3.1), H1(b,d, g) = VC4N;° (precursor of H3 = V|N;°, Table 8.1.3.1), and
Hl(c, e, f) = V|N4V,° (precursor of H4 = N3V,N;°, Table 8.1.3.4). Similar
to the SB-DAPs with hydrogen centers (see Sect. 9.3), the precursor DAPs 30
and 31 are sidebands of a dominant infrared vibration. The DAP analysis yields
L = 154meV (from the A-center = N, see Table 9.1.1.3) for H1(b,d,g)-DAP30,
and L = 147 meV (from the B-center = VN4, see Table 8.1.3.5) for Hl(c,e,f)-
DAP31. The sharpness of the precursor DAP sidebands indicates a similar sharpness
for the involved infrared vibrations (pseudo ZPL), which in direct observation are
evidently broadened by resonance with lattice vibrations.

The trapping of a vacancy by nitrogen centers has been theoretically analyzed
[Mai94a], see Sect. 9.1.6.2.
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Table 8.1.3.1 Associates of the single vacancy with one or two nitrogens
Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*ViN;"(a) NA,HA,LA,MA 1.943 48a—j +1.24 638 nm or NV—
center/QLVM: +4-63;
LVM: 475, 4+143;
(combinations +213,
+417, 4520, +587)
meV

*V;N;"(a) NL,HL,LL, ML 1.943 49a—0 —1.24 638 nm or NV~
center/QLVM: —63;
LVM: —123 meV

*ViN;~(b) MA 4.328 .. .. NV~ (b) center; trigonal
symmetry
VN;° NA, HA,LA,MA 2.154 46a—f +1.39 NV = 575-nm

center/QLVM: 4-90;
LVM: +164 meV

ViN;° NL, HL, LL, ML 2.154 47a— —1.39 NV = 575-nm
center/QLVM:
—48(IN+3C); LVM:
—155meV

*ViC4N;°© MA 0.180 .. .. H1(a)/in irradiated and
annealed
diamond/precursor of
V]N 1 ° = NV

*V 4N, ° MA 1.702 45a—i +1.53 In irradiated and
annealed
diamond/weak ZPL,
precursor of V{N;°
= NV, three
luminescence lines at
mirror positions; DAP
lines at 1.909, named
1.908 eV center (hole
burning [Sil95]);
2.087(named 595 nm
center), QLVM: +70
(61 4+ 80?7), LVM:

+165 meV
*VIN,© MA 1.256 77a-k +1.35  H2/LVM: 465, +167
(sharp) meV
*V Ny~ ML 1.256 78a-g —1.35 H2/LVM —62 meV
*ViNy%(@)  NA,HA,LA,MA 2464 50a-h +1.34  H3(a)/DAP lines
H6-H12 at

2.975-3.343 eV
(s = 8——1)/QLVM:
+46 meV
*ViN,°(a) NL,HL,LL, ML 2.464 S5la—f —1.34 H3(a)/QLVM: —41;
—81; LVM:
—157 meV
(continued)
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Table 8.1.3.1 (continued)

8 Intrinsic Defects and Their Associates in Diamond

Defect Observed ZPL (eV) SB-DAP D (eV)

Name/comment

*ViIN,°(b) NA,HA,LA,MA 3.361 52°-g +1.34

*V N, NL,HL,LL, ML  2.429

*ViN, T NL,HL,LL, ML  2.463 43a-g —1.33

*ViCNS  MA 0.154 30a—d +1.45

H3(b) = H13/DAP
lines H15-H18 at
3.457-3.560 eV
(s = 228-34)

S1(a); line (a) 2.429eV
(20x weaker than
(b))/34 meV exc. st.
splitting

S1(b); line (a) 2.429 eV
(20xweaker)/QLVM:
—48; LVM:

—67 meV; energy
transfer between
S1(b) and H3(a)
centers

In irradiated and
annealed type
TaA/ZPL indirect,
precursor of H3(a, b)
= *V|N,; DAP lines
H1(d) at 0.331 eV
(s = 50), H1(g), at
0.551eV (s = 10),
H1(b), at 0.612eV
(s = 8)/QLVM:
+64; LVM:
+154 meV/ZPL
resonant with A(e’),
see Table 9.1.1.3

SB-DAP = sideband DAP with ZPL = L = limiting energy, D = dielectric factor, and

s = shell number

Table 8.1.3.2 Associates of the single vacancy with three nitrogens

Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*VIN3 ™~ NL, ML 2.526 76a—n —1.19 QLVM: —48; LVM:
—144 meV/dyn. JT

VN;°(a) NL, HL, ML, 2.297 55a—¢ —1.33 N3(a) (formerly

N3b)/delayed
luminescence;
observed only in
samples with large
platelets (with small
platelets see the
2.202eV line
below)/QLVM:
—67 meV/dyn. JT

(continued)
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Table 8.1.3.2 (continued)

Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment
VN;°(b) NL, HL, ML 2.680 S56a—d —1.33 N3(b) (formerly
N3a)/delayed lumi-
nescence/QLVM:
—59 meV/dyn. JT
VN3°(c) NA, HA, LA, 2.985 23a-o0 +1.33 N3(c) (formerly N3);
MA, NE, HE, ZPL split by
LE, ME 0.59 meV; DAP

lines N4 at 3.610

(s = 3) and N5 at
3.730eV

(s = 1)/PLE of
N3(a, b, ¢)/QLVM:
+36, +64 meV; IR:
+177 meV/dyn. JT

ViN;°(c) NL, HL, LL, ML  2.985 24a—q —1.33 N3(c) (formerly
N3)/QLVM: —36,
—69; LVM:
—160 meV/dyn. JT
*ViN; T NL 3414 22a-1 —1.36 QLVM:-36, —74 meV
*(VIH)N;®  NA 0.178 - - nat. N-H bend
NA 0.390 - - nat. N-H stretch
*VIN3(Cy)i°  NA 2.202 - - (Named 563-nm

center) in natural
brown diamonds
with high hydrogen
content/QLVM:
432, +72 meV

*VN3(C,p)i°® NL,HL, ML 2.202 - - Delayed lumines-
cence/similarity
with N3(a);
observed only in
samples with small
platelets

SB-DAP = sideband DAP with ZPL = L = limiting energy, D = dielectric factor, and
s = shell number; dyn. JT = dynamic Jahn—Teller effect

Table 8.1.3.3 Associates of the single vacancy with four nitrogens
Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*VINy NA, NE 5.252 63a—g +1.43 N9(a); lines (b)
5.262¢V, (c)
5.277eV/IQLVM:+75,
LVM: 4120,
+140 meV

*VINy NL 5.252 64a—i —1.43 N9(a); lines (b)
5.262¢V, (¢)
5.277eV/LVM: —65,
—76 meV

(continued)
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Table 8.1.3.3 (continued)

Defect Observed  ZPL (eV) SB-DAP D (eV) Name/comment

ViNg NA, MA 4.191 82a-g +1.64 B(b); lines (a) 4.184, (c)
4.197 eV/QLVM: 436,
+72meV; IR:

+94,+125, +134,
+146, 4165 meV
(see Table 9.1.3.5)/dyn.

JT
*V N, HL 2510 - - Four sidebands at
+40 meV
*(V H)NS MA 0.192 - - NH bend
*(ViH)NY MA (0.424) - - Expected NH stretch
*VING(Cy)%(a) NA,HA  2.145 - - *F(a)/QLVM:
+23 meV/IR lines
F(a’)-F(@{"), see
Table 8.1.7
*VINg(C,)°(a) NL,HL  2.145 - - *F(a)/ZPL of F(al) =

“Red band” with
1.80-eV peak, 14 SBs

31 meV
*ViN4(Cp)P(b)  NE,HE 2.721 - - *F(b)/PLE of F(B1) =

“Yellow band” with

2.25-eV peak
*VIN4(C)P(b) NL,HL 2.721 - - *F(b)/ZPL of F(B1) =

“Yellow band” with

2.25-eV peak, seven

SBs 34 meV
*ViNg(C)P(c) NA,HA 4.567 8la—f +1.67 *F(c)/QLVM: +55;

LVM: +136,

+154 meV

SB-DAP = sideband DAP with L = ZPL = limiting energy, D = dielectric factor, and
s = shell number; dyn. JT = dynamic Jahn—Teller effect

Table 8.1.3.4 Associates of the double vacancy with one to four nitrogens
Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*V,N, ° LL, ML 2.329 - - Very strain sensitive, variable
2.322-2.335eV
*V,LN, MA 2.086 - - 595 nm center; in irradiated

and annealed (275-800°C)
type Ib diamond; resonant
with DAP45, s = 12 line of
*VC4N7] at 2.086 €V,
QLVM: 475 (2N), LVM:
+165 meV

*V,N;3° MA 2916 - - Very weak line

(continued)



8.1 Lattice Vacancies and Associates

Table 8.1.3.4 (continued)

2717

Defect

Observed

ZPL (eV) SB-DAP

D (eV)  Name/comment

*VINgV,°

*N3V,N,°

*N3 V5N, °

MA

MA

ML

0.147 3la—e

2.498 37a-h

2.498 38a—g

+1.45 In irradiated and annealed type

IaB/ZPL indirect, precursor
of H4(a,b) = *N3V2N1 N
DAP lines H1(e) at 0.362 eV
(s = 50), H1(f), at 0.545
(s = 10), H1(c), at 0.641 eV
(s = 8)/QLVM: +-64; LVM:
4154 meV/ZPL resonant
with B(d’), see Table 8.1.3.5
1.60 H4(b); line (a) at 2.417 eV
(ten times weaker than
H4(b)/QLVM: 438 meV

—1.60  H4(b)/QLVM: —42, —81 meV

SB-DAP = sideband DAP with L = ZPL = limiting energy, D = dielectric factor, and
s = shell number

Table 8.1.3.5 IR absorption bands and vibronic UV absorption lines and bands from four
nitrogens surrounding a vacancy: (V{N;° = B center)

Line/band E (meV) Width (meV) Rel. Intens (%) Comment
(cm™h) (%)
B(@) 93.5 14 6 Variable
754 15 93.5-96.7 meV
B(b) 125.2 8 7
1,010 6
B(c)) 134.5 3 2
1,085 2
B(d) 145.7 10 53 Close to the ZPL of
1,175 7 *V N4 V|-SB-
DAP31 (see
Table 8.1.5)
B(¢) 150.6 6 6 Overlapping band
1,215 4
B(f) 158.9 14 14 Overlapping band
1,282 9
B(g) 165.1 1 9 -
1,332 0.6
Line/band E (eV) Width (e V) Comment
*B(al) 4.184 0.003 - ZPL(al) of B(a2)
*B(a2) 4.191 0.003 - ZPL(a2) of B(a2)
*B(a3) 4.197 0.003 - ZPL(a3) of B(a2)

(continued)
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Table 8.1.3.5 (continued)
Line/band E (meV) Width (meV) Rel. Intens (%) Comment
(em™") (%)

B(a2) 4.70 0.56 - Absorption band, same
band in
photoconductivity
[Den67]

DAPS82a-d 4.307- - - SB-DAP; L = B(al-3)

4431 ZPL (4.191eV),

D =1.64

No luminescence from UV center
DAP: L = limiting energy, D = dielectric factor of donor—acceptor pair

Table 8.1.3.6 Absorption lines and bands from four nitrogens surrounding a vacancy associated

with a self-interstitial: V{N4(C5);° = F center

Line/band E (meV) Width (meV) Rel. Intens (%) Comment
(cm™") (%)
F(@@") 121.0 6 4 -
976 x5
F(b') 126.7 6 2 Also observed as
1,024 5 4127 meV LVM
sideband at *F(c)
(4.567 eV)
F(c") 144.1 8 32 Close to B(d’) center
1,162 6 line at 145.7 meV
(see Table 8.2¢)
F(d) 154.0 7 23 Also observed as
1,242 5 4154 meV LVM
sideband at *F(c)
(4.567 eV)
F(e’) 157.5 7 21 -
1,270 5
F(") 161.0 6 13 -
1,299 4
F(g') 164.0 1.5 2 -
1,323 1
F(h') 191.4 3 1 Typical for (C,);, see
1,544 2 Table 8.2.1
F(’) 195.9 5 2 Typical for (Cy);, see
1,580 3 Table 8.2.1

(continued)
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Line/band

E (eV)

Width (eV)

Rel. Intens.(%)

Comment

*F(al)

*F(a)

*F(a2)

“F(B1)

*F(b)

“F(p2)

(“F(yD))

*F(e)

“F(y2)

1.80

2.145

2.55

2.25

2.721

3.05

(4.30)

4.567

5.00

0.30

0.27

0.55

0.001

0.45

0.01

0.60

Lumin. “Red band”;
14 SBs 31 meV
[Col82b]

ZPL(absorption and
luminescence) of
F(al, a2); very
weak [Col82b],
SBs: +23,
—31meV

Absorption band; SBs
23 meV; correlates
with F center IR
absorption
[Col82b]

lumin. “Yellow band”;
7SBs 34 meV
[Col82b]

ZPL (absorption and
PLE) of F(B1, B2)
[Col82b], SBs:
—34, +38 meV

Absorption band; nine
SBs 38 meV
[Col82b]

(Expected
luminescence band)

ZPL (absorption) of
F(y2) and of
*ViN4(C)i°(0)
DAPS8la-g (D =
1.67, see
Table 8.2.3),/LVM:
+55 (harmonic
106), 126, 154 meV
[Naz87]

Absorption band
[Naz87]

DAP: ZPL = L = limiting energy, D = dielectric factor
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8.1.4 Associates of the Single Vacancy with Ni;, Ni, and Ni3

Nickel is a frequent impurity in natural and HPHT diamonds (in the latter case
from the melt). Of the six nickel centers in Table 8.1.4, two centers occur in natural
diamond, especially the Ni 1.4eV (=* V|Ni; ") center. The number of associated
Ni atoms is obtained from the Ni isotope shifts (Ni;) or from the QLVM frequency
(Ni2 and N13)

Table 8.1.4 Associates of the single vacancy with Nij, Ni,, and Nij (see also Tables 9.5.1.1
and 9.5.6)

Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*VNi; °(a) HA, MA 1.704 83a—e +1.34 *Ni 1.70(a), line (b) at
2.401eV/LVM: 461,
+80 meV

*V|Ni, °(a) HL, ML 1.704 84a—c —1.34 *Ni 1.70(a), QLVM:

—44 meV/Ni; from
QLVM (calc. INi:

44.0meV)
*VNi; °(b) HA,MA, ME 2.401 29a—f +1.34  *Ni1.70(b), QLVM:
+34, LVM:
+74 meV
*VNi; T NA, HA, 1.404 25a-k +1.33 *1Ni 1.40; weaker line
MA/EPR: at 1.401 eV from
NIRIM2 2.8meV gr. st. spl.;
Ni, T trigonal center, (111)
S = % polarized line,
photochromic/Ni,

from isotope
shifts/QLVM: +-45;
LVM: +80meV
*VNi; + NL, HL, ML 1.404 26a—1 —1.33 *1Ni 1.40/QLVM: —45,
LVM: —80 meV
*ViNi,~ (a) ML 2.071 87a-k —1.34 *Ni 2.07(a), line (b) at
2.298 eV/LVM: (3x%)
—55meV
*ViNi,~ (b) ME 2.298 27a—j +1.34 *Ni 2.07(b), QLVM:
+30,
LVM:+51 meV/Ni,
from QLVM/PLE of
*Ni 2.07(a)
*ViNi,~ (b) ML 2.298 28a-h —1.34 *Ni 2.07(b), QLVM:
—32; LVM: —55 meV
*Ni 1.66(a)/LVM: (2X)
—66 meV/slow
luminescence
(1.1 ms)

*V|Niz° () HL,ML 1.660 -

(continued)
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Table 8.1.4 (continued)

Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment
*VNi,° (b) HA, MA, HE, 2.427 - - *Ni 1.66(b)/QLVM:
ME 428, LVM: (6X)

+49 meV/Ni, from
QLVM

*VNi,° (b) HL, ML 2.427 - - *Ni 1.66(b)/LVM: (2x)
—61 meV

*V\Nib T (a) HA, MA 1.693 - - *Ni 1.69(a), lines(b,c)
at 1.940,
1.991 eV/LVM: (3x)
+51 meV/Cy,
symmetry

*ViNib T () HL,ML 1.693 - - *Ni 1.69(a)

*ViNib T (b) HA, MA 1.940 - - *Ni 1.69(b)/LVM: (7x)
+50meV

*ViNi,t (b) HL,ML 1.940 - - *Ni 1.69(b)/LVM: —59,
—64 meV

*ViNb T (¢) HA, MAE 1.991 - - *Ni 1.69(c)/LVM: (6X)
+50 meV

*ViNib T (¢) HL,ML 1.991 111a—f —1.34 *Ni 1.69(c)/LVM: (3X)
—57 meV

*VNip N3 NL, ML 2.101 62a-f —1.42 *Ni 2.10; intense DAP

lines at 1.660 and
1.890 eV (see also
Table 9.5.1.2)

*VNis T NA, MA 2.370 9la—g +1.34  *Ni 2.37, namedA line;
QLVM: +37,
+49 meV

*V,Niz + NL, ML 2.370 92a—f —1.34  *Ni2.37, namedA line;

QLVM: —23, —38;
LVM: —70 meV/Nij
from QLVM (calc.
3Ni: 23.3meV)

SB-DAP = sideband DAP with ZPL = L = limiting energy, and D = dielectric factor, gr. st.
spl. = ground state splitting

8.1.5 Centers of Nij in the Double Vacancy and Association
with Nitrogen Ligands (S2-*S9)

Eight centers (S2-*S9) are known with a single nickel atom at the center of
a divacancy, see Table 8.1.5. The DAP transitions of these centers coincide in
absorption and luminescence, i.e., they are of the standard type (see Sect. 10.1).
Additional lines are observed for S2 and *S4, which indicate the existence of a
second electronic transition for these centers.
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Four centers (S2-*S5) occur in natural diamond. The structure of S2-
*S4 has been determined by analysis of the hyperfine interaction (HFI)
between the nickel nucleus and the unpaired electron spin, which is partially
located on the nitrogen ligands. The correspondence of EPR and optical
centers is NE1 =S3 = (VzNil)N2+0+0+, NE2=S2= (VzNil)N2+0+1+, and
NE3 =*S4 = (V,Ni;)Ni4240" [Nad93]. In the notation (V,Nij)Nyiy4,", the
nitrogen subscripts N, 4,4, mean: Ny in the first shell (average HFI 15.5G), N, in
the second shell (average HFI 5.6 G), and N in the third shell (average HFI 2.6 G).
These HFI values follow closely a 1/73 rule (x : y : z = 1.0: 0.34: 0.22), where r
is the distance in the unperturbed lattice (see also Sect. 9.5.10).

The nucleus for nitrogen trapping is the nitrogen-free *S8 center (V,Ni;)~. The
charge state of the center influences the dielectric factor D (see Table 8.1.5; positive:
neutral: negative): N, : Nj: No = 1.63: 1.53: 1.45eV (see also Sect. 8.1.5).

8.1.6 Centers of Si, Niy, or Coy in the Triple Vacancy

*(V38Si,)°: For the 1.681-eV silicon center, the line shifts and intensities for the
natural isotopes clearly reveal two equivalent Si atoms [Ste95]. From theory and
detailed experimental analysis (observed (110) oriented dipole), it is known that
each of the two equivalent Si atoms is situated midway between two vacancies of
a triple vacancy, forming a (110) oriented defect [Bro95]. The 1.681-eV silicon
center is a prominent defect in HTHP and CVP synthetic diamonds, and is stable
above 2, 200 °C. The other two charge states (*(V3Si;)™ at 2.523 eV and *(V3Si,)°
at 2.052eV) are also thermally stable, as indicated by their presence in natural
diamond (see Table 8.1.6). It appears that this unusual but very stable structure is
the preferred incorporation of Si in natural diamond, see Sect. 9.4.

*(V3Ni,)°: This center is observed in as-grown HTHP synthetic diamonds,
grown from a nickel melt, and with a nitrogen content > 50 ppm. The only LVM
frequency (+61 meV) is unchanged in '*C diamond, indicating a Ni-Ni vibration
(see Table 8.1.6).

*(V3Co,)°: This center is observed in HPHT synthetic diamond, grown from a
cobalt melt, see Tables 8.1.6 and 9.6.
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Table 8.1.6 Associates of the triple vacancy with two equivalent interstitial silicon, cobalt, or

nickel atoms

Defect

Observed

ZPL (eV)

SB-DAP D (eV)

Name/comment

*(V3Sia)™

*(V3Sia)°

*(V3Sip) T

*(V3Sip) T

*(V3Coy) ™

*(V3Niz)°(a)

*(VaNiz)®(a)
*(V3Niz)°(b)
*(V3Ni2)°(c)

*(V3Nip) T (a)

NE, NL,
Si impl.
ME, ML

NL

HA,LA
Si impl.
MA

HL,LL
Si impl.
ML

HL

HA,LA

HL
HAHL
HAHL

NA HA
MA

2.523

2.052

1.682

1.682

1.989

1.883

1.883

1.905

1.913

2.562

75a-j

65a—¢

53a—m

S4a-g

112a—f

107a-g

108a,b

—1.25

—1.39

1.60

—1.60

—1.37

+1.36

—1.36

+1.55

*28i 2.52/QLVM:
—31(w = 25), 44
(w = 40) meV, Si
from QLVM (calc. 2Si
= 44.9 meV)/PLE of
*2Si 1.68/decay time
1.0-1.8 ps

*28i 2.05/QLVM:
—45(w = 23); LVM:
—70 meV, Si, from
QLVM (calc. 2Si =
44.9meV)/PLE of *2Si
1.68

*28i 1.68/QLVM:
+43(w = 30); LVM:
+67 meV, Si, from
QLVM (calc. 2Si =
44.9 meV)/
photochromic

*28i 1.68/QLVM:
—42(w = 25); LVM:
—65 meV/gr. st. spl. =
0.2 meV; exc. st. spl. =
1.1 meV/Si, from shifts
of two equivalent Si
isotopes (see
Table 9.4.2)/(110)
oriented dipole, decay
time from 2.4 ns to
105 ws, photochromic

*2Co 1.99/QLVM: —25,
LVM: —56 meV

*2Ni 1.88a/LVM:
(2%)+61 meV/lines
(b, ¢) from exc. st. spl.,
see below

*2Ni 1.88a/QLVM: —26,
LVM: —65 meV

*2Ni 1.88b/LVM:
(2%)+61 meV

*2Ni 1.88¢/LVM: (2%)
+61 meV

*2Ni 2.56a/weak
ZPL/line (b) at
2.588 eV from 26 meV
exc. st. spl.

(continued)
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Table 8.1.6 (continued)

Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment
* (V3Ni2)+ (a) NL,HLML 2.562 106a—f —1.55 *2Ni 2.56a/line (b) at
2.588 eV from

26 meV exc. st.
spl/QLVM: =25,
—36 meV/Ni, from
shifts of two equiv. Ni
isotopes
(Table 7.5)/gr. st. spl.
0.36 and
0.66 meV/slow
luminescence (140 s
at 2.3K)
*(V3Ni2)+(c) NA,HA 3.064 - - *2Ni 2.56¢/line (d) at
HEMA 3.076 eV from
12 meV exc. st.
spl/QLVM:
+26 meV/PLE of
line (a)
SB-DAP = sideband DAP with ZPL = L = limiting energy and D = dielectric factor; gr. st.
spl. = ground state splitting; exc. st. spl. = excited state splitting

8.1.7 Associates of the Vacancies with H, (H + N), He, Li, B,
N, Al, Si, Ti, Cr, Co, Ni, Zn, As, Zr, Ag, Xe, Ta, W, and TI

Only the associates of the vacancy with hydrogen, boron, aluminum, and silicon
occur in natural diamond, the others being produced by implantation or doping (see
Tables 8.1.7.1 and 8.1.7.2).

The single lattice vacancy can be filled with one hydrogen atom (with concentra-
tions up to 1 at. %). Optical absorption is observed from two fundamental vibrations:
C-H bend at 174 meV and C-H stretch at 385 meV, see Table 8.1.7.1. There are
six harmonic and combination sidebands [Dav84b], see Table 9.3.1. A five-line
sideband system from DAP transitions is observed for the C-H stretch line at
0.385eV.

In homoepitaxial CVD diamond, a center with T4 symmetry (as evidenced by
isotopic deuterium substitution [Fuc95a, b]) is observed. In a tentative assignment,
a fourfold vacancy is filled by four hydrogen atoms. There are two ZPL lines at
165meV (C-C stretch?) and 412 meV (C-H stretch?). For both lines, a sideband
DAP system (DAP39, 40) is observed, see Table 8.1.7.2 and Sect. 9.3.

The *V B (a, b) centers occur only in boron-rich type 1Ib diamonds, while the
*V1Al;° is found in HPHT synthetic diamonds (with Al in the melt) and in rare
natural diamonds.

The other centers in Tables 8.1.7.1 and 8.1.7.2 are observed after implantation
of the respective ions. The QLVM frequencies have the expected values (see
Tables 11.2 and A.3). For these centers, the dielectric factor (D = 1.25-1.60eV) is
similar to those for V° and V,° (1.24-1.63¢eV) or V|N,, (1.33-1.69¢V).
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8.2 The (100) Split Self-Interstitial and Associates

In a fundamental theoretical analysis, it has been shown that the only stable structure
for the self-interstitial in diamond (in the 1—, neutral, 14, and 2+ charge state) is the
(100) split interstitial [Bre95]. Earlier theoretical work [Wei73, Mai78] had already
favored the (100) split self-interstitial configuration. The (100) split self-interstitial
configuration has also been confirmed experimentally by detailed analysis of the
13C isotope shifts [Ste99a, Dav00, Twi01] (see Sect. 8.3.6). A Jahn-Teller distortion
from Dy4 to D is predicted for the 1—, neutral, and 14 charge state [Bre95]. The
calculated activation energy for migration of the neutral self-interstitial is 1.7eV
[Bre95]. The notation used here is (Cy);.

The isolated self-interstitial is optically observed in the negative charge state (3H
center at 2.462eV), in the neutral charge state (1.685-eV center = R2 in EPR),
and in the positive charge state (TR12 center at 2.638eV); see Sect. 8.2.1 and
Table 8.2.1. For the neutral charge state (1.685-eV center), an energy level scheme
was calculated and yielded good agreement with the experimental data, especially
with the 6-meV splitting of the ground state [Dav01b, GosO1a, MaiO1].

By association with one nitrogen ((*C,);N;° =5RL center at 4.582¢V), the
(100) split self-interstitial can be “stabilized” (up to 7 =1,000°C and thus
observable in as-grown CVD diamond).

Association with two nitrogens is observed after heavy electron irradiation of
nitrogen-rich diamond [Col79c]. The ZPLs of the three charge states are at 2.367 eV
((*C2)iNy7), at 1.979¢eV ((*C;)iN,°), and at 2.535eV ((*C2)1N2+).

A very stable center (observed in as-grown HPHT and CVD diamond) consists
of the split interstitial with one interstitial carbon replaced by nitrogen, here denoted
by (C;Ny);. This center is optically observed in the negative charge state (3.988-eV
center = R11), in the neutral charge state (0.212-eV center), and in the positive
charge state (*2.807-eV center); see Sect. 8.2.4 and Table 8.2.4.

8.2.1 The Isolated (100) Split Self-Interstitial

The isolated (100) split self-interstitial is observed in three charge states.

(C,);t = TR12: In irradiated diamond, optical spectra of the TR12 center with
two ZPLs at 2.638eV (TR12) and 2.670 eV (TR13, in absorption only) are observed.
There are numerous sidebands (TR14-TR18 in absorption). With the exception of
the TR17 LVM line at +188 (absorption) and —199meV (luminescence), these
absorption sidebands belong to (Cz)i+-DAP35 transitions (absorption) and (Cz)i+-
DAP36 transitions (luminescence). The TR12 center anneals out above 700 °C.
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Table 8.2.1 The isolated and multiple (100) split C, self-interstitial in diamond
Defect Observed ZPL (eV) SB-DAP D (eV) Name/comment

*(Ca)i™ ML 2.462 86a—i —1.31 3H/LVM: —139, —165,
—169, —182, —187,
—218(C) meV/dyn.
JT
*(Co)i™ MA 2.462 - - 3H/LVM: +67 meV
(see Table 11.1)
*(C2)1+(a) MA, ME 2.638 35a-n +1.30 TR12/LVM: +67,
+77, +139 = TR14,
4188 = TR17,
+225 meV/IR:
+190 meV/dyn. JT
*(C2)1+(a) ML 2.638 36a-n —1.30 TR12/LVM: —65, —80,
—143, —199,
—209 meV/dyn. JT
TR13/from 32 meV
excited state
splitting/LVM:
+188 meV/no
luminescence
*(Cy);° MA, EPR (R2)  1.685 Tla—c +1.30 R2/QLVM: +40,+80;
LVM: +169 meV/IR:
+167 meV/gr. st. spl.
= 6meV; ZPL
starting from upper
gr. st./dyn. JT
pseudo ZPL, LVM
sideband (169 meV)
starting from lower
gr. st. of R2 center
(1.685eV)
R1(EPR) = I, [TwiO1];
no optical lines
O3(EPR) =I5 [TwiOl1];
no optical lines
*(Con)i® NL, ML 1.528 96a—g —1.30 D(a) = platelets/weak
ZPL; broad band at
1.25eV/IR bands
D(a’)-D(f") see
Table 8.2.2
SB-DAP = sideband DAP withL = ZPL = limiting energy and D = dielectric factor;
IR: = observed IR bands (LVM absorption); From '3C and ’N isotope shifts [Col88c]; (C) =
established as C—C vibration by full 13C (and no '°N) isotope shift; (N) = established as N-C
vibration by '°N (and reduced '3C) isotope shift; dyn. JT = dynamic Jahn-Teller effect; gr. st.
spl. = ground state splitting; exc. st. spl. = excited state splitting

*(C)it(b)  MA,ME 2.670 -

*(Ca)i° MA (1.859) -

(Co)i° EPR (RI) - -

(Co)i® EPR (03) - -
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(C,);°: The neutral charge state gives rise to a ZPL at 1.685¢V and an intense
sideband line at 1.859 eV. The ground state is split by 6.2 meV and, due to selection
rules, the ZPL starts at the upper ground state, while the sideband line starts at the
lower ground state. The 6.2-meV ground state splitting is interpreted as a “tunneling
splitting” arising from the movement between two equivalent equilibrium sites
[Dav01b]. Only the excited state couples to a phonon with an energy of 169 meV.
The 1.685-eV ZPL couples to the sideband (C,);°-DAP71 transitions with three
lines. Thermal annealing of the 1.685eV center = (C,);° occurs at relatively low
temperatures (typically 420-540°C). In the first stage, the (C,);° is quantitatively
converted into (C,); T = TR12 [Al198a]. In a second stage (T > 700 °C), all isolated
self-interstitials are annihilated by migration to vacancy centers (GR1 etc).

(Cy)i~ = 3H: From the singly negative charge state, a luminescence spectrum of
the 3H center with the ZPL at 2.462eV and several sidebands is observed. The
LVM sidebands have energies of —169, —182, —187, and —218 meV. At least
nine sidebands can be assigned to (C,); -DAPS86 transitions. The 3H center is not
observed in p-type diamond. Strong optical (reversible) bleaching of the 3H center
occurs for 488 nm or UV illuminations [Ste99a].

8.2.2 The Multiple (100) Split Self-Interstitial

Aggregates of self-interstitials are observed in EPR [TwiO1], but not optically. These
are (2 x (C»);® = EPR-RI named I,) and (3 x (C»);® = EPR-O3 named I3).

(Cyh);i = platelets = D center: Much larger self-interstitial aggregates (with
dimension up to 100 wm) with orientation in (100) planes are observed in natural or

Table 8.2.2 Lines and bands from the D center (platelets, B'): *(Cy,); = D(a’—f’) and D(a),
D(a)

Line/band® E (meV)(em™')  Width Rel. Intens Comment/for vibrations
(meV)(%) (%) see also Table 11.1
D(") 40.9 331 - - Out of plane bend sp?-sp?;
[Zai01]
D(b') 150.0 7,210 64 34 Mixed sp>—spstretch at the

surface of the platelet;
Figs. 3.20 [Wo083], 3.25
[Cla84b]

D(c") 156.1 1,258 74 32 Mixed sp>—sp? stretch at the
surface of the platelet;
Fig. 3.25 [Cla84b]

D(d’) 167.6 1,352 21 31 Mixed sp>—sp® stretch at the
surface of the platelet, very
asymmetric line shape;
Figs. 3.20 [Woo083], 3.25
[Cla84b]

(continued)
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Table 8.2.2 (continued)

Line/band® E (meV)(em™')  Width Rel. Intens Comment/for vibrations
(meV)(%) (%) see also Table 11.1
D(e’1) 168.0 1,355 0.70.4 1 Large platelets; mixed

sp’>—sp’ stretch at the rim of
the platelet; Figs. 3.7
[Fer96], 3.20 [Woo83]
D(e’2) 172.0 1,387 32 2 Small platelets; mixed
sp’>—sp’ stretch at the rim of
the platelet; Figs. 3.20
[Wo083], 3.26 [Fri9la]

D(f") 177.3 1,430 - - Very weak; symmetric
sp>—sp’stretch; [Zai01]

Line/band E (eV) Width Rel. Comment/for vibrations see

€eV)(%) Intens also Table 11.1
(%)

D(a) 1.250 0.300 24 Strongly polarized E || (100)
platelet plane; Fig. 5.9
[Ruo91a]

D(a) 1.526 0.038 2 ZPL of D(x), Fig: 5.9

[Ruo91a], 5.15 [Sil95], 7.80
[Dav77c]; LVM: (2X)

—45 meV (corresponding to
IR line D(a")), (2X)

—163 meV (corresponding
to IR lines D(b’), D(c’),
D(d")); ZPL of DAP97a-f

aD(a’-f") observed in NA, HA, MA; D(«a), D(a) observed in NL, HL, ML

annealed diamond (see Tables 8.2.1 and 8.2.2), and also in heavily neutron irradiated
diamond. These aggregates have been named “platelets”, and can be observed as X-
ray or electron microscopy spikes. Optically, there is characteristic IR absorption
(with the historical name “D center”) and a ZPL at 1.525 with a broad sideband at
1.25eV (see Table 8.2.1 and 8.2.2). In absorption, there are three infrared lines at 41,
158-173, and 177 meV. The position of the intense sharp line depends on the size of
the platelets and varies from 173 meV (for small) to 158 meV (for large platelets). In
luminescence, a broad band at 1.25 eV with a weak ZPL at 1.526 and seven DAP96
lines is observed (see Table 8.2.1 and 8.2.2).

8.2.3 Associates of the (C,); Split Interstitial with N1, N,,
with By, B, B3, or with Ni

Ten associates of (C;); with nitrogen, boron, or nickel are listed in Table 8.2.3.
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Table 8.2.3 Associates of the (C,); (100) split interstitial with N, B, or Ni

Defect Observed

ZPL (eV)

DAP?

D (eV)

Name/comment® 4

*(C)iN;~ LA, MA

*(C)iN;~  LL,ML

*(Ca)iNy° LA, MA

*(Ca2)iNy° LL, ML

*(C)iNy T ML

*(C)iNT MA

*(C)iNT ML

*(CiN2® MA
*(CiN T MA

*(C2)iB1° ML (type Ib,
irrad.)

*(C2)iB2° ML (type IIb,
irrad.)

3.188

3.188

4.582

4.582

4.676

2.367

2.367

1.979

2.535

4.777

4.698

72 a-n

79a—j

80a—e

88a—f

89a—j

90a—

97a—d

—1.26

+1.26

—1.26

+1.25

—1.25

+1.25

—1.25

3.188 eV center (weak
absorption)/IR: +180 (51%
C,49% N), +190 (98% C),
+232 (98% C) meV

3.188 eV ce./QLVM: —58,—80;
LVM: =77 7 —108 (46% C),
—138 (54% C, 46% N),
—161 (78% C), —179 (54%
C), —190 (95% C), —238
(100% C), (combinations:
—290, —300, —322, —393,
—413, —468, —491) meV

SRL/QLVM: +42; LVM:
+167, 195, 202 meV/IR:
+167 (100% C), +186
(56% C, 44% N), 4201
(61% C, 39% N), +245
(100% C) meV

SRL/QLVM: —58; LVM:
—146 (68% C, 32%N),
—175 (88% C, 12% N),
—193 (93% C, 7% N), (4x)
—237 (100% C) meV

QLVM: —58; LVM: —195,
(4x) =240 (C)/IR:
+238 meV

More lines at 2.378, 2.385,
2.678 eV/IQLVM: +38 meV,
LVM combination:
+314 meV/gr. st. spl. =
3.2meV/N,Cy4 from QLVM
(calc 37.3meV)/
photochromic with
*(C2)iNz° at 1.979 eV

QLVM: —38; LVM: —90,
—160, =232 meV/N,Cy4
from QLVM (calc.
37.3meV)

QLVM: +37, +67 meV/gr. st.
spl. = 4.1 meV

QLVM: +70 meV (calc.
74.5meV for N,)

2BD(F); split off lines at 4.773,
4.781eV/LVM: (3%)

—210 meV/dyn. JT?
2BD(G)/LVM: (3x)
—220 meV

(continued)
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Table 8.2.3 (continued)

Defect Observed ZPL (eV) DAP* D (eV) Name/comment® ¢

*(Cy);B3° ML (type IIb, irrad.)  4.803 - - 2BD(C)/LVM: (3x)
—236 meV

*(C2)iNi;®© ML 2.436 14a—f —1.22 Resonance/SB
DAP14(2.066—

2.271 eV), resonance
lines at 2.156 (V;N;°)
and 2.427eV
(ViNiy ™ (b)): QLVM:
—75 meV

2All DAPs are of the sideband type with L = ZPL = limiting energy and D = dielectric factor

b*5SRL-IR: LVM absorption including '3C and N isotope line shifts [Col88c]; from precise

data, the percentage of C or N vibrational involvement could be calculated for this table

°dyn. JT = dynamic Jahn-Teller effect

dor. st. spl. = ground state splitting

*(C,)iN17: The 3.188eV center is observed in luminescence with the ZPL
at 3.188¢eV, and with a rich sideband structure. This center occurs in as-grown
HPHT and CVD diamond and in irradiated nitrogen containing diamond. Valuable
information for the assignment of the LVM sidebands is obtained from the isotope
shifts (see Sect. 8.3.6) The 238-meV LVM (central N-C vibration) is hidden under
an intense combination sideband (see below). There are nine LVM combination
bands at 238, 290, 300, 322, 393, 404, 413, 468, and 491 meV. It has been shown
[Dis94a], that a complete assignment is possible, and this in turn confirms the
frequencies of the one phonon LVM lines. If the latter are denoted by a = 108, b =
138, ¢ = 161, d = 179, e = 190, and f = 238 meV, than the combinations are
a+b =238, a+d =290, a+e =b+c =300, 2¢c =322, 2a+d =
393, 2a+e=c+ f =404, d + f =413, 2d = 468,and b + 2¢ = 491 meV.
Thanks to the high luminescence intensity of the 3.188-eV center, 14 weak lines
(in addition to the phonon sidebands) have been identified [Zai01], which can be
assigned to (C,);N1~ -DAP72a-n transitions.

*(C,)iN1°: From this 5RL center, a luminescence spectrum is observed, both
in irradiated diamond and in as-grown CVD diamond. The 5RL spectrum is
also observed in absorption. The ZPL is at 4.582eV. The luminescence sideband
structure is very unusual and has been analyzed by isotopic substitution [Col93b].
The 237-meV phonon (typical for the vibration of the central C—C bond, and dipole
enhanced by the associated nitrogen) arises from two almost equivalent carbon
atoms. This vibration produces not only an intense first-order sideband (which is
more intense than the ZPL), but also a second, third, and fourth harmonic sideband.
Combination lines from the harmonics and the other phonons are also observed. Five
weak lines can be assigned to (C,);N|-DAP79 transitions. The SRL center anneals
out at temperatures from 800 to 1,200 °C [ZaiO1].

*(CZ)iN1+: The QLVM frequency (—58 meV in luminescence) is the same as
for the neutral charge state, and both are in excellent agreement with the theoretical
value of 58.5 meV, calculated for N; C,.
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*(C,);N27: This 2.367-eV center is observed in absorption (DAP8S, QLVM at
+38meV from N,C4) and in luminescence (DAP89, QLVM at —38 meV from
N,C4, LVM at —232meV from (C,);). Cathodoluminescence from the 2.367-eV
line is observed in cobalt grown synthetic HPHT diamond after heating at 1, 500 °C
[Col85Db].

*(C,);N2°: The 1.979-eV center is created after optical bleaching of the 2.367 eV
center (*(C;);N;7) [Col79c]. The reverse process occurs by thermal recovery with
an activation energy of 0.7 eV [Col79c].

*(C,);N2 2 The 2.535-eV center is relatively weak in samples showing also the
1.979 and 2.367-eV centers. Only three DAP90 sidebands and one QLVM at 73 meV
(from Nj) are observed.

From thermal data, a ground state splitting of 3.25 meV for the 2.367 eV center
(=* (C)iN;7), and 6.7meV for the 1.979eV center (=* (C;);N,°) have been
determined [Col79c]. The above three centers disappear at 7 > 350 °C from the
1.6 to 2.9 eV spectral range [Col79c], possibly by transformation into *(Co)iN2H
with an expected ZPL in the 4.0-4.5eV range.

*(Cy)iB1°, *(C,);B2°, *(C,);B3°: In irradiated boron-rich type IIb diamonds,
three 2BD centers are observed (2BD stands for IIb damaged). These centers are
also observed in as-grown boron doped CVD diamond [Yok92]. Similar to the
5RL = (Cy); N;° center, very intense high frequency sidebands (210-237 meV
from (C;);) are observed for the 2BD centers. In an attempt, to interpret the three
similar spectra, the following assignment can be proposed: The 4.698 eV (2BD(G))
center has one boron ligand, the 4.777eV (2BD(F)) center has two boron ligands,
and the 4.803eV (2BD(C)) center has three boron ligands (see Table 8.2.3). The
ZPL of the 2BD(F) center is a triplet with 10-meV spitting (lines at 4.767,4.777, and
4.787eV at 100K). At 50K, the 4.767-eV component disappears. For the 2BD(F)
center, weak sidebands from DAP97a-d can be identified.

*(C,);Ni; °: In low-nitrogen natural or HPHT synthetic diamond after ion (e.g.,
Nior CT) implantation and > 700 °C anneal. The seven DAP lines at 2.066, 2.101,
2.123,2.181,2.202 2.234, and 2.271 (ZPL at 2.436 eV) are resonant with V{N;° at
2.154 eV and with *VNi,°(b) at 2.427 eV.

8.2.4 The (100) Split Nitrogen—Carbon Interstitial (N;Cy);
and Associates with B,~, B,°, B;*

Substitution of nitrogen for carbon in the (100) self-interstitial leads to (N;C;);
(three charge states listed), and associates with boron (three charge states), in
Table 8.2.4. The (N»); center (IR line at 0.230eV = LVM) is not a truly “intrinsic”
defect).
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Table 8.2.4 The (N;C,); split (100) interstitial and associates with boron, and the (100) split
(Ny); interstitial in diamond

Defect Observed ZPL (eV) SB-DAP* D (eV) Name/comment®

*(NCy)i ™ MA 3.988 69a-1 +1.26 R11 ce./QLVM:+38, +79;
LVM: 4120, +195?,
+188, +218, +230?,
(combinations: +308,
+338) meV/IR: 4186
(100% C), 4195 (50%
N)

"‘(Nlcl)iO NA 0.212 3a—i +1.24 Pseudo ZPL from N-C
stretch (51% C, 49% N)
= first DAP-SB (s = 38,
at 0.386eV) in resonance
with nat. C-H stretch
(0.385¢eV)

*(N;C ;T LA, MA 2.807 - - ZPL is weak in
absorption/IR: 4190
(100% C), +212meV
(51% C, 49% N)

*(Nlcl)i+ LL, ML 2.807 98a—i —1.25 QLVM: —58; LVM: —171
(98% C, 0% N), —175
(87% C, 13% N); N,
from (50%) >N isotope
doublet [Col89c]

*(N;C);B;,~ LL(B 2.992 101a-h —1.20 Hot filament CVD, [Ste96a]
doped)
*(N,C))iB,° LL (B 2.792 99a-h —1.25 QLVM: —50 meV [Ste96a],
doped) [Dis94a, b]
*(N1Cy);B; T LL,ML 3.092 100a—g —1.27 QLVM: —58; LVM: —105,
(B doped) —165, —205, =216 meV
[Col89d, Dis94a]
*(Ny);° MA 0.230 - - IR LVM: +230 meV/N,
from isotopes (55%) '°N:
+225, +227,

+230meV [Col87c]/not
truly intrinsic! see also
Table 9.1.4

4SB-DAP = sideband DAP with L = ZPL = limiting energy and D = dielectric factor

TR: LVM absorption including '*C and >N isotope shifts [Col88c, Col89b]; from the precise

data, the percentage of C or N vibrational involvement could be calculated for this table
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*(N;Cy); " : In the negative charge state (R11 center), an absorption spectrum
with the ZPL at 3.988 eV and a rich sideband structure is observed. There are two
fundamental differences in comparison with the (N;C 1)i+ and (N;C));° centers,
which occur in as-grown samples. (1) The (N;C;);” center is observed only in
irradiated diamond, and it starts to anneal out above 400 °C, while the (N;C 1)i+ and
(N;1C1);° centers occur in as-grown samples; (2) the (N1C;);~ center is observed
only in absorption, while the other charge states are intense in luminescence and
very weak in absorption. Unfortunately, no results from isotopic substitution are
reported for the (N;C;);~ center. It is therefore difficult to separate vibrational
sidebands from the DAP69 transitions. Assuming that the slightly sharper sidebands
at 120, 308, and 338 meV are LVM lines (the latter two as LVM combinations),
LVM frequencies of 120, 188, and 218 meV can be deduced, which coincide with
two weak lines at 188 and 218 meV in the spectrum. Twelve sidebands can be
assigned to (N;C;); -DAPG9 transitions.

*(N1C1)i+: The 2.807 center is observed in irradiated diamond [ZaiO1] and
in as-grown CVD diamond [Dis94a]. The 2.807-eV center has sharp sidebands
from at least seven LVM frequencies. In a detailed '*C and >N isotope shift
analysis [Col89a], it has been found that five vibrations (168, 171, 172, 177, and
199 meV) are localized at carbon atoms, one vibration (191 meV) at a nitrogen atom,
and one vibration (175 meV) mainly at a carbon and partly at the nitrogen atom.
Remarkable are the DAP3 donor—acceptor transitions of the pseudo ZPL at 0.212eV
(N—C stretch vibration). This DAP is a mixture of sideband DAP and resonance
DAP (observed are weak lines (0.386-0.421¢eV) from nine shells (s = 46-32), and
a sharp cut-off at the energy of the coexisting natural C—H stretch vibration at
0.385eV). Effective in the creation of this center is the implantation of nitrogen
or nickel, but normally the 2.807-eV center is 30 times weaker than, e.g., the
(N{C);® = 3.188-eV center [Col89a]. The center anneals out at 1,200-1,400 °C.

*(N;C1);B1: This center with four DAP101 lines (ZPL at 2.992¢V) is observed
in boron doped CVD diamond. The spectra of the boron associates are very similar
to those of the respective isolated centers (see above and Table 8.2.4); however, the
DAP sidebands are considerably enhanced by the presence of the boron.

*(N;{C1);B1°: In boron contaminated CVD diamond, this center with eight
DAP99 lines (ZPL at 2.792eV) is observed, together with V|N;° (2.156eV),
*(N1C1)i° (3188 CV), and *(Cz)iNlo (45826V)

*(N1C1)iB1+: This center with a ZPL at 3.092¢eV is occasionally observed in
the luminescence spectrum of as-grown CVD diamond [Col89c, Dis94a]. The low
intensity is not sufficient for a detailed sideband analysis.

*(N,);°: This center is not truly intrinsic, but closely related to the *(N;C));
centers. So far, only the infrared LVM line at 0.230eV is observed (C—C stretch).
The structure is revealed by the three-line splitting for 55% >N substitution
[Col87c].
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8.3 Discussion of Spectral Data from Intrinsic Defects

8.3.1 Thermal Stability of the Intrinsic Defects

The existing data on the thermal stability of intrinsic defects can be summarized as
follows:

1. The isolated (100) split self-interstitial anneals out by migration at temperatures
of 420-700 °C (E, = 1.7 ¢V for (C,)i°).

2. The single vacancy anneals out at temperatures of 500—1, 000 °C. The theoretical
activation energy for V| migration is 2.4 eV [Mai94a]. A first reduction in V1°
concentration occurs, when the self-interstitials (with the lower activation energy
of 1.7eV) start to recombine with the vacancies. The divacancy is created from
two isolated vacancies by 1,000 °C anneal. While the isolated V1° is absent
inside natural or as-grown HPHT synthetic diamonds, a significant concentration
of V1° can be found near the growth surface of CVD diamond [AI198b].

3. Increased thermal stability (evidently by reduced mobility) is observed for
associates of the vacancies with impurities like nitrogen (see Tables 8.1.3.1—
8.1.3.6), nickel (see Tables 8.1.4-8.1.6), hydrogen or boron (see Tables 8.1.7.1
and 8.1.7.2), and silicon (see Table 8.1.6). All these associates are found in
natural diamond, which demonstrates their thermal stability.

4. For the (100) split self-interstitial, the gain in thermal stability by association
(see Table 8.2.3) or substitution with one nitrogen ((N;C;);, see Table 8.2.4) is
not sufficient to observe these centers in natural diamond. However, the thermal
stability of the 3.188-eV center =* (C)N;~ (up to 1,500 °C) is sufficient for
observation in as-grown HPHT and CVD diamond. In as-grown CVD diamond
the centers 5SRL =*(C,);N;° and 2.807-eV :"‘(NICI)iJr are observed.

5. Confirmation of the stability data on the isolated defects (C,);® and V° (taking
into account the increased mobility in the damaged lattice), was obtained by
a study, where the temperature dependence of the production rate of these
defects during 2-MeV electron irradiation was measured. The results are: Zero
production of (C3);° at T > 350 °C and zero production of V{° at T > 800 °C
[Dav01b].

8.3.2 Donor-Acceptor Pair Transitions at Intrinsic Defects

For the majority of the intrinsic defect centers the ZPL couples to donor—acceptor
pair transitions of the sideband type (Tables 8.1.1—8.2.4). Exceptions are the
centers with a (V,Ni;) nucleus, which have DAP transitions of the standard type
(S2-*S9, Table 8.1.5).

It is worth noting, that all 60 DAP centers of the sideband type in Table 10.1 can
be ascribed to intrinsic defect centers. It is likely, that, that all 75 intrinsic defects
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in Tables 8.1.1-8.2.4 are accompanied by DAP transitions. However, the DAP
transitions are often difficult to identify, and for 15 intrinsic centers in Tables 8.1.1—
8.2.4 they are not yet found.

This special property (SB-DAPs) of intrinsic defects is probably due to the
occurrence of dangling bonds (there are four dangling bonds at the lattice vacancy
and two at the self-interstitial). In agreement with this interpretation would be the
fact, that for the centers with a (V,Ni;) nucleus (S2-*S9) the DAP transitions are of
the standard type, probably because the nickel “d” orbitals can saturate the carbon
dangling bonds.

The DAPs of the sideband type have only one free parameter, namely the
dielectric factor “D” for the Coulomb energy. The other parameter “L” for the
limiting energy coincides with the ZPL.

In Tables 8.1.1-8.2.4, the dielectric factor D of the DAP analysis is included.
For the centers with vacancies, the D values are in the range 1.10-1.69eV (see
Table 8.1.1-8.1.7.2). For centers with self-interstitials, the variation of the D values
is very small (1.22—1.31¢eV, see Tables 8.2.1-8.2.4 and Sect. 10.4).

If a defect exists in several charge states, there is a tendency for increasing
D values when going from the negative to the neutral and to the positive charge
states (see Sect. 10.5).

Characteristic for sideband DAPs is the “mirror image” behavior of the lumines-
cence (low energy side of the ZPL) and absorption (high energy side of the ZPL).
Consequently, the dielectric factor D is negative for luminescence, and positive for
absorption. The N3(c) center at 2.985¢eV is a well-known example for the mirror
image (DAP23 and DAP24). Note that two different DAP numbers are required for
absorption and luminescence of the same center.

Characteristic for DAPs of the standard type is the coincidence of absorption
and luminescence lines, as observed for the S2—*S9 centers in Table 8.1.9. Also
characteristic for standard DAPs is the photoluminescence excitation in the own
spectrum (see *(V2Ni)N, 4 -DAPI1 in Table 8.1.5). Another characteristic
occurs with the LVM frequencies of those phonons, which couple to the standard
DAP transitions. As can be seen in Tables 8.1.4-8.1.5, these frequencies are
identical in absorption and luminescence.

In the past, it was tempting to interpret standard DAP lines (which coincide in
absorption and luminescence) as zero phonon lines, (e.g., the B, C, D, and E line of
the S2 center). The present book reveals a non-ZPL character for these and many
other lines.

8.3.3 Quasilocal Vibrational Mode Sidebands
at Intrinsic Defects

In a pioneering study [Zai0Oa] it was shown, that the quasilocal vibrational mode
(QLVM) frequency is directly determined by the vibrating mass (see Sect. 11.2).
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Therefore, the observed frequencies are very helpful for the determination of the
atomic composition of intrinsic defects. Examples are given in Tables 11.2 and A.3.
The maximum deviations between observed and calculated frequencies are only a
few percent, which is of the order of experimental uncertainty or variation.

A problem exists for centers when a dynamic Jahn—Teller effect occurs. Numer-
ous QLVM frequencies are observed for the isolated vacancy and vacancy-nitrogen
associate centers. However, the values in the range 3646 and 55-72meV cannot
be assigned to the expected calculated frequencies. Exceptions are the associates of
the vacancy with atoms, which have a mass sufficiently different from carbon (see
Table 8.1.7.2 and 11.2).

For associates of the vacancy with one impurity atom, the QLVM cluster can
include the three impurity ligands (Cs), plus the three vacancy ligands (total = Cg).
With Jahn-Teller distortion, three impurity ligands (C3) and one vacancy ligand
(Cy) (total = C4) may be involved:

8.3.4 Local Vibrational Mode Sidebands at Intrinsic Defects

Vibronic sidebands from local vibrational modes (LVM) are sharper than the QLVM
sidebands. Six types of C—C vibrations can be distinguished (see Table 11.1). Very
similar frequencies are expected for N—C vibrations, because there is little difference
with respect to atomic mass and bonding force constant.

The observed LVM frequencies are in the expected range. Remarkable is the
considerable reduction (ca. 25%) of the LVM frequencies in platelets = (C2n)i
compared to the isolated self-interstitial = (Cy);.

Theoretical calculations for (C;); [Bre95] yield 198 meV for the ligand-central
C—C bond vibration (observed 120-199meV) and 251 meV for the central C-C
bond vibration (observed 202—245 meV).

The results from Table 11.1 can be extrapolated for the LVM frequencies of the
heavier metal atoms. Assuming comparable force constants, and replacing C—C by
M-C in the vacancy associates, the predicted bending frequencies are for *Ti in
the range 28-57 (observed 32) meV, for 39Co 26-52 (observed 44) meV, for 108Ag
20—40 (observed 21) meV, and for 2°T1 15-30 (observed 21) meV. The predicted
stretching frequencies are for *°Ni in the range 70-97 (observed 70-80) meV, for
108Ag 54-75 (observed 67) meV, and for 2°*T1 40-56 (observed 45) meV.

8.3.5 Infrared Vibrational Absorption Lines

Characteristic infrared vibrational absorption lines are observed from the B-center
(ViN4° see Tables 8.1.3.3 and 8.1.3.5) and from the platelets (see Tables 8.2.1
and 8.2.2). The vibrational lines are broadened to bands by resonance with the lattice
phonons in the range 69—-165meV. At higher frequencies, the vibrational lines are
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sharp and allow to observe '*C and N isotope shifts [Col88c]. In Tables 8.2.1
and 8.2.3, these lines are marked by (IR:).

8.3.6 Vibrational Isotope Shifts from *C and >N Substitution

The observed isotope shifts after partial or full '*C or '°N substitution provide very
important information on the structure of the intrinsic defects.

T(C,);~ at 2.462 (see Table 8.2.1): The isotope shifts in a sample with 50%
13C reveals localization of the vibrations on different sites [Ste99a]. The 218-
meV sideband splits into a perfect triplet with 1:2:1 intensities, i.e., two equivalent
interstitial carbon atoms vibrate with an energy, which is typical for C = C double
bonds (see Table 11.1). This observation strongly supports the theoretical split
interstitial model. The 182- and 187-meV sidebands split into quartets with 1:3:3:1
intensities, indicating a vibration of one central carbon with rwo carbon ligands. The
169-meV sideband shifts to a bell-shaped band with its maximum at 50% isotope
shift. This vibration is clearly located at the four carbon ligands and their 12 carbon
lattice neighbors, i.e., 16 carbon atoms are involved.

*(C,);N1~ at 3.188¢eV (see Table 8.2.3): A detailed analysis of the LVM lines at
179 and 190meV in luminescence spectra after partial substitution with 50% "N
[Col87Db] or with 40% '3C [Col93b] enables the present author to determine the
distribution of the vibrational energy on one central atom C(1) with ligands N and
C(3), and the other central atom C(2) with the ligands C(4, 5). For the 178.5meV
(“N”) vibration, the result is: N: 47%, C(1): 34%, C(2): 13%, and C(3): 6%. For the
190.5 (“C”) vibration the result is: C(2): 50%, C(1): 32%, C(4): 8%, C(5): 7%, N:
3%. The LVMs at 168, 170, and 232 meV are pure carbon vibrations, because they
are not influenced by '°N substitution [Col87b].

8.3.7 Isotope Shifts of the Zero Phonon Lines by *C and >N
Substitution

Frequency shifts of the zero phonon lines (see Tables 7.2—7.3) are reported for ten
vacancy centers (Tables 8.1.1-8.1.7.2) in the range +0.5 (for *V,N;° at 2.086¢V)
to +6.6 meV (for V,° at 2.543eV), and for five interstitial centers (Tables 8.2.1—
8.2.4) in the range +1.2 for ((C,);° at 1.685eV) to +8.0meV (for *(C,);N;° at
4.582¢eV) [Dav99a].

In a theoretical treatment, four contributions to the ZPL isotope shifts have been
discussed [Dav99a]. Typical values for these contributions are:

1. 4+0.9meV from lattice compression (in case of 13C)
2. +1.5meV for lower vibrational frequencies in the excited state
3. 4+0.4 meV for anharmonicities (if applicable)
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4. —0.8 meV for a transition between a dynamic Jahn—Teller active ground state and
a non-Jahn-Teller active excited state

Unexpected isotope shifts clearly reveal non ZPL transitions. Examples are
the —5.2-meV shift for the luminescence pseudo ZPL line at 1.859eV of (C,);°,
and the +6.7 to +7.2meV shifts for the GR2-GR8 PLE and absorption lines at
2.880-3.005eV (V, SB-DAP32).



Chapter 9
Impurity Defects in Diamond

In the following seven sections, the spectral lines (and bands) from impurity defects
are described.

Six important impurities are nitrogen (Sect. 9.1), boron (Sect. 9.2), hydrogen
(Sect. 9.3), silicon (Sect. 9.4), nickel (Sect. 9.5), and cobalt (Sect. 9.6).

In Sect. 9.7, lines from 18 other impurities are listed, and a general discussion of
impurity centers is given.

9.1 Nitrogen in Diamond

Nitrogen is the most common and also a very important impurity in natural and
synthetic diamond (see the fundamental defects in Tables 1.1.1-1.1.2). Five of the
six well-known infrared centers contain nitrogen (A—C, E, and F). The historical
classification scheme for natural diamonds is based on the nitrogen content, i.e.,
type I for high and type II for low (< 40 ppm) nitrogen concentration, as monitored
by the visible light absorption in the 2.5-5.5eV range (see Sect. 1.2.1 [Rob34]).

There are five types (1-5) of the 42 nitrogen centers in diamond. The majority
(30 centers, 2—4) are associates with intrinsic defects (see Chap. 8). The properties
of the associates are dominantly determined by the intrinsic defects.

1. Nitrogen only (4): isolated substitutional nitrogen

N;° = C center (see Table 9.1.1.1)

N,;* = E or X center (see Table 9.1.1.2)
N, = A center (see Table 9.1.1.3)

N, (see Table 9.1.1.3)

2. Associates (18) with lattice vacancies (see Tables 8.1.3.1-8.1.5):

(NV=V|N,°, H2=V|N,”, H3=V|N,°, N3=V|N;°, N9=V|N,,
B =VN,° (see Table 8.1.3.5), F=VN4(C;);° (see Table 8.1.3.6), H4 =
VoN4°, ete.

B. Dischler, Handbook of Spectral Lines in Diamond, 303
DOI 10.1007/978-3-642-22215-3_9, © Springer-Verlag Berlin Heidelberg 2012
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3. Associates (6) of Nj or N, with the (1 0 0) split carbon self-interstitial:
(5RL = (C,);iNy, etc.) (see Table 8.2.3).

4. The (1 0 0) split (N;Cy); interstitial (4) in three charge states:
(R11, etc.), and related centers, like (N3); (see Table 8.2.4).

5. Donor-acceptor pairs (DAP) (9) of nitrogen with boron, and of nitrogen with an
unknown acceptor (see Table 9.1.5).

9.1.1 Isolated Nitrogen Centers

N;° = C center: The absorption lines and bands of the C center are listed in
Table 9.1.1.1. In EPR, the paramagnetic N;° center is known as the P1 center
[NewO1la].

The properties of the single substitutional nitrogen (C center) have been the
subject of numerous experimental and theoretical investigations. The C center is
the dominant nitrogen center in type Ib diamonds. Type Ib is the common type in
synthetic HPHT diamonds, but is seldom found among natural diamonds.

The original Ty symmetry is lowered to Cs, with a large gain in Jahn-Teller
energy, and a considerable lowering of the donor level to a calculated position at
2.20eV above the valence band, i.e., 3.30eV below the conduction band [Mes73].
One of the four N-C bonds is elongated by ca. 26%, where the two atoms move
apart by roughly the same amount [Mes73, Mai9%4a].

With partial 13C substitution (40%, 50%, 70%, 95% '3C), a splitting into four
to five lines of the 167-meV line (100%C, 0%N) is observed [Col93e],[San93]. In
the analysis by the present author, the vibration is located with 24% at C’ (distorted
direct neighbor of N), 1 x20% +2x 12% = 44% at 3 C” (three ligands of C’, further
distorted), and 9x3.5% = 32% at C"”” (Nine ligands of 3 C”"). With these parameters
(and a slight adjustment of the partial 13C content, i.e., 44%, 56%, 75%, and 89%),
the line shifts can be reproduced within 1% of the total shift (—52 meV). This fit is
much better than that obtained previously with the force constant model [San93].

For the C center, three broad vibronic absorption bands are observed: C(a2)
at 3.30eV, C(B2) at 3.90eV, and C(y2) at 4.55eV. However, only for C(y2) the
corresponding ZPL is observed (C(c) at 4.059eV), with quasi-local vibrational
mode (QLVM) sidebands at 4.120 and 4.179 eV. The two other ZPLs are expected
at the onset of the absorption and luminescence bands: *C(a) at 2.80 and *C(b) at
3.40eV (see Table 9.1.1.1).

The DAPI analysis (see Table 10.3) yields for the N;° donor ground level
a position at 3.23 eV below the conduction band (close to the theoretical value
of 3.30eV [Mes73], see below). Therefore, the excited state of *C(a) would be
in the energy gap, while the excited states of *C(b) and C(c) would be inside
the conduction band. This interpretation is in agreement with the (very weak)
photocurrent (PC) at 3.30-4.05eV, with the PC peak =C(B2) at 3.90eV, and
the intense PC starting at 4.05eV with the (not resolved) PC peak C(y2) at
4.55eV [Den67]. Structure on this band with onset at 4.070, 4.150, and 4.240eV
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Table 9.1.1.1 Transitions from the neutral isolated substitutional nitrogen atom in diamond (N °
= C center; in EPR: P1 center)

Line/ E (meV) Width Relat. il3 il5 Comment,
band® (em™h) (meV) int. shift? 3E/ PVEL percentage of C
(%) (%) RE@%)  "“E(%) or N vibrational
involvement
from isotope
shifts
C(@") 105.4 25 36 - - N-C or C-C
bend vibration
850 24
C(v) 129.6 7 7 —4.1 - 100%C
1,045 5
C(c") 136.0 3 1 —4.3 - 100%C
1,097 2
Ccd) 140.1 8 28 —-2.9 —1.3 70%C — 30%N
vibration
1,130 6 var. 138.7—
140.7 meV
C(e) 149.5 14 23 -39 - 100%C
1,206 9
C({") 161.2 5 4 —4.4 +0 100%C
1,300 3
C(g) 166.6 0.6 1 -39 +0 100%C (see also
text Sect. 9.1.1)
1,344 0.4
E (eV) Width (eV)
*C(al) 2.30 0.40 - - - Luminescence
band
(*C(a)) (2.80) - - - - Expected ZPL
(onset of C(al)
and C(a2))
C(a2) 3.30 0.60 - - - Polarized
absorption
band,
E//trigonal axis
*C(B1) 2.88 0.35 - - - Luminescence
band
(*C(b)) (3.40) - - - - Expected ZPL
(onset of C(B1)
and C(B2))
*C(B2) 3.90 0.80 - - - Polarized
absorption
band,

E/trigonal axis

(continued)
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Table 9.1.1.1 (continued)

Line/ E (meV) Width Relat. il3 il5 Comment,
band“ (cm™) (meV) int. shift’ BE/  shift® percentage of C
(%) (%) 2E(%) BE/ or N vibrational
4E(%) involvement
from isotope
shifts

C(c) 4.059 0.01 - - - ZPL of C(y);
QLVM:
+61 meV
[Naz87]

*C(y2) 4.550 0.6 - - - Polarized
absorption
band,
E//trigonal axis

aThe C(a’—g’) IR and C(c) UV absorption lines are observed in NA, HA, and LA. The C(al)-

C(y2) bands are observed in NB, HB, and LB. The C(c) line and the C(y2) band are also observed

in photoconductivity (PC)

®From [Col88c], Table 1 and Fig. 1;

‘From [Col82], [Dav94a]

corresponds to the ZPL = C(c) at 4.059, with two QLVM sidebands at 4.120 and
4.179¢V (see Table 9.1.1.1).

The depth of the isolated nitrogen donor has been the subject of several
theoretical and experimental investigations (summarized in [Naz94a]).

In a pioneering theoretical treatment, a dramatic energy gain by a (1 1 1) Jahn—
Teller distortion (26% lengthening of one N—C bond) was calculated [Mes73].
While the effective mass treatment predicts a depth of 0.4 eV for T4 symmetry, the
depth for the Cs, distorted nitrogen in the cluster calculation is 3.3eV (2.2eV above
the valence band).

From PC measurements, different depth values of 1.7eV (natural type Ib,
[Far69], [Ver75]), 2.0 eV (HPHT synthetic type Ib [Far74]), or 4.05 eV (natural type
Ia, Ib, or natural intermediate type [Den67, Dea65a]) have been derived.

However, a great difficulty in PC data interpretation arises from the fact that all
transitions from standard DAP are expected to be PC active. Two clear examples
of PC spectra with well-resolved features are (a) DAP32 = GR2-8 [Ver75b] and
(b) DAP63/64 = N9 [Den67].

With the present knowledge, it can be concluded that none of the above-
mentioned depth values (1.7, 2.0, and 4.05 eV) represents the true ionization energy
of the N;° = C center (which is 3.23 eV from DAP1). Three possible explanations
can be offered: (a) the onset at 1.7 eV arises from DAP9 (E or X center + boron,
1.74-2.18¢eV); (b) the onset at 2.0 eV arises from DAP1 (C center 4+ boron, 2.02—
2.67eV); and (c) the onset at 4.05 eV arises from transitions from the ground state
in the gap to excited states inside the conduction band (C center: 4.059 eV; B center:
4.184,4.191, and 4.197 eV, and A center: 4.470eV).

An isolated PC peak from a type Ia sample occurs at 4.7eV [Den67] and can
be assigned to the B(a2) absorption peak at 4.7eV. An unresolved PC peak at



9.1 Nitrogen in Diamond 307

Table 9.1.1.2 The positively charged isolated substitutional nitrogen atom in diamond: N, T = E
(or X) center, IR absorption E(a’~g’), and PC bands *E(a2 — y2)

Line/ E (meV) Width Relat. il3 il5 Comment
band (ecm™) (meV)(%) Int. shift shift
N, TE=X (%)
E(a) 117.8 12 26 - - HA [Law93b];
Fig. 3.21
950 24 MA [Col88c];
Fig. 3.15
E®) 129.7 7 19 - - NA[Wo083];
Fig. 3.20,
1,046 5 HA[Law93b];
Fig. 3.21
MA[Col88c]; Fig
3.15
E() 138.2 8 19 - - NA[Wo083];
Fig. 3.20,
1,115 2 HA[Law93b];
Fig. 3.21,
MA[Col88c];
Fig. 3.15
*E(d’) 146.9 7 9 - - MA[Col88c];
Fig. 3.15
1,185 6 Overlapping band
*E(e’) 152.5 8 14 - - MA[Col88c];
Fig. 3.15
1,230 9 Overlapping band
*E(f') 159.9 7 8 - - MA[Col88c];
Fig. 3.15
1,290 3 Overlapping band
E(g) 165.1 0.7 5 - - HA[Law93b];
Fig. 3.21,
1,332 0.4 MA[Col88c];
Fig. 3.15
E Width (eV)(%)
(peak) (eV)
*E(a2)? 2.50 0.30 - - - From
12 photoconductivity
[Far74]
*E(B2)? 3.50 0.45 - - - From
13 photoconductivity
[Far74]
*E(y2)? 4.20 0.50 - - - From
12 photoconductivity

[Far74]
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Table 9.1.1.3 The neutral N,° = A center (IR absorption and vibronic lines and bands), and the

positively charged *N, 1 center (vibronic lines)

Line/band E Width Relat. il5 Comment
(meV) (meV) int. shift
(em™") (%) (%) SE/M
E(%)
N,°
A(a) 60.0 6 11 - N-C bond
484 10
A®D) 135.1 4 2 - -
1,090 3
A() 146.9 7 21 - -
1,185 5
A(d) 150.6 6 8 - -
1,215 4
A(e) 158.9 7 58 —1.1 N(29%)—-C(71%) stretch;
[Dav94b] close to the ZPL of
SB-DAP30 from the
N, + V; center: (L =
0.154, D = 1.45¢eV)
with lines H1 b, d, g
1,282 5
E (eV) Width (eV)

*A(a) 3.928 0.015 - - Named N6, proposed LVM
sideband at 4.088 eV
(+160 meV = A(e'))

*A(a2) >3.9 - - - Absorption continuum with
onset at 3.9¢eV;
photoconductivity
threshold at 4.0eV

*A(b) 4.470 0.010 - - ZPL; SB (QLVM) at
f =58, w=38meV
[Naz87]; (calc. f = 58.5,
w = 36.3meV for N;C;;
see Table 11.2)

*A(B2) 5.00 0.60 - - Absorption (see Table
2.4.3) and PC [Den67]
band

*N2+(a)? 1.602 0.012 - - Observed in PL; sidebands:
QLVM at f = 74 meV,
w = 57meV (calc. f =
74.5, w = 59 meV for N;
see Table 11.2); LVM
(overlap) at =77 meV

*N2+(b)? 2.910 0.012 - - Observed in absorption and

CL; LVM at =77 meV
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5.00eV from an intermediate type sample [Den67] corresponds probably to the
A(B2) absorption peak at 5.00eV.

N; T =E center or X lines: The assignment of the (N1+ =E= X) center
was accomplished by a detailed study of the interconversion of N;° and N;*
[Law98]. First, a synthetic HPHT diamond was irradiated with 2 x 10" cm™2
1.9-MeV electrons, which resulted in a ratio of 40%N;° to 60%N;". Second,
photochromic studies showed that a quantitative conversion from N; * to N;° occurs
with UV illumination of E > 3.1eV and the reverse process with illumination of
2.1 <E < 3.1eV [Law98].

The absorption lines and bands of the E = X center are listed in Table 9.1.1.2.
The IR spectrum of N; T is similar to that of N,°. Especially, the small shift in the
sharp line from 166.6 (N;°) to 165.1 meV (N1+) indicates similar distortions for
both centers. The expected depth of N; * is Ep, = 3.48 eV (see DAP9, Table 9.1.5).

Also, the broad bands from N;* transitions to the excited states (inside or
near the conduction band) are similar to those of N1° : E(a2)/E(2)/E(y2) =
2.50/3.50/4.20 eV, compared to that of C(«2)/C(B2)/C(y2) = 3.30/3.90/4.55¢eV.

N,° = A center: The absorption lines and bands of the A center are listed in
Table 9.1.3. The A center is paramagnetic in the ionized state.

From theory, it is known that the length of the N-N bond is increased by 30%,
and the length of the N-C bond is decreased by 4% (compared to the lattice C—C
bond) [Mai%4a].

The DAP20 analysis (see Table 9.1.5) yields for the N,° donor ground level a
position at 3.71 eV below the conduction band. This is in good agreement with the
observed onset of the absorption continuum at 3.9eV. In the ultraviolet range, an
absorption and PC band A(f2) at 5.00eV with ZPL at 4.470eV is observed (see
Table 9.1.1.3).

*N, T center: This center with a depth of 1.44eV (see Table 9.1.5) is indirectly
observed in the DAP67 (*N,™ + B;°) transitions (3.86-4.28¢eV). A luminescence
line at 1.602eV in high nitrogen diamonds can possibly be assigned to *Nj(a).
In addition, a luminescence (2.897eV) and absorption (2.910-2.916eV) line can
be tentatively assigned to *N,(b). This line appears in spectra of DAPIS, e.g., in
luminescence after N* implantation (and 1,400 °C anneal) of type Ila diamonds
[ZaiO1]. Both ZPLs have a local vibrational mode (LVM) sideband at —77 meV
(see Table 9.1.1.3).

9.1.2 Associates of Nitrogen with Single or Double Vacancies

ViNi17; ViN{°(=NYV center) and V1N2+(= S1 center): Details of these centers
are given in Table 8.1.3.1. All three centers are observed in natural, as grown HPHT,
or CVD synthetic diamonds, and also in irradiated (and annealed) diamond.

*(ViH;)°Np: This configuration is tentatively assigned to weak infrared lines
from natural diamond (see Table 8.4a).The NH bend vibration is not directly
observed, but can be indirectly determined from the stretch + bend combina-
tion line.
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(ViN,~ =H2 center) and (V;N,° = H3 center): Details of these centers are
given in Table 8.1.3.1. The H2 center (1.256eV, DAP77/78) appears after heating
diamonds to 1,700 °C, or after irradiation and annealing at 500-1,500 °C. The H3
center (2.464 eV, DAP51/52) is observed in natural, in HPHT or CVD synthetic, and
in irradiated (and annealed) diamond. Photochromic interconversion of H2 and H3
is achieved by illumination below or above 600 nm (= 2.07 eV) [Mit90]. Uniaxial
stress experiments on H2 [Law92b] and H3 [Dav76a,Dav76b] have shown that these
centers have C,, symmetry with the C, axis along (0 0 1) and two (1 1 0) reflection
planes, i.e., the structure is N—V-N.

*V1N37(V{N3° = N3 center) and *V;N3T: Details of these centers are given in
Table 8.1.3.2. The well-known N3 center has three ZPL transitions: V{N3°(a,b,c),
at 2.297, 2.680, and 2.985eV. There are luminescence sidebands (with structure)
for ViN3°(a,b,c), but there is an absorption sideband (with structure) only for
V1N3°(c). The transitions of V{N3°(a) and V| N3°(b) are observed only in delayed
photoluminescence [Sob76].

*V1N3°(C,);: When the vacancy of the V{N3° center is created, a (C,); self-
interstitial is expelled, which is later gathered in the platelets (see the discussion
in Sect. 9.1.6.1). In an intermediate state (only with small platelets, 5nm),
the self-interstitial is connected to VN3, forming the *V|N3°(C,); center (see
Table 8.1.3.2). This center shows great similarity to V;N3°(a) (both centers
observed only in delayed photoluminescence). The ZPL of V{N3°(C,); is shifted
by —95meV with respect to the ZPL of the isolated V{N;°(a) (only with large
platelets, 100 pum) [Sob76].

(ViN4~ =N9 center) and (V;N;° = B center): For details of these centers, see
Table 8.1.3.2. The ZPL absorption lines of the B center (in the ultraviolet) are very
weak [Naz87]. The ZPL splitting of 67 meV is typical for a dynamic Jahn—Teller
effect. Four lines of the sideband DAPS2 are superimposed on the B(a) absorption
band. The B center is well known for its vibrational infrared absorption lines (see
Table 8.1.3.5).

The ZPL of the N9 center is split into three lines: N9(a) at 5.252, N9(b) at 5.262,
and N9(c) at 5.277eV. This 10-15meV splitting is similar to that of the B center,
indicating again a dynamic Jahn-Teller effect. Well-resolved lines from the sideband
DAP63 (absorption) and the sideband DAP64 (luminescence) are observed.

*V1N4(C,);° =F center: As described in Sect. 9.1.6.1, the self-interstitial is
connected to (V{N4° = B center), forming the (*V|N4(C,);° = F center). The ZPL
of ViN4(C,);° is shifted by +376 meV with respect to the ZPL of the isolated
V1N4°(b). Similar to the B center, the F center has well-known vibrational infrared
absorption lines, which correlate with the ZPL F(a) (see Table 8.1.3.3). However,
compared to the vibrations of the B center (highest frequency 165meV), the F
center vibrations extend to 191 and 196 meV, which are typical frequencies of (Cy);
vibrations. There are three ZPL transitions at F(a) = 2.145, F(b) = 2.721, and
F(c) = 4.567 eV, each with broad sidebands. The structure on the 5.0-eV sideband
of F(c) reveals the involvement of donor—acceptor transitions (DAP81a-f).

V,2N;°, V,N3°, and (N3V,;N;° = H4 center): It has been shown by theory
that the H4 center is formed when the (VN4 = B center) captures a vacancy
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(see Egs. (9.8a,b)). The infrared center with the lines (Hl(c, e, f) = V|N,° + V;°)
is an intermediate state (see the discussion below). A similar process can be
assumed for the formation of V,N; and V;,;Nj. Details of these centers are given
in Table 8.1.3.4.

9.1.3 Associates of the Split Self-interstitial (C,); with One
or Two Nitrogens

*(C);N1° =5RL: The 5RL center (4.582eV, DAP79/80) is prominent in
as-irradiated diamonds, is enhanced by 500°C anneal, and anneals out at
800-1,200°C. The luminescence spectrum is unusual, showing four intense
sidebands (partly exceeding the ZPL intensity) of the 237-meV C-C vibration.
This gave rise to the name SRL. = 5 radiation lines.” The proposed structure is in
good agreement with the observed vibrational frequencies and their isotope shifts
[Col88c], and also with the uniaxial stress results [Col86b]. Details of the SRL
center are given in Table 8.2.3.

*(C,);N;T: The positive charge state of the SRL has properties similar to that of
the neutral charge state (see Table 8.2.3).

*(Cy)iN2~, *(C2)iN2°, *(C,)N,T: The three charge states of the *(C;);N,
center have very similar properties (see Table 8.2.3).

9.1.4 The (10 0) Split Nitrogen—Carbon Interstitial (N1Ch);
in Three Charge States, Associates with Boron, and the
(V;); ° center

These seven centers are described in Sect. 8.2.4 and in Table 8.2.4.

9.1.5 Donor-Acceptor Pairs of Nitrogen (N1 and N,)
with a Single Boron and of Nitrogen (N;)
with an Unknown Acceptor

*N;° + B;° =DAPI1: For diamond, this is the first donor—acceptor pair system
described in the literature [Dis94a,b]. The transitions of this standard DAP occur
in the range 2.070-2.668 eV (shells s =50 to s =1). The DAP line of the nearest
neighbor N-B pair (s = 1) is very intense, but no electronic transition from this
center is observed. The notation is *N;° 4+ B1, which emphasizes the DAP character,
and the * indicates that the atomic composition is not yet fully confirmed.
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Table 9.1.5 Donor—acceptor pairs (standard DAP) of a nitrogen donor (N; or N,) with the boron

acceptor

Defect Observed L (eV)

Lines
(range) (eV)

Standard-

DAP

D(eV)

Name/comment

*N°+By NL 1.871

*N|°+B,° HA, 1.893
MA,
NL,
LL,
ML

N, T+B,° NA, 1.641
NL

*N;2t4+B,° ML 1.567

*N,°+B;~ NL 1.890

*N,°+B;° NL 1.407

*N,T+B,° NA, 3.684
MA

*N,2t+B;° NL 2.495

1.559-1.791

2.067-2.668

1.743-2.180

1.697-2.417

2.095-2.622

1.798-2.105

3.865-4.280

2.649-3.204

106 a—k

la-m

9a-v

70a—q

192

67a—1

18a—g

—1.43

1.43

1.53

1.52

1.30

1.38

1.43

1.54

shells: 16, 20, 22, 24, 26,
32,34, 54, 58, 198,
228/Ep + EA = 3.619;
EA(BT) = 0.392 from
Ep = 3.227eV

Shells: 1-8, 10, 13, 16,
34,50/Ep + EA =
3.597; Ep(N°) = 3.227
from Ex = 0.370eV

Shells: 6-10, 1214, 16,
18, 20, 22, 24, 26, 34,
36, 50, 58, 74, 98, 106,
162/ED + EA =
3.849, Ep(Nt) =
3.479 from E, =
0.370eV

Shells: 1, 2, 3, 10, 12, 13,
14, 15, 16, 18, 20, 24,
26, 30, 34, 50, 106/ Ep
+ Ex =3.923,
Ep(N*t) =3.553
from Ep, = 0.370eV

Lines A (s = 4),B
(s = 3) in yellow
luminescence/shells: 1,
2,3,4,5,10, 12, 16,
20,
32/Ep + Ep = 3.600

Shells: 1, 3, 4, 5-8/Ep+
EA = 4070, ED(NZO)
= 3.700 from E5 =
0.370eV

Shells: 4, 6, 10, 12, 14,
16, 26, 34, 50/lines of s
= 1-3 are outside
spectrum/Ep + Ep =
1.806; Ep(N,T) =
1.436 from Ep =
0.370eV

Lines C (s = 50), D
(s =32),E(s =20),F
(s=2),H(G=1)in
yellow
luminescence/shells: 1,
2,4, 20, 26, 32, 50/Ep
+ EA = 3156, ED =
2.786 from Ex =
0.370eV

DAP: L = limiting energy (different from ZPL), D = dielectric factor
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*Nit + B1° = DAPY: A set of weak lines is superimposed on the luminescence
“B” band of type IIb diamonds. A possible correlation with the N; ¥ = E = X center
has not been investigated.

*N2° + B1° =DAP20: Some 2-5% of all gem-quality natural diamonds are
brown in color. Some of these exhibit bright yellow photoluminescence when
excited at 3.40eV [Col82b]. The infrared absorption spectrum of these diamonds
is dominated by the F center lines (V{N, (C,);°, see Table 8.1.3.6). In addition,
lines from A centers (N,°), B centers (V{Ny), and also from sp?’CH, (at 182 meV)
and sp>CH, (at 178 meV) are observed. These latter lines indicate the presence of
hydrogen in grain boundaries (see Sect. 9.3). It can be speculated that the grain
boundaries stabilize the F centers by blocking the reactions of (9.3b) and (9.4).
Superimposed on the broad luminescence bands from the F center (but not related
to those) are sets of sharp lines, which belong to DAP18, DAP19, and DAP20.
Some lines of DAP18 and DAP19 have been studied under uniaxial stress, and the
symmetry of the center (from the dipole orientation) has been determined [Moh82b].
No explanation for the different symmetries was given in the original publication,
but a fascinating agreement (and confirmation of the DAP analysis) is obtained when
the lattice vectors of the respective DAP are considered (see *N,* + B; =DAPI18,
below).

*N,t + B;° = DAP67: For a general description, see DAP20 above. Two lines
are given names [Moh82b]: A (s =4) and B (s = 3). The symmetry of B is triclinic
in agreement with the lattice vector (3 1 1).

*N,T + B;° =DAPI18: Five lines are given names [Moh82b]: C (s =50),
D (s=32), E (s=20), F (s=2), H (s=1), and J (perturbed s =2). The
symmetry (obtained from uniaxial stress) for the lines C, D, E, and J is C,, with
the corresponding lattice vectors C(10, 10, 0), D (8, 8, 0), E (8, 4, 0),and F, J
(2, 2, 0). The symmetry of line H is trigonal, as expected for the lattice vector
(1, 1, 1). Six lines from DAPI8 are also observed in absorption (at the same
energies as in luminescence, indicating a standard DAP).

*N, T = DAP4: When a natural type Ia diamond with 8 x 10'°cm™ N,° (A cen-
ter) is irradiated with 1 x 10'” cm™ neutrons, the DAP4 transitions together with
the electronic transition at 1.602eV of *N, T are observed. Vibrational sidebands of
DAP4 are at 56 meV (typical for Ny, see Table 9.1.5). The acceptor is unknown.

*N,2T = DAP45: This center is observed in HTHP synthetic diamond with high
nitrogen concentration (1.3x 10" cm™3) after neutron irradiation and 12 h annealing
at 800 °C [Vin88b]. The acceptor is unknown; however, the type of spectrum and
the hole burning [Sil94a, Sil95] confirm the DAP interpretation.

9.1.6 Discussion

9.1.6.1 Thermally Induced Nitrogen Aggregation in Natural
and As-Grown HPHT Synthetic Diamonds

In “newly grown” natural and as-grown HPHT synthetic diamonds, nitrogen is
dominantly present in the single substitutional form (N;°=C center, type Ib).
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Natural type Ib diamonds are rare, because aggregation occurs under the conditions
in the earth’s crust.

The sequence of aggregation steps and the structure of the aggregates have been
established by annealing experiments [Chr77, Woo86, Kif00] and by theoretical
calculations [Mai94]. Triple and quadruple nitrogen centers are stable in natural
diamonds only in association with a lattice vacancy [Mai94a].

Step 1: At T > 1,500 °C, the single nitrogen starts to migrate, and nitrogen pairs
(N;° = A center) are formed with an energy gain of 0.5eV.

N; + N; — (N, = A center) 9.1

Step 2a: At T > 1,700°C, some of the nitrogen pairs dissociate, while other
pairs capture one nitrogen. The triple nitrogen expels a lattice carbon, i.e., a
vacancy/interstitial pair is formed.

N; + N; — (%V|N3(Cy); =563 nm center?). (9.2a)

Unfortunately, the *V{N3(C,); center is not well documented in the literature.
The 563-nm center with absorption and luminescence at 2.202eV is a possible
candidate, due to its great similarity to the N3(a) center at 2.297 eV (see Table 8.2.2).
Step 2b: At the same temperature (77 > 1,700 °C), the interstitial can leave the
*VN3(C,); center, and the N3 center is formed.

*V1N3 (Cz)i — (V1N3 =N3 center) + (distant)(Cz)i. (9.2b)

Step 3a: At T > 1,900 °C, a further nitrogen is captured and the *V|N4(C;); =F
center is formed with a theoretical energy gain of ca. 3eV [Mai%4].

*V1N3(C2)i + N; — (*V1N4(C2)i = F center). (9.3a)

The F center is named after its intense IR absorption bands (see Table 8.1.3.6).
Correlated with these IR bands are three ZPL transitions at 2.145, 2.721, and
4.567eV. The latter is similar to the 4.184—4.197 transitions of the B center (see
Sect. 9.1.2 and Tables 8.2.3 and 9.1.4).

Step 3b: At the same temperature (7" > 1,900 °C), the interstitial can leave the
*V N4 (Cy); center, and a (VN4 = B center) is formed.

* VIN4(Cy); — (VN4 =B center) + (distant)(C,);. (9.3b)
Step 3c: At the same temperature (77 > 1,900 °C), the V{N3 = N3 center can
capture a single nitrogen, and a V|N; = B center is formed with a theoretical energy

gain of 3eV [Mai%4].

VN3 + Ny — (VN4 = B center) (9.3¢)
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Evidently, there are two possible paths leading to the B center formation, depending
on whether the (C;); has been released from the *VN3(C,); center ((9.2b), followed
by (9.3c)) or not released ((9.3a), followed by (9.3b)). The centers with three
nitrogens (N3 and *VN3(C,);) are metastable with respect to the centers with four
nitrogens. For this reason, the concentration of the triple nitrogen centers is always
very low compared to the centers with one, two, or four nitrogens.

Step 4: The migrating self-interstitials (C;); form planar aggregates called platelets.

n(Cy); — (Cz)i = platelets 94)

The calibrated absorption of the platelets has been compared with the absorption
from B centers. In “regular” type IaB diamonds, the absorptions are proportional,
while in “irregular” type IaB diamonds, the platelet absorption is very low or absent.
A possible explanation can be a partial decomposition (see (9.5a)). An alternate
explanation would be that the platelets have never or incompletely been created
[Col97].

Step 5a: At still higher temperatures (7" > 2, 700 °C), the platelets decompose, and
dislocation loops are formed [Kif00].

(C,,); = platelets — dislocation loops (9.5a)

Step 5b: At the same temperature (7 > 2,700 °C), the B centers decompose, and
voidites are formed. These voidites are octahedral defects consisting of molecular
nitrogen in a crystalline form, with dimensions between 2 and 50 nm [Kif00].

(nV{N4 = n B centers) — voidites = Ny, (crystalline) (9.5b)

In natural diamonds, all intermediate states of thermal nitrogen aggregation are
observed: With single nitrogen (type Ib), with nitrogen pairs (type IaA), with partial
transformation from A to B (type IaAB), or with full transformation into the very
stable B centers (type [aB). Voidites are very rare in natural diamonds.

9.1.6.2 Thermally Induced Nitrogen Aggregation in the Presence
of Isolated Vacancies in Irradiated Diamonds

In irradiated diamond, the concentration of isolated vacancies can be comparable
to the concentration of nitrogen. At T > 600 °C, the vacancies start to migrate,
and can be captured by nitrogen centers with a considerable gain in energy (3.0-
6.0eV) [Mai94a]. The respective reactions are denoted in (9.6a-9.8a). The three
associates of a nitrogen center with an outside vacancy (H1(a) center, H1(b) center,
and H1(c) center) are metastable and are precursors of the more stable centers NV
(9.6b), H3 (9.7b), and H4 (9.8b). Absorption of the metastable centers is observed
in the infrared (see Table A.1.1). This book provides complete assignments for the
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H1 lines, especially the H1(b,d,g)-DAP30 and H1(c,e,f)-DAP31 donor—acceptor
transitions (see Sect. 10.1).

In irradiated diamonds with isolated nitrogen (C center), the reactions (9.6a,b)
occur after annealing above 600 °C, and the NV is formed. The NV center is
relatively stable up to temperatures of 1,400-1,700 °C.

Vi (distant) + (N;° =C-ce.) — (VC4 — N;° =Hl(a)ce.) + 2¢eV, (9.6a)
(V,C4 —N;° =HlI(a)center) — (V|N;C3° =NV -ce.) + 5eV. (9.6b)

In irradiated type IaA diamonds (nitrogen pairs are dominant), the H3 center is
formed by the reactions (9.7a,b)

Vi(distant) + (N, = A -ce.) - (V; —N; — N; =HI(b, d, g)ce.) + 1eV (9.7a)
Vi —N; —N; — (N; — V] —N; = V|N,° = H3 center) + 4€V. (9.7b)

In irradiated type IaB diamonds (with dominant B centers), the H4 center is formed
by the reactions (9.8a,b)

Vi (distant) + (ViNy =B -ce.) - (ViNy — V; =Hl(c,e,f)ce.) + 6eV  (9.8a)
V1N4 — Vl — (N3V1V1N1 = N3V2N1° =H4 center) + 5eV. (98b)

The precursor centers H1(a) in (9.6a), H1(b,d,g) in (9.7a), and H1(c,e,f) in (9.8a)
are metastable and can be observed in absorption (see Tables 8.1.3.1 and 8.1.3.4).
Theoretical calculations for the activation energy give 2.4eV for the reactions of
(9.6a), (9.7a), and (9.8a) (vacancy migration) [Mai94a]. The final reordering (site
exchange between the vacancy and a carbon or a nitrogen atom) in the reactions of
(9.6b), (9.7b), and (9.8b) requires a higher (estimated) activation energy (> 3eV)
with corresponding higher annealing temperatures (77 > 800 °C) [Mai94al].

9.2 Boron in Diamond

Boron is the second abundant impurity (after nitrogen) in natural diamond. In
synthetic diamonds, boron can be introduced as a dopand. In the periodic system,
the elements boron and nitrogen are neighbors of carbon, and both can be easily
incorporated into the diamond lattice.

Isolated substitutional boron has its ground state 0.37 eV above the valence band.
This shallow acceptor center is responsible for the p-type semiconductor character
of type IIb diamonds (where the concentration of compensating donors is lower than
the boron concentration).

There are six types of boron centers in diamond. The majority (3—5) contains
intrinsic defects, which dominantly determine the properties (see Chap. 8):
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1. Isolated substitutional boron: The B;° acceptor (see Table 9.2.1).
2. Standard DAP of boron with nitrogen = DAPI1 (see Table 9.1.5) or with
phosphorous = DAP2 (see Table 9.2.2).

. Associate with a lattice vacancy (see Table 8.1.7.1).

4. Associates of By, B,, or B3 with the (1 0 0) (C;); split interstitial (see
Table 8.2.3).

5. Associates of B; with the (1 0 0) (N;C) split interstitial in three charge states
(see Tables 8.2.4).

6. Boron-bound exciton lines (see Table 9.2.6).

(O8]

9.2.1 Isolated Substitutional Boron

The absorption spectrum of B} was explained by a calculation, using effective mass
theory [Cro67b]. The ground state is 0.372eV above the valence band, and the
transitions to the excited states occur at 0.2680-0.3646eV (see Table 9.2.1). The
three most intense transitions (at 0.3042, 0.34710, and 0.36273 eV) have sidebands
with one to three phonons of energy 161 meV. This LVM frequency is close that of
the fundamental lattice phonon (165 meV), indicating a slightly lower force constant
for the B—C, compared to C—C stretch vibration.

An interesting phenomenon is observed in the photoconductivity spectrum (at
120K). The so-called photothermal ionization process (photon + thermal phonon)
explains the photoconductivity peaks well below the ionization threshold (these
peaks coincide with the absorption peaks) [Col68].

9.2.2 Standard DAP of Boron with Nitrogen (DAPI1, 9, 18, 19,
20, 67, 70), Phosphorous (DAP2), or Oxygen (DAP17)

The nitrogen containing centers (DAPI, 9, 18, 19, 20, 67, 70) are already listed and
described in Table 9.1.5, Sect. 9.1.5. Other data are collected in Table 9.2.2.

In samples which contain boron and phosphorous (as evidenced by their respec-
tive bound excitons), 23 lines in the range 4.711-5.275eV are observed, arising
from the B,° + P;° — DAP?2 transitions [Ste99a,b]. The large number of resolved
DAP lines has probably to do with the fact that both impurities have shallow
states in the bandgap: Ep(P) = E. —0.620eV, and EA(B) = E, + 0.370¢eV, with a
corresponding large Bohr radius, leading to a better overlap than for the deep donor
nitrogen (Ep(N) =3.230eV).
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Table 9.2.1 Absorption and photoconductivity lines from the substitutional single boron in
diamond (after [Smi62, Cro67b, Wal79, Zai0O1])

Line® Observed (meV) Assigned” I-1I¢ Name/comment
LVM NA, HA, 159.8 LVM - B-C stretch
MA
B’ pPC* 268.0 VI —1 - 1s(I'7/Tg) — 2s (forbid-
den); 2 SBs
B(a) NA 304.2 Vil — 2 - 1s(T 7/T g) = 2p (T /T g)
B(b) NA 335.6 nm—3 - 1s(T'7) = 2p (Ts)
B(c) NA 337.3 1—3 (1.7) 1s(T'g) — 2p (Tg)
B(d)f NA 340.4 - - -
B(e) NA 341.48 -4 - 1s(T'7) = 2p (Ty)
B(f)f NA 342.10 - - -
B(g) NA 343.53 1—4 2.05 1s(T'g) = 2p (Ts)
B(h)f NA 345.1 - - -
B(i)f NA 34637 - - -
B(j) NA, HA, 347.10 Im—5 - 1s(T 7) = 2p (T ¢)
LA
B(k) NA 349.13 1—5 2.03 1s(T's) = 2p (T)
B() NA 3524 nm—6 - Is —2p
B(m) NA 354.56 1—6 2.2) Is = 2p
B(n) NA 355.79 n—7 - Is —2p
B(o) NA 357.89 1—-7 2.10 Is —2p
B(p) NA, HA, 362.73 Im—38 - 1s — 2p
LA,
MA
B(q) NA 364.6 1—38 (1.9) Is —2p
En NA, HA, 372 I/I1 - VB Ioniztion energy
LA,
MA, PC
B’—s1 PC 430 B’ + - SB (1 x 162meV)4
0.162
B(a)-sl NA, HA, 466 B(a) + - SB (1 X 162 meV)
LA 0.162
B(j)-sl NA, HA, 508 B(G) + - SB (1 x 161 meV)
LA 0.161
B(p)-sl NA, HA, 527 B(p) + - SB (1 X 164 meV)
LA 0.164
B’-s2 PC 591 B’ + 324 - SB (2 X 162 meV)
B(a)-s2 NA, HA, 625 B(a) + - SB (2 X 161 meV)
LA 0.321
B(j)-s2 NA, HA, 670 B(G) + - SB (2 X 161 meV)
LA 0.323
B(p)-s2 PC 686 B(p) + - SB (2 X 162 meV)
0.323
B(a)-s3 PC 790 B(a) + - SB (3 X 162 meV)
0.486
B(j)-s3 NA, HA, 830 B() + - SB (3 X 161 meV)
LA 0.483

(continued)
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Table 9.2.1 (continued)

Line® Observed (meV) Assignedb I-11¢ Name/comment

B(p)-s3 PC 850 B(p) + - SB (3 X 162 meV)
0.487

B(a)-s4 PC 953 B(a) + - SB (4 X 162 meV)
0.649

B(p)-s4 PC 1,015 B(p) + - SB (4 X 163 meV)
0.652

B(p)-s5 PC 1,180 B(p) + - SB (5 x 163 meV)
0.817

4Bold = intense line;

T, I = 1s ground state (2.06 meV splitting); 2-8 = excited 2p states

‘Difference, arising from 2.06 meV gr. st. splitting;

9LVM frequency is 160 meV in the ground state (see line 1) and 162 meV in the excited state (see

sidebands)
¢Indirect observed;

fAdditional lines from 19% 'B or disturbed boron

Table 9.2.2 DAP of boron with phosphorous [Ste99a, b] or with oxygen [Rua93a]

Defect Observed L (eV) Lines (range)  Standard D (eV) Comment
V) DAP

*Bi° + HL,LL 4.500 4.711-5.275 2a-w +1.72 Shells: 3, 5,9,
P,° 11, 12, 14, 15,
16, 17, 18, 19,
20, 22, 24, 25,
26, 30, 31,
32,37, 39,
50/Ep + Ea
= 0.990;
Ep(P) = 0.620
from Ep =
0.370eV
*B,° *0,° LL 2.534 2.676-2.725 17a—g +1.29 Shells: 34, 44,
48, 50, 58,
62/Ep + Ea
= 2.956;
Ep(0) =
2.586 from
EA =
0.370eV

For boron with nitrogen (six centers), see Table 9.1.5
DAP: L = limiting energy (no ZPL for standard DAP), D = dielectric factor

9.2.3 Associate of Boron with a Lattice Vacancy

There are two transitions with ZPLs at 2.395eV (*VB;(a)°) and 3.120eV
(*VB(b)°) (see Table 8.1.7.1) The sideband DAPs are seen as structure on
broad bands. The ZPL at 2.395¢eV is weak in X-ray luminescence but is intense in
photoluminescence. The observed QLVM has f =50 and w=25meV, which
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can be tentatively assigned to ''B;'?C; with calculated values f =350.4 and
w=27.0meV (the natural abundance of the boron isotopes is ''B/!"B = 81/19%).

9.2.4 Associates of By, B, or B3 with the (10 0) (C,); Split
Self-interstitial

These centers are named 2BD (type IIb damaged) and are listed in Table 8.2.3.
The lines from *(C5);B>° — DAP97 transitions are weak, and no other 2BD-DAP
transitions are observed.

9.2.5 Associates of By with the (1 0 0) Split (N1C1);
Interstitial in Three Charge States

A short discussion of these centers is given in Sect. 8.2.4. In as-grown CVD
synthetic diamonds, boron (identified by its bound exciton) can be present by inten-
tional doping or by unintentional transfer from the boron-doped silicon substrate
[Ste96a]. In the cathodoluminescence (CL) of such samples, the lines of V{N;° at
2.154eV, *(C,);Ny at 3.188eV, and *(C»);N;° (=5RL) at 4.582¢eV are observed,
together with a group of nine lines at 2.417-2.792eV [Ste96a]. These latter lines
are typical DAP transitions, which can be tentatively assigned to *(N;C;);B;° with
the ZPL at 2.792 eV, and the sideband DAP99 (see Table 8.2.4).

In similar CVD samples, CL, lines of *(C,)iNy at 2.807¢V, and *(N;C;);° at
3.188eV and lines from DAP1 (=*N;° + B;°; 2.067-2.668¢V) are observed,
together with a group of nine lines at 2.725-3.092eV [Col89c, Dis94a]. This group
of lines is tentatively assigned to *(N;C;);B + with the ZPL at 3.092¢V, and the
sideband DAP100 (Table 8.2.4).

In a boron-doped hot filament grown CVD sample, the (N;C;);B; center is prob-
ably observed in three charge states: Weak ZPLs at 2.792¢eV (from *(N;C;);B;°)
and 3.092¢eV (from *(N1C1)1B1+), and an intense group of eight lines at 2.330—
2.992¢V, which can be tentatively assigned to *(N;C;);B;~ with the ZPL at
2.992 eV, and the sideband DAP101 (Table 8.2.4).

9.2.6 Boron-Bound Exciton Lines

Cathodoluminescence lines from the boron bound exciton are listed in Table 9.2e.
The spectrum is typical for a shallow defect center in diamond. The ionization
energy (E;j) is 370 meV, and the binding energy (E,) is 51 meV, in excellent
agreement with Haynes’ rule, which predicts Ei/ Ey, = 7 [Ste99a].
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Table 9.2.6 Cathodoluminescence lines from boron-bound exciton (BE) transitions in diamond
(after Figs. 5.152, 5.169, 7.157 [Dea65b, Ste97b, Ruf98, Zai01])

Line Assignment ~ Relat. Observed (eV) Diff. Name/comment (SB

[Dea65] int. (meV)* difference in
meV)?

Dy’ BE-B(b) 1 NL, HL, LL 53671 - No phonon BE;
weak SBs at

5.3652(—1.9meV),
5.3693(+2.2),
5.2709(+3.8)°

Dy BE-B(a) 2 NL, HL, LL 5.3558  —11° No phonon BE;
weak SBs at
5.3539
(—=1.9meV),
5.3575(+1.7),
5.3590(+3.2)°

D/ B(b)-1Ph 5 NL 5.227 —140 TO phonon

D, B(a)-1Ph 9 NL, HL, LLML 5.215 —141 TO phonon

D,” B(a)-1Ph 1 NL, HL, LL, ML 5.193 —163 LA/LO phonon

D, B(b)-2Ph 6 NL,HL,LL 5.060 —307 165(LO) 4+ 142(TO)

D, B(a)-2Ph 5 NL, HL, LL, ML 5.048 —308 165(LO) + 143(TO)

D,” B(a)-2Ph 1 NL 5.023 —333 (2x) 162(LO)

Dy’ B(b)-3Ph 3 NL 4.903 —464 (2x) 162(LO)
+140(TO)

D3 B(a)-3Ph 2 NL 4.890 —466 (2x) 163(LO)
+140(TO)

Dy B(a)-4Ph 2 NL 4.755 —601 (2x) 161(LO)

+(2x) 140(TO)
#Lattice phonons which couple to the free exciton are 87(TA), 141(TO), and 163(LA/LO) meV
bSplitting of —1.9meV from split acceptor ground state (see Table 9.2.1), and of +3.3 meV from

initial bound exciton state [Ste97b, Ruf98]
“Splitting of —11 meV from spin—orbit splitting of the valence band

It may be mentioned that similar bound exciton spectra are observed for
phosphorous (E; =620, E, =88 meV) [Ste99b] and for lithium (Ep = 130 meV)
[Zai97a] (see Tables 5.3.12.1-5.3.12.2).

9.2.7 Discussion

The blue color of natural diamonds (all of type IIb) is caused by boron. It has been
reported that the so-called Cape yellow diamonds exhibit bright blue luminescence
when excited in the ultraviolet [Col82b].

In boron-doped synthetic diamonds, the ultraviolet absorption from daylight
causes a bright blue color, and this has been used for some commercial applications.
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9.3 Hydrogen in Diamond

Hydrogen in diamond is of special interest because of the following:

. Synthetic CVD diamond is usually grown in a hydrogen-rich atmosphere.

. Passivation of the surface has been observed [Dav94a].

. A possible passivation of donors and acceptors has been discussed [Dav94b].

. Several spectral lines from hydrogen centers have been observed in different
classes of diamond.

BN =

In most natural type Ia diamonds, absorption lines from C—H vibrations of the
*(V1H;)® center are observed, with two sharp fundamental lines and seven sidelines
(see Sect. 9.3.1 and Table 9.3.1).

In the grain boundaries of polycrystalline (heteroepitaxial or homoepitaxial)
CVD diamond, 18 absorption lines from C-H bend vibrations (Table 9.3.2) and
11 lines from C-H stretch vibrations (Table 9.3.3) are observed. It is remarkable
that these frequencies are essentially identical with those from C-H vibrations
in (amorphous) diamond-like carbon (DLC). However, the line width for the
hydrogen lines in the grain boundaries and in DLC is considerably larger (0.4-15%),
compared to 0.1% for the *(VH;)° center in the diamond crystal (see Tables 9.3.1—
9.3.3).

In ion-implanted diamond, a luminescence line is observed at 2.272eV for
protons (Table 5.3.7.3) and at 2.274 eV for deuterons (Table 7.1) [Gip83]. The fre-
quency shift is within experimental error, and is no proof for hydrogen involvement.

Several other lines in diamond, which in the literature are ascribed to hydrogen,
are marked by “H?” in Tables 2.1.1.1-7.4.

9.3.1 Hydrogen Lines in Natural Diamond

Natural C-H lines. In Table 9.3.1, two main absorption lines at 174.2 and
385.2meV together with seven sidelines are listed. These lines have been observed
in bulk natural diamond (mainly of type Ia) [Cha59, Woo83], [Dav84b], [Fri9la]
and also in natural diamond “coat” [Run71]. Confirmation of the line assignment to
the fundamental bend and stretch vibrations of C—H came from a careful analysis
of the sidelines. Especially, the weak line at 0.3841 eV from the 1.1% abundant '*C
isotope ruled out an N—H vibration [Woo83]. The six other sidebands are overtones
or combinations of the fundamental vibrations [Dav84, Fri91]. Remarkable are the
anharmonicities (including level mixing and repulsion) of up to 2.3%. All C-H lines
in Table 9.3.1 originate from the same center, as confirmed by a correlation factor
0.97-0.99 for the intensities of the five dominant lines, tested on seven samples
[Dav84].

From the experimental observations and the data listed in Table 9.3.1, the
following conclusions can be drawn:
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1. The center has rotational symmetry, because there is only one (doubly degener-
ate) bending vibration.

2. The hydrogen is bonded to only one carbon, because the relative intensity of the
13C—H line at 384.1 meV is 1.4%, which is much closer to the value 1.1% (for
bonding to one carbon) than to a value of 2.2% (for bonding to two carbons). The
observed isotope shift is —0.29%, which is close to the theoretical shift (0.30%,
calculated from (11.1) with @ = 1).

3. The observation of certain overtones (e.g., 2x bend at 345.4 meV) unambigu-
ously rules out inversion symmetry for the center (from group theory) [Dav84b]).

4. The C-H bond must be of a rather unusual nature, because the frequency is 6.6%
higher than for a normal sp>CH; bond (Table 9.3.3), and because the relatively
high intensities and large anharmonic shifts of the overtone or combination
vibrations are rather unexpected.

The best agreement with the above observations is obtained by a configuration
of a “hydrogen-terminated carbon atom at some form of lattice imperfection”
[Dav94b]. It can now be taken as granted that this lattice imperfection is a carbon
vacancy, filled with one hydrogen and denoted by *(VH;). This interpretation is
strongly supported by the similarity with the newly identified *(V4Hy4) center in
homoepitaxial CVD diamond (see Sects. 9.3.6 and 10.1). The C—H stretch frequency
for the *(V4H,4) center at 387.3 meV [Fuc95b] is 0.5% higher than for the *(VH))
center. Both stretch vibrations have very similar sidebands from coupling to DAP
transitions [Dis03] (see *(V4H4)b-DAP40 and *(VH;)b-DAP41 in Table 10.1).

It should be mentioned that the bond center position (between two carbon atoms)
is evidently preferred by the (extremely short-lived) “anomalous” muonium [Est87].
For the long-lived hydrogen center in Table 9.3.1, the bond center position can be
ruled out by the observations (2) and (3) above.

Natural N-H lines. In Table 9.3.1, three centers with N—H bend and stretch
vibrations are listed, two (*(V{H{)N;° and *(V;H;)N4°) in natural and one
(* (VlHl)N3°) in non-natural diamond. The intensity of these lines is not directly
correlated with those of the *(V{H;)°® center. The three centers are observed in
diamonds with a high concentration of hydrogen and nitrogen, and can therefore be
assigned to N-H vibrations, i.e., the hydrogen is in a slightly different environment.
Note that the N—H vibrational stretch energies are higher than the respective energies
for C—H vibrations. The difference is 4.5% for *(V{H;)N;°, 1.8% for*(V;H;)N5°,
and 10% for*(V H)N,°.

9.3.2 Hydrogen Bend Lines in Polycrystalline CVD Diamond

The hydrogen content in polycrystalline CVD diamond is relatively high, reaching
up to 20 at. % H in heteroepitaxial films [Dis93] and up to 3.3 at. % H in
homoepitaxial films [Jan92]. It was shown by electron probe microanalysis that the
hydrogen is predominantly located in the diamond grain boundaries (DGB), which



9.3 Hydrogen in Diamond 325

consist of disordered amorphous carbon [Fal93]. Independently, this conclusion was
drawn from the similarity between the C—H vibrational absorption lines in polycrys-
talline CVD diamond and in amorphous DLC [Dis93] (see also Tables 9.3.1-9.3.4).
The lines in Tables 9.3.1-9.3.4 are positively identified as C—H vibrations by the
observed isotope shift for 'H/?D and '>C/!3C substitution [Dis87, Dis92, Fuc95b].

In Table 9.3.2, the 18 infrared absorption lines from C-H bend vibrations
are listed. These relatively broad lines are observed in the range 80-190meV
(680-1,500cm™!). In some samples, there is overlap with the defect-induced
one-phonon absorption of crystalline diamond in the range 70—170meV (550-
1,350cm™!), and of C—C vibrational absorption lines in the range 100-270 meV
(840-2,180cm ™). Because of these overlaps and of the broadness, the C—H bend
lines are less well documented than the C—H stretch lines. There exists a qualitative
intensity correlation between bend and stretch vibrations for the eight different C—H
configurations listed in Tables 9.3.1-9.3.4.

9.3.3 Hydrogen Stretch Lines in Polycrystalline CVD Diamond

In Table 9.3.3, the 11 infrared absorption lines from C-H stretch vibrations are
listed. The spectra consist of partly overlapping lines in the range 350-410 meV
(2,820-3,330cm™"). After early reports [Wil89,Bi_90,Jan91], deconvolution of the
overlapping lines [Dis87, Dis92, Dis93, Joh94] allowed a quantitative analysis and
the assignment to the configurations given in Tables 9.3.3 and 9.3.4.

Of special interest is the line at 349.9 meV (2,822cm™") [Dis93], which is
completely absent in DLC [Dis87] (see Table 9.3.3). On the contrary, a single
sharp (0.3% width) C—H stretch line at 350.9 meV (2,830 cm™!) was observed for
a hydrogen monolayer on a diamond (111) cleavage plane [Chi92]. Therefore, a
common configuration for both lines can be assumed, i.e., a single hydrogen atom,
bonded to a tetrahedral lattice carbon, denoted by “lattice sp>CH;.” The intensity of
this C—H stretch line correlates with that of the relatively sharp C—H bend line at
155.2meV (1,252cm™") in Table 9.3.2 [Jan92].

This new “lattice sp>CH;” line, together with the ten lines from the seven
traditional C-H configurations (aliphatic sp>CHj, sp?CH,, sp>CH;, olefinic
spZCHz, spZCHl, aromatic spZCHl, and acetylenic splCHl), has been observed in
CVD diamond (see Tables 9.3.1-9.3.4). However, the acetylenic line from sp! CH;
at 412meV (3,323cm™") is absent in most samples, except in homoepitaxial CVD
diamond from microwave deposition [Dis92, Fuc95b].

9.3.4 Abundances of C-H Configurations

From the absorption intensities, the abundances of the different C—H configurations
and the total hydrogen content can be derived. In Table 9.3.4, the percentages of
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the eight configurations are listed for 19 different types of samples. The results
are clearly sample dependent. Without going into details, it is clear that several
interesting conclusions may be drawn from the data, and these can possibly con-
tribute to a better understanding of the growth mechanism and texture development
[Wil94, Miil96]. It may also give more insight into the structure of the grain
boundaries [Fal93]. A brief discussion on the sample dependence is given below.

No. 1, 2: Increasing the hydrocarbon content in the feed gas of hot-filament
deposited heteroepitaxial CVD diamond from 1% (HF-1%-CH) to 5% (HF-5%-CH)
leads to a 50 times higher hydrogen content (due to smaller grains) [Dis93].

No. 3-6: Different substrates were used in a simultaneous microwave CVD
deposition experiment. The label MW-Si denotes heteroepitaxial CVD on silicon,
and MW-100, MW-110, and MW-111 denote homoepitaxial CVD on (1 0 0),
(110),and (1 1 1) diamond substrates [Dis92].

No. 7-10: A set of flame-grown homoepitaxial CVD samples was deposited on
(100), (1 10),and (1 1 1) diamond substrates. The deposition temperature was
930-1, 020 °C, except for the high temperature sample (FL-111-HT) with 1, 120 °C
[Jan92].

No. 11, 12: The influence of nitrogen addition in the feed gas was studied in
microwave CVD deposition with 0% and 1% nitrogen gas [Dis92].

No. 13, 14: The application of a negative DC bias (0 and 250V) during
microwave CVD deposition leads to a remarkable increase in sp? hybridization from
1% to 11% [Joh94].

No. 15, 16: After heat treatment at 1,475 °C of a hot-filament deposited CVD
film, considerable modification of the C—H configurations was observed [Dis92].

No. 17-19: For comparison, some results from DLC (as-grown and heat treated
for 4 h at 600 °C) [Dis83] and from polymer-like amorphous carbon (PAC) [Dis87]
are included in Table 9.3.4. Remarkable is the high sp?> percentage in as-grown
samples (30-45%) and the complete transformation into aromatic sp?> (from 8%
to 98%) after the above-mentioned heat treatment.

The average C—H hybridization for the 16 CVD diamond samples in Table 9.1.4
is given below line 16: sp* : sp? : sp' =88: 11: 1%. The dominant configuration
is sp>CH, (average 47%). Exceptions with a different dominant configuration are
sp>CH; in (HF-1%-CH, MW-0-Volt) or sp>CH, in (FL-100-diam., HF-H-1475).

The results in Table 9.3.4 for the hybridization of the C—H bonds are also
representative for the hybridization of the C—C bonds in the amorphous carbon
network (Table 9.3.5). This has been confirmed by electron energy loss spectroscopy
for DLC [Fin84] and also by Raman spectroscopy for polycrystalline (CVD)
diamond [Wag89] and amorphous DLC [Dis85, Wag89].

9.3.5 Frequencies of C-C Vibrations from H-Bonded Carbon

The atoms from the carbon network which are bonded to hydrogen show charac-
teristic infrared-active C—C vibrations. These lines (see Table 9.3.6) are observed
in natural diamond coat (NDC), DLC, and PAC. Discrimination against the C—H
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9.3 Hydrogen in Diamond 333

Table 9.3.5 Absorption lines from C—C bend and stretch vibrations from H-bonded carbon in

diamond-related materials (RA): natural diamond coat (NDC), amorphous diamond-like carbon

(DLC), and polymer-like amorphous carbon (PAC (see also Table 11.1)

Line Assignment NDC:H DLC:H DLC:D PAC:H PAC:D
[Ang65] [Dis87] [Dis87] [Dis87] [Dis87]
Energy Energy i2-shift Energy 2-shift
(meV) (meV) (%) (meV) (%)

arom./olef. (sp?)
CC bend
aliph. (sp®) CC
bend
RA0104 C=C (aromatic 104 104.1 0 104.1 0
sp®)
RAO110 C-C (sp®) - 109.7 0 109.7 0
RA0120 C=C (olefinic 121 120.3 —-1.0 120.3 —-1.0
sp?)
(sp’) C—C
stretch
RA0144 C-C (sp®) - 143.8 0 143.8 0
(mixed sp® /sp)
C-C stretch
RA0154 C-C (mixed - 154.4 0 154.4 0
sp*/sp’)
RA0161 C-C (mixed - 161.2 0 157.5 +1.2
sp*/sp’)
RA0188 C-C (mixed - 187.8 0 187.8 0
sp*/sp’)
(sp’) C=C
stretch
RA0196 C=C (aromatic - 195.9 —1.3 195.9 —1.3
sp’)
RA0201 C=C (olefinic - 200.8 —1.2 198.4 —1.2
sp’)
(sp’) C=C
stretch
RA0270 C=C (acetylenic
sp')
Raman  Lattice - 165 - - -
C—C (sp?)

270.3 -

bonding lines (in the same spectral range) was achieved by a careful analysis of the
spectra from deuterated samples [Dis87].

9.3.6 Additional Hydrogen Lines in Homoepitaxial CVD
Diamond

In (1 0 0) epitaxial CVD diamond, two centers with correlated intensities are
observed [Fuc95a],b. These lines are here tentatively assigned to *(ViH4)°.
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The ZPL at 165meV (DAP39) is typical for a C—C bond vibration. The ZPL at
412meV (DAP40) has very small ?H (—0.5%) and '3C (—0.2%) isotope shifts.
Therefore, it could be a nonvibrational transition (see Table 8.1.7.2).

9.4 Silicon in Diamond

9.4.1 Five Silicon Centers in Diamond

Optical silicon centers in diamond seem to be of limited interest, because
only few respective spectra have been published (with the exception of the
*2Si 1.68 center). Accordingly, Tables 8.1.6, 9.4.1, and 9.4.2 contain no
more than five silicon centers. Three silicon centers occur in natural diamond
(*2Si 1.68=(V3Siy)T, *Si 2.05* =(V3Siy)°, and *Si 2.52* =(V3Si,)7),
four centers in CVD diamond, which are usually grown on Si substrates
(*2Si 1.68 =*(V3Siy)T, *Si 2.05=*(V3Si,)°, *1Si 2.65=*(V;Si;)°, and
*1Si 2.99="* (V;Si;)7), and two centers are observed after Si ion implantation
(*2Si 1.68 = *(V3Si,)* and *Si 2.52 = *(V3Siy) 7).

9.4.2 Resolved ZPL Isotope Shifts from Natural Silicon

The natural abundance of silicon isotopes is given by 92.17% (*8Si), 4.71% (*’Si),
and 3.12% (*°Si). For two equivalent silicon atoms, the relative abundances for
the five Siy combinations are 84.95% (*°Si,), 8.68% (*’Siz), 5.97% (*%Si,), 0.29%
(*°Si,), and 0.10% (°Si,).

From high-quality samples, high-resolution spectra in the range 1.681-1.684eV
have been obtained, showing 12 lines [Cla95]. Experimental photoluminescence
and absorption results for the *2Si 1.68 =* (V3Si,)* center are given in
Table 9.4.2. The agreement between calculated and observed data is excellent,
both for frequencies and intensities. The isotope shift for a mass increase of one
unit is —0.35meV. From the relative intensities of the isotope shifted lines in
luminescence and absorption, it is clear that two equivalent silicon isotopes are
involved. Theoretically, a five-line pattern is expected, but only a three-line pattern
has intensities above the detection limit of ca. 0.5% (see Table 9.4.2). It has been
proposed that the three-line pattern arises from a single silicon [Cla95]; however, in
this case, the lines named a57—-d57 and a58-d58 in Table 9.4.2 should have roughly
half the intensity of the observed values.

An elegant proof for the five-line pattern could come from a sample where the
isotopes 59Si2 and 60Si2 are enriched, allowing the observation of the lines at
1.6807-1.6812 (see Table 9.4.2).
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Table 9.4.2 Calculated and observed isotope shifts of the *2Si 1.68 =* (V3Si,)T center in

diamond from natural silicon isotopes (92% 28Si, 5% 2°Si, and 3% 3°Si) in photoluminescence and
absorption (7" = 10K)

Line” Calculated for Si2~¢ Observed [Cla95, Ste95]

Frequ. Lumin. Absorpt.  Frequ. Lumin. Absorpt.

eV) intens. intens. V) intens. intens. (%)

(%) (%) (%)

a60 1.68070 0.03 0.01 - - -
b60 1.68090 0.04 0.04 - - -
a59 1.68105 0.09 0.04 - - -
b59 1.68125 0.13 0.12 - - -
a58 1.68140 1.8 0.8 1.6814 1.4(—0.4) 1.0(+0.2)
b58 1.68160 2.7 24 1.6816 2.9(+0.2) 2.3(—0.1)
a57 1.68175 2.7 1.2 1.6817 2.4(—0.3) 1.5(+0.3)
c60 1.68180 0.02 0.03 - - -
b57 1.68195 39 3.6 1.6819 4.8(4+0.9) 3.8(+0.2)
d6o 1.68200 0.01 0.02 - - -
a56 1.68210 26.3 10.9 1.6821 26.7(+0.4)  11.9(+1.0)
c59 1.68215 0.05 0.08 - - -
b56 1.68230 38.2 35.8 1.6823 38.2(£0) 34.8(—1.0)
ds9 1.68235 0.02 0.06 - - -
c58 1.68250 1.0 1.6 1.6825 1.0(£0) 1.5(=0.1)
ds8 1.68270 0.5 11 1.6827 0.5(£0) 1.0(—0.1)
c57 1.68285 1.4 2.3 1.6828 1.0(—0.4) 2.3(£0)
ds7 1.68305 0.7 1.6 1.6831 0.5(—0.2) 1.8(+0.2)
c56 1.68320 13.6 22.9 1.6832 13.4(—=0.2)  23.0(+0.1)
ds6 1.68340 7.0 15.3 1.6834 6.7(—0.3) 15.3(£0)
Average +0.2 +0.2
difference

4Two ground states (I, II) and two excited states (III, IV) with transitions II-1II (a), I-IIT (b), II-IV
(c), and II-II (d). The label indicates the transition and the combined mass (°°Si,—%Si,) of the
288i, 2%Si, and 3°Si isotopes, with abundances 84.95% >°Si,,: 8.68%:>"Si,, 5.97% 2Si,, 0.29%
398i,, 0.10% Si, (see Sect. 9.4.1.1)

PFrequencies: The splittings in the ground and excited states are 0.2 and 1.1 meV, respectively. The
isotope shift is —0.35meV (= —0.021%) per increasing mass unit (see Table 7.4)

‘Intensities for luminescence: The observed (T = 10K) relative intensities a: b: ¢: d = 31%:
45%: 16%: 8% are used

YIntensities for absorption: The observed (7 = 10K) relative intensities a: b: ¢: d = 14%: 42%:

27%: 18% are used
A single silicon atom can be excluded, because the calculated intensities for a30: b30: a29: b29:

a28: b28: ¢30: d30: ¢29: d29: ¢28: d28 are (in luminescence) 0.9%: 1.4%: 1.6%: 2.2%: 28.5%:
41.4%: 0.5%: 0.2%: 0.8%: 0.4%: 14.7%: 7.4% (average difference £1.0), and (in absorption)
0.4%: 1.3%: 0.7%: 2.1%: 12.9%: 38.6%: 0.8%: 0.5%: 1.4%: 0.9%: 24.8%: 16.6% (average
difference £1.2). The average difference is five times larger than for the two-silicon model; in
addition, there is a general misbalance: all calculated intensities for a single 23Si are larger than
observed, while those for 2°Si and 3°Si are all too small
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9.4.3 Effects of Annealing

Annealing experiments are reported for the *2Si 1.68 =*(V3Si,)™ center. This is
a very temperature stable center. A single crystal HTHP diamond was irradiated
with 2MeV electrons and subsequently annealed for 0.5h at temperatures in the
range 400-2,500 °C [Cla95]. Up to 600 °C, the intensity was unchanged. An order
of magnitude increase occurs at 800 °C, followed by a fourfold decline at 1,200 °C.
With further heating, the intensity gains a factor three with a maximum at 2,200 °C,
followed by a considerable decline at 2,500 °C. The interpretation of this annealing
behavior is difficult, because three charge states of the *(V3Si,) center exist, and
the intensities of the lines from the other charge states were not monitored in the
experiment.

9.4.4 Time-Resolved Spectroscopy

The luminescence decay times for three of the five silicon centers in diamond have
been determined (see Table 9.4.1) [Kho94]. The *1Si 2.99 center has a medium fast
decay time (63 ns), while the *2Si 2.52 center is slow (1.0-1.8 ws). The *2Si 1.68
center has two decay times: one fast (2.4 ns) and one slow (105 ps). The latter is
explained by energy transfer from a reservoir. With the present knowledge, the PLE
line at 2.523 (*2Si 2.52 center) is a probable candidate for non-radiative decay. It
should be mentioned that in time-resolved measurements, the 2.523-eV line splits
up in at least six ZPLs in the range 2.523-2.572¢eV, where the relative intensities
depend strongly on the type of sample [Kho94].

9.4.5 Local Vibrational Modes

For two centers (*2 Si 2.05 and *Si 1.68), LVM frequencies in the range 65-70 meV
are observed (see Table 9.4.1). These are typical C—C bond vibrations near a vacancy
(see Table 8.8).

9.4.6 Quasi-Local Vibrational Modes

For all five silicon centers, QLVM frequencies in the range 20—74 meV are observed,
and they are listed in Tables 9.4.1. There is very good agreement with the
corresponding calculated values (see Table 11.2).

9.4.7 DAP Transition at Nickel Centers

Weak DAP transitions of the sideband type are observed for all five vacancy-silicon
associate centers (see Table 9.4.1). The variation in the dielectric factor D for
multiple charge states is discussed in Sect. 10.6.
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The DAP lines of the *Si 1.56eV center are of the standard type, indicating a
center with an unknown donor (if silicon is the acceptor).

9.4.8 Considerations for Structure Assignments

*(V3Si2)i. This proposed structure (two interstitial silicon in a triple vacancy) for
the 1.681-eV center is almost certain. It is supported by four independent results:

1. The isotope shifts from natural silicon isotopes indicate two equivalent silicon
atoms [Cla95] (see Sect. 9.4.2).

2. From polarized luminescence results, a (1 1 0) oriented dipole was determined;

3. The QLVM sideband indicates two silicon atoms (see Table 11.2).

4. Further support comes from the linear splitting into two components under
(1 0 0) uniaxial stress [Ste94]. This is expected for a (1 1 0) oriented dipole.

The positive charge state is derived from the dielectric factor D of DAP53/54 (see
Sects. 9.4.7 and 10.5).

*(V5Sip)~ and *(V;Si,)°. These centers at 2.523 and 2.052eV provide photo-
luminescence excitation of the 1.681eV *(V3Si,)™" center, indicating three charge
states of the same structure. The DAP results (different D factors) exclude excited
states of the 1.681-eV center, but provide a hint for the charge state. The QLVM
sideband at 44-45meV arises from two silicon atoms. Of special interest is the
additional QLVM line at 26 meV from a Si,Cy cluster, which is expected for a
(V3Si,) configuration, where two interstitial silicon atoms in the triple vacancy are
surrounded by (3 + 2 4+ 3 = 8) carbon atoms (see Table 11.2).

*V1Si;~ and *V;Si;°. The QLVM frequency of 74 meV clearly indicates a center
with one silicon atom (see Table 11.2). From the DAP results (different D factors),
the two charge states are derived (see Section and Table 10.5).

It is remarkable that in all five centers, the silicon is associated with one or three
vacancies. Evidently, the large atomic radius of silicon (119 nm, compared to 76 nm
for carbon, see Table 9.7.1) rules out a substitutional silicon center.

9.5 Nickel in Diamond

9.5.1 Twenty Nickel Centers in Diamond

At present, there are 20 centers, which are assigned to nickel in diamond (see
Tables 9.5.1.1-9.5.1.2). Seven nickel centers occur in natural diamond, 17 centers
in synthetic HPHT diamonds, which are grown from a nickel containing melt, and
one center in CVD diamond. They are listed in Table 8.1.4 (6Ni;, Ni,, and Nij
associates with a single vacancy), in Table 8.1.5 (seven interstitial Ni; associates
with a double vacancy), in Table 8.1.6 (two interstitial Ni, associates with a triple
vacancy), and in Tables 9.5.1.1-9.5.1.2 (the substitutional Ni; center and two nickel
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Table 9.5.1.2 Additional data on nickel centers in diamond

Nos. ZPL (eV) Structure Observed Name Comment
16 2.510 *Nip— HA, *Ni Ty symmetry/3
MA, 2.51(a) components at 4 K:
HL, 2.509, 2.510,
ML 2.511 eV/correlates
EPR:W8 with W8 EPR
center of
Ni;” (3d’, S =
3/2)
16 2.523 *Ni— HAMA, *Ni Line (b) is three
HL,ML 2.51(b) times weaker than
line (a)
20 2.436 *(Cy)i Ni;° ML *Ni 2.44 Resonance/SB
DAP14(2.066—
2.271eV),

resonance lines at
2.156 (V{N;°) and
2.427eV
(ViNiy * (b))
QLVM: —75 meV
11 2.157 Ni+? ML *Ni2.16 Ni implanted
+1,400°C
annealing; QLVM:
—40meV (calc.

38.9meV for
INi 4+ 1C)
12 2.267 Ni+? HAMA, *Ni2.27 QLVM: +49meV
HL,ML (calc. 49.7 meV for
4C)

centers with unknown structure). It is remarkable that at least 15 of the 20 nickel
centers are nickel-vacancy associates, which is probably due to the large ionic radius
of nickel.

For three centers, the involvement of nickel is evident from resolved splitting due
to nickel isotopes (Sect. 9.5.2). Direct evidence for nickel involvement is obtained
for ten centers, which are produced by nickel implantation (Sect. 9.5.3). Further
arguments for the assignment to nickel come from the observation of related EPR
centers (Sect. 9.5.4).

Only for three nickel centers, the structure is confirmed by EPR (S2, S3, and
*S4; see Tables 8.1.5 and 9.5.1.1). For 13 additional centers, the proposed structure
(marked by a preceding *) is based on information from characteristic LVM
frequencies (Sect. 9.5.7 and Table 9.5.7), from QLVM frequencies (Sect. 9.5.8 and
Table 9.5.8), and from DAP transition analysis (Sect. 9.5.9).

In Table 9.5.1.2 additional data for the nickel centers Nos. 11, 12, 16, and
20 are given. For two nickel centers (nos. 11, 12) the structure is unknown. The
substitutional single nickel center (no. 16 =*Ni; ™) correlates with the W8 EPR
center. The associate of nickel with the carbon split self interstitial (no. 20 =
*(C,);Ni;°) is not contained in Tables 9.5.1.1 and 9.5.6.
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9.5.2 Resolved Isotope Shifts from Natural Nickel

The natural abundance for one nickel atom (odd mass in italics) is given by 67.77%
(*®Ni), 26.16% (*°Ni), 1.25% (°'Ni), 3.66% (®*Ni), and 1.16% (°*Ni).

For two equivalent nickel atoms, the relative abundances for the 11 Ni, combina-
tions (odd masses in italics) are 45.93% (''°Ni,), 35.46% (''®Ni,), 1.15% (''°Nis),
11.80% ('*Ni,), 0.65% ("*'Ni), 3.50% ('**Ni,), 0.09% ('*Ni>), 0.74% ('**Ni,),
0.03% ('*Ni,), 0.08% ('2°Ni,), and 0.01% ('?*Ni,).

Experimental results for three nickel centers are given below and in Table 7.5.
The isotope splitting for zero phonon lines is small (0.16—-1.60meV) and is resolved
only in favorable cases. Surprisingly large (8—13 meV) is the splitting for the five
DAP transitions of *S7 (see Table 7.5).

(2) *1Ni 1.40 center = *V;N;': Four resolved isotope-shifted lines from a
single nickel atom are observed, with a separation of +0.16 meV (decreasing
mass) for the even isotopes. A separation of 4-0.22meV is estimated for the not
well-resolved isotope ®/ Ni [Dav89]. For decreasing energy, the relative intensities
(uneven isotope in italics) are 72%: 21%: 1.4%: 4.2%: 1.4%. This is in good
agreement with the natural Ni; isotope abundance.

(8) *Ni-S7 = *(VzNil)NX+y+z+ at 1.80-2.62eV: Nickel isotope shifts with
three resolved components are observed on the five DAPI11 transitions with
s =9, 14, 22, 64, and 162. The separation varies between +8 and +12 meV for
increasing mass (°*Ni, ®°Ni, and %>Ni). The relative intensities agree with the natural
abundances of a single nickel atom, as demonstrated by simulated spectra [Iak00g].

(17a) *2Ni 2.56 center = *(V3Ni2)+(a): Five groups of isotope-shifted lumi-
nescence lines are observed with a separation of +1.6 meV (for decreasing mass),
denoted by I (2.558eV)-V (2.564 V). The exact separation is 1.60 £ 0.05 meV for
I-II-1I1, 1.56 &£ 0.05 meV for III-1V, and 1.49 £ 0.05meV for IV-V. Each group
consists of three components (denoted a,b,c) with a separation of 0.37 meV for a—b,
and 0.30 meV for b—c [Col83b,Col90c,Col97]. From the temperature dependence of
the spectra, it is evident that the 1.49-1.60meV splitting I-V (isotope shift) occurs
in the excited state, and the 0.30-0.37meV splitting a—c occurs in the ground state.
The relative intensities of the components a:b:c at the temperature 16 K are (I) 1%:
3%: 0%, (11) 16%: 21%: 0%, (I1I) 4%: 12%: 0%, (IV) 0%: 8%: 4%, and (V) 0%:
0.2%: 1%.

Unfortunately, the relative intensities of I-V do not allow a straightforward
analysis for three reasons:

1. The luminescence decay time varies drastically from 10.5ns at 77 K over 0.8 ms
at 20K to 140 s at 2.3 K, indicating interaction with a reservoir;

2. Thermal depopulation of the higher states in the excited state starts below 88 K
(begin of resolved structure) and is very pronounced down to 1.8 K;

3. The relative intensities of some lines are not reproducible (the spectrum at 4.2 K
is very different from the spectra at other temperatures). This is a hint for partial
absorption inside the crystal (see below).
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To eliminate the influence of depopulation, Boltzmann statistics can be applied. For
the present analysis, depopulation-corrected intensities have been calculated. The
result for the 16 K spectrum is 0.12: 3.5: 4.6: 12.4: 4.3 (for calibration, see below).

A more serious difficulty is the loss of intensity by self-absorption. This loss is
different for the groups I-V. Since the loss of group II is the smallest, this group can
be used for a pseudo-calibration (0% loss assumed), i.e., the intensity of group II is
given the theoretical value of 3.5% (see above). By comparison with the theoretical
intensities, the relative absorption losses (at 16 K) can be obtained, and are 80%
@D, 60% (111), 65% (IV), and 90% (V). Depth-dependant luminescence spectra are
desirable.

In spite of this unsatisfactory situation, the involvement of two equivalent nickel
atoms can be concluded from the five equidistant groups I-V (a single nickel atom
can account only for four equidistant groups). In addition, there is great similarity
to the well-understood corresponding silicon center *(V3Si,)™ at 1.681eV (see
Sect. 9.4). This silicon center has a 0.22-meV splitting in the ground state and
+0.35-meV isotope splitting (for decreasing mass) in two excited states (with
1.1 meV separation). For the corresponding nickel center, a similar second excited
state (*(V3Ni,)°(b) at 2.588eV) is observed, with a spectral separation of 24 meV
and an activation energy of 23.8 eV [Col83b].

In absorption and photoluminescence excitation, two further excited states
(*(V3Niy) T (c,d)) are observed at 3.065 and 3.076 (see Table 8.1.6). The weak
structure on the 3.065 eV line may arise from isotope splitting.

9.5.3 Nickel Implantation and Resulting Centers

A natural type IIa diamond (containing nitrogen) has been implanted with 340keV
Ni" ions at a dose of 10'*cm™2, and subsequently annealed at 1,400 °C [Zai00a].
The published CL spectrum is restricted to the energy range 1.95-2.70eV. The
following ten nickel centers are observed (intense lines are underlined): *Ni 1.69(c)
at 1.991eV; *Ni 2.1(a) from *V|Ni,~ at 2.071 and (b) at 2.298¢eV; *Ni 2.16
at 2.157eV; *Ni 2.37 from *VNiz° at 2.370eV; *Ni 1.70(b) from *V;Ni;° at
2.401eV; *Ni 1.66(b) from *V;Nix " at 2.427eV; *Ni 2.51 from Ni; ™ at 2.510eV;
Ni-S2 from (VzNil)N2+0+1+ with lines B at 2.537, C at 2.597, and D at 2.623 eV,
*2Ni 2.56 from *(V3Nip)" at 2.562eV; and Ni-S3 from (V,Ni;)Nayosot at
2.653eV.

Additional lines (not related to nickel) are observed from V{N;° (NV center)
at 2.154¢V, from VN,° (H3 center) at 2.464 ¢V, and from V,N;° (H4 center) at
2.497eV. Also observed are 14 lines from DAP1 transitions (nitrogen + boron pair)
in the range 2.070-2.649¢eV.

In a previous experiment (nickel implantation and 1,400 °C annealing), it had
been found that the * INi 1.40 center (from *VNi; ) and the *2Ni 2.56 center (see
above) arise from nickel [Gip83].
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9.5.4 Electron Paramagnetic Resonance and Zeeman Effect
of Nickel Centers

The most important EPR centers are NEI, NE2, and NE3 with their optical
counterparts S3, S2, and *S4. Note, that the NE3 EPR center is in the positive state,
while the optical counterpart *S4 is in the neutral charge state. Evidently the two
charge states coexist. The complicated structure of these centers was derived from
the analysis of the hyperfine interaction [Nad93]. The interstitial nickel atom resides
midway between two adjacent lattice vacancies. Different numbers of nitrogen
atoms are found in the first, second, and third shell around the nickel atom. In
the unrelaxed lattice, the distance to these sites (relative to the diamond lattice
bond rg) are r; = 1.26 rg, r» = 1.82 ry, and r3 = 2.06 ry. The average
hyperfine interaction is A; = 15.5, A, = 5.6, and A3 = 2.6 Gauss. This is in
good agreement with the ratio 1/73 of the three shells, which is 15.5: 5.3: 3.4.
Counting the number of nitrogen atoms in the three shells leads to the notation
S2 = (VoNip)Ny, g1y, S3 = (V2Ni)N, g4, and *S4 = (VoNi))N,,, ., (see
also Sects. 8.1.5 and 9.5.3).

The W8 EPR center arises from Ni;~ (3d’) with an effective spin of 3/2 and
is assigned to the optical 2.510eV center (substitutional Ni; with Tq symmetry)
[Col00].

The NIRIM 2 EPR center has been assigned to the optical 1.40eV center
[Ts090al].

The 1Ni*S7 center at 1.808-2.620eV (observed only in CVD samples) is closely
related to the S = 1 EPR center [Iak0OOa)].

Four EPR Ni centers without a confirmed optical counterpart are NE4, NES5,
NES8, and NIRIM 1 [Col00].

9.5.5 Influence of Nitrogen Concentration

It is a remarkable property of the nickel centers that 14 of them occur
(more or less exclusively) in diamond with high nitrogen concentration, and
only four centers in diamond with low nitrogen concentration. The latter are
*(VaoNip)™, *V Ni; T, *V|Ni;°, and *(V3Ni,)~ (see Tables 9.5.1.1 and 9.5.6).

In the present structure assignment, only the seven centers S2-*S7, *S9 contain
nitrogen. The centers V{Ni,~, V;Ni,°, V|Ni, T, and V|Ni3° might contain nitro-
gen. Experiments with the search for >N isotope shifts are desirable.

9.5.6 Effects of Annealing of Nickel Centers

The annealing effects and thermal stability of nickel centers in diamond are
summarized in Table 9.5.6. Fourteen nickel centers are observed in as-grown HPHT
diamonds (nos. 3-5, 14 are missing in low temperature-grown HPHT diamonds
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[Law93a]), three centers (nos. 9, 10, 17; all with high nitrogen concentration)
appear after annealing at 1,500-2,500 °C, and one center (no. 7) exists only in CVD
diamond.

In diamonds with high nitrogen concentration, substantial changes in the nickel
spectra occur in the temperature range 1,500-1900°C. This is the temperature
regime where single substitutional nitrogen is transformed into aggregated struc-
tures (see Sect. 9.1.6.1). In parallel with the nickel spectra, the infrared absorption
of nitrogen centers was monitored with the following result: as grown: 100 ppm N
(C-center)+6 ppm N, (A center); after 1,600°C anneal: 37 ppm N; + 82 ppm N,;
after 1,800°C anneal: 4ppm N; + 115 ppm N, [Law93a]. These infrared spectra
also show intense absorption from the N * (X center, lines at 163, 130, and 118 meV
(or 1,332; 1,046; and 950 cm™!); see Table 9.1.2), which is preferentially observed
in nickel-containing diamonds, and anneals out at 1,900 °C. This absorption is
proportional to the concentration of compensated boron [ZaiO1].

In contrast to the nitrogen-rich samples, the nickel spectra in diamonds with
low nitrogen concentration show almost no annealing effects, except for a general
weakening of the signals at 1,800 °C [Law93a].

The influence of nitrogen aggregation on the annealing behavior of nickel centers
in diamond with high nitrogen concentration is quite evident. After the nitrogen
aggregation, a shift in the Fermi level toward the valence band is expected, with a
corresponding change in charge state of the nickel centers. This effect cannot be
further discussed because the charge state for most of the nickel centers is not yet
confirmed.

Alternatively, a change in structure can occur when vacancies in nickel-vacancy
associates recombine with migrating carbon interstitials (see (9.2b) and (9.3b)).
A direct proof for this annealing effect (at 7 < 1,800°C) is given by the
quantitative transformation of *(V3Ni,)® at 1.883eV into *V|Ni,™ at 1.693eV
[Law93a].

A further possibility is the partial dissociation of nickel associates. Of interest
is also the appearance of the DAP1 absorption transitions. Some ten lines (1.938-
2.648¢eV) arise from this center, which is free of nickel, and has been assigned to
the N;° 4+ B;° pair (see Sect. 9.1.5 [Dis94a],b). In the samples with high nitrogen
concentration, these lines appear after 1, 500 °C annealing. After a 1, 800-2, 200 °C
annealing, only the close pairs in shells 1-3 are present, while all distant pairs have
disappeared (by dissociation) [Law93a, Kup99].

The thermal stability of the nickel centers has been investigated in the temper-
ature range 1,600-1,900 [Law93a] and 2,200-2,500 °C [Kup99]. The results are
listed in Table 9.5.6. All seven nickel centers, which occur in natural diamond, are
stable at least up to 2,200 °C.

9.5.7 Local Vibrational Modes

LVM frequencies for nickel centers in diamond are listed in Tables 2.1.1.1-5.4.4.
There is good agreement between the predicted and observed LVM frequencies,
which supports the present structure assignments (see Table 9.5.7).
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Table 9.5.7 Predicted and observed LVM frequencies of nickel centers in diamond
Observed LVM frequencies (meV)

8.1.4 8.1.4 8.1.4 8.1.4 8.1.6
Table Defect Vi Ni; ViNi, ViNis (VuNiy)N, (VaNiy)
Type of vibration Predicted®
Ni(sp®) — 27-45b - - - - -
—C/N(sp’)
bend
C/N(sp®) — 45-75¢ 61 49-61 49 - -
—C (sp*) bend (1x=7x)4
Ni(sp®) — 45-81°¢ - - - - 61-65
—Ni(sp?)
stretch
Ni(sp®) — 58-106" 74-80 64-66 70 63-99 -
—C/N(sp)
stretch
C/N(sp®) — 97-177¢ 100-127 - - 102-144 -
—C (sp’)
stretch

“The predicted values are obtained from data in Table 8.8 by multiplication (for the heavier mass
of *°Ni) with the appropriate factor

PFactor 0.60

“Factor 1.0

4Number of harmonics

“Factor 0.46

9.5.8 Quasi-Local Vibrational Modes

Valuable information on the structure of nickel centers is obtained from the QLVM
sidebands, as shown in Table 9.5.8. This table is subdivided in QLVM frequencies
of 3 Ni (23 meV), 2 Ni (25-30meV), and 1 Ni (29-46 meV).

9.5.9 DAP Transition at Nickel Centers

With three exceptions (nos. 10, 11, and 15 in Tables 9.5.1.1 and 9.5.1.2), all nickel
centers are associates with one, two, or three lattice vacancies. In principle, DAP
transitions from all these centers should exist, and indeed for only two (nos. 4 and
5), the DAP lines are not yet observed. A special case is that of standard DAPs
of the centers S2 to *S9, where the interstitial nickel resides midway between
two vacancies. The nickel d electrons form bonds with the six equidistant carbon
neighbors, thus avoiding dangling bonds, which would produce a sideband DAP.
For the centers S2 to *S9 the dielectric factor D depends on the charge state, and
is 1.60-1.66eV for S2, 3%, *S6™, *S7+, *S9* is 1.53eV for *S4°, *S5°, and
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Table 9.5.8 Calculated and observed QLVM frequencies of Ni centers

Atoms Calculated? Observed ZPL/or  Center Tables
(meV) (meV) L’
Frequ. Width Frequ. Width  (eV)
3Ni 23.3 5.8 —23 10 2370 *VNiz° 8.14
2Ni +2C 26.2 7.3 —25 8 2562 *(V3Niy)°(a) 8.1.6
+26 7 3064  *(V3Nip)°(b) = 8.1.6
2.562(b)
—26 10 1.883 *(V3Nip) 8.1.6
2 Ni 29.0 9.0 +30 11 2.298 *VlNizo(b) = 8.14
2.071(b)
+28 12 2427  *V|NipT(b) = 8.1.4
1.660(b)
I Ni + 30.0 9.5 +29 2.422 S2 = 8.1.5
2N +2C (VaNi )Nygo1 T
+30 2.383 S3 = 8.1.5
(VaNi)NayoqoT
INi + 30.3 9.7 —31 3.191 *S4 = 8.1.5
IN + 3C (VaNi)Nj o407
—33 1.460 *S5 = 8.1.5
(VaNip N4, °
INi 4 3C 32.8 114 —32 12 2.071 *VNi,°(a) 8.14
INi + 2N 34.5 12.6 +34 2.422 S2 = 8.1.5
(VaNi)Nayoqr T+
INi 4 2C 35.5 13.3 +34 11 2.401 *VNi; °(b)= 8.14
1.704(b)
—36 15 2562  *(V3Niy)°(a) 8.1.6
INi+ 1C 38.9 16.1 —40 18 2.157 *Nip + X 9.5.1.2
I Ni 43.6 20.2 +42 1.460 *S5 = 8.1.5
(VZNil)Nl-i-x-i-yo
+42 2.637 *S6 = 8.1.5
(VZNil)NZ-i-x-i-er
—44 20  1.704 *VNi; °(a) 8.14
+45 25 1404 *VNi; T 8.14
—46 2.422 S2 = 8.1.5

(VaNi)Nopo1 T+

#See Table A.3
L = limiting energy for standard DAPs (no ZPL)

is 1.45eV for *S8~ (see Sect. 10.5). Since the vacancy is the dominant defect in
nickel-vacancy associates, the corresponding DAP spectra are already discussed in
Sect. 8.3.2.

A decisive help in the analysis of DAP16 (*S8 =* (V,Ni;) ™) is the simultaneous
appearance of resonance DAP lines from this center in some samples [Law93c]. The
12 lines peak at 1.22 eV and allow the determination of the parameters L and D for
this DAP, which in most samples produces only an unstructured broad band, peaking
at 1.40eV.
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9.5.10 The S2to *S9 Family (DAP57-61, 11, 16, 4) with
the (V,Niy) Nucleus and 0-3 Nitrogen Ligands

The almost 100 lines of the S2 to *S9 family have never been really explained until
this book was written. The observation of coinciding energies for absorption and
luminescence is very intriguing, and an explanation by zero phonon lines was gen-
erally assumed [ZaiO1]. The present DAP interpretation (see Tables 8.1.9,9.5.10 and
10.1) can satisfactorily explain the line positions and the coincidence of absorption
and luminescence. The latter is characteristic for standard DAPs (see Sect. 10.1).

By the pioneering work of [Yel92a],b and [Nad93], the structure of three optical
centers was determined from their EPR counterpart. These are S2 with EPR center
NE2, S3 with EPR center NE1, and *S4 (sometimes named “523 nm” center) with
EPR center NE3. (It turned later out that the 523 nm = 2.370 eV line “A” is not part
of the *S4/NE3 center, but is the ZPL transition of DAP91/92 = VN3° with a very
effective energy transfer from *S4 to V{N3°). For this book, the names *S5 to *S9
are introduced for centers with very similar structure (see Tables 8.1.9 and 9.5.6).

The S2 to *S9 family provides interesting insight into the mechanism of DAP
transitions. From Table 9.5.10, it is evident that both intra-center DAP pairs (shell
numbers 1 and 2) and distant pairs are observed. For *S8 (with zero nitrogen) only
distant pairs are observed. This observation indicates that in the intra-center pairs
(shell numbers 1 and 2 of S2, *S5, *S6, and *S7), the nitrogen ligands act as donor,
and the nickel nucleus acts as acceptor.

9.5.11 Discussion of 20 Individual Nickel Centers

In the past, only four structure assignments have been made: S2, S3, *S4, and
*Ni; . The present structure assignments for 12 additional centers are based on
a combination of arguments.

The QLVM frequencies indicate the number of Nickel atoms in the center (see
Sect. 9.5.8 and Table 9.5.8).

A further hint is obtained from the LVM frequencies (see Tables 8.1.4, 8.2.3,
and 9.5.7). Characteristic for the V|Ni, centers is the bonding vibrations with
frequencies of 49-57 meV with up to six harmonics.

The 20 nickel centers are discussed in order in Tables 9.5.1.1, 9.5.1.2, and
9.5.6:

1. *(V{Nij)~ = Ni-S8-DAPI16a-1(1.212-1.383¢V): This is the only center of the
S2 to *S9 family with no nitrogen ligands. It is observed in diamonds with low
nitrogen concentration (e.g., grown with nitrogen getter). The DAP16 transitions
are of the resonance type (see Chap. 10) with neighboring shell numbers: 42,
43,44, and 47,48, 49, 50, 51. Possibly, the EPR counterpart is the paramagnetic
NE4 center.

2. *Vi{Ni;© = 1INi 1.40 at 1.401 and 1.404eV with DAP25a—k (1.485—
2.070eV) in absorption, and DAP26a—k (1.000-1.333eV) in luminescence.
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10.

11.

The involvement of a single nickel atom is evident from the resolved isotope
shifts (see Table 7.5 and Sect. 9.5.2). The center is a typical vacancy associate
(see Table 8.1.4). The charge state is derived from the EPR counterpart NIRIM2.

. *(V,Nip)Ny4y+,° =" Ni-S5-DAP60a-k (1.563-2.320eV). This is a typical

member of the S2 to *S9 family (see Sect. 9.5.3 and Table 9.5.6). For the number
of nitrogen atoms in the first shell, see Sect. 9.5.2.9. The neutral charge state is
assigned according to Sect. 10.5.

(a,b) *VNi,* =* Ni 1.66a,b at (a) 1.660 and (b) 2.427 eV. This center is absent
in as-grown synthetic or natural diamonds, but appears after heat treatment (7 >
1,500 °C). The Ni, structure is derived from the QLVM frequency (28 meV)
(see Table 9.5.8). The charge state is proposed in a comparison with the other
VNi, centers, i.c., the *V1N12+ center (6) at 1.693, 1.940, and 1.991 eV, and
the *VNi,~ center (10) at 2.071 and 2.298eV. There is a general trend for
decreasing charge state with increasing energy.

. *(VzNil)Nererz+ =* Ni-S9-DAP4a-1 (1.678-1.821eV). This is a typical

member of the S2 to *S9 family (see Sect. 9.5.10 and Table 9.5.10). This center
is absent in as-grown synthetic or natural diamonds, but appears after nitrogen
implantation and 950 °C annealing.

. (a—=c) *V Ni;™ = Ni 1.69a—c at (a) 1.693, (b) 1.940, and (c) 1.991 eV. Broad

peaks are observed in absorption from (a) at 1.85eV and from (b,c) at 2.16eV.
In luminescence, the broad peak is at 1.85eV from (b,c)-DAP11a—f (1.708—
1.898eV). The expected resolved DAP transitions from the other lines are not
yet observed. For the charge state, see line (4) at 1.660eV.

. (a,b) *V{Ni;° = Ni 1.70a,b at (a) 1.704 and (b) 2.401eV. Line (a) with

DAP83a—f (1.816-2.070eV) in absorption, and with DAP84a—c (1.568—
1.627eV) in luminescence. Line (b) with DAP29a—f (2.713-2.965eV) in
absorption.

. *(VzNil)Nererz+ =* Ni-S7-DAP11a-n (1.808-2.620eV). The EPR coun-

terpart is the paramagnetic S = 1 center [lakOOa]. The single nickel atom
follows from the isotope shifts (see Table 7.5 and Sect. 9.5.2). For the number
of nitrogen atoms in the first shell, see Sect. 9.5.2.9 and Table 9.5.6.

. (a—c) *(V;3Ni)° =* Ni 1.88a—c at (a) 1.883, (b) 1.906, and (c) 1.913¢V. Line

(a) with DAP107a—g (1.958-2.300eV) in absorption, and DAP108a,b (1.779,
1.808 eV) in luminescence. The structure is derived from the similarity with the
better established *(V3Si,)° center at 1.681 eV (see Sect. 8.1.6 and Table 8.1.6).
The involvement of Ni, is derived from the LVM frequency (61 meV) (see
Table 9.5.7). The neutral charge state follows from Tables 10.4 and 10.5.

(a, b) *ViNi,~ =* Ni 2.07 at (8a) 2.071 and (b) 2.298¢V. Line (a)
with DAP87a-n (1.709-1.962¢V) in luminescence. Line (b) with DAP27a—j
(2.3909-2.568¢eV) in absorption and DAP28a—I (1.905-2.089¢eV) in lumines-
cence. The involvement of Ni, follows from the QLVM frequency (30 meV)
(see Table 9.5.8). For the charge state, see line (4) at 1.660eV.

Ni + X =* Ni 2.16 at 2.157¢V. This center with an unknown structure
is observed after nickel implantation and 1,440 °C annealing [Zai0Oa]. The
QLVM frequency (40 meV) indicates a (1 Ni + 1 C) vibration (see Table 9.5.8).
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12. Ni+X =* Ni2.27 at 2.267 V. For this center with an unknown structure, many
references exist in the literature (see [ZaiO1]). The line is assigned to nickel
because of the close relation to the established nickel centers S2 and S3.

13. *V Niz° = Ni 2.37 at 2.370eV (named “A” line) with DAP91la—g (2.460—
2.641eV) in absorption and DAP92a—f (2.170-2.280eV) in luminescence.
The involvement of Nis is derived from the QLVM frequency (23 meV) (see
Table 9.5.8). The neutral charge state follows from the dielectric factor D
(1.34eV), which is expected for 3Ni with 84 total electrons (see Table 10.4).

14. (V2Ni1)N2+0+0+ = Ni-S3-DAP58a—i (2.496-2.890eV). The complex struc-
ture and charge state of this center are established, because the EPR counter-
part NEI has been carefully analyzed [Yel92a],b, [Nad93] (see Sects. 9.5.4
and 9.5.10).

15. (V,Nij)Na1941T = Ni-S2-DAP57a-n (2.515-3.341¢V). Similar to line
(14) = S3, the structure is established by analysis of the EPR counterpart NE2.

16. Ni;~ = Ni2.51 at 2.510eV. The structure and charge state are derived from the
EPR counterpart WES (see Sect. 9.5.4).

17. (a—d) *(V3Niz)T = 2Ni 2.56 at (a) 2.562, (b) 2.588, (c) 3.065, and (d) 3.076eV.
Line (a) with DAP105a—d (2.780-3.221eV) in absorption and DAP106a—f
(2.383-2.466eV) in luminescence. The incorporation of two equivalent nickel
atoms is evident from the isotope line shifts (see Table 7.5 and Sect. 9.5.2). For
the positive charge state, see line (9) and Table 10.5.

18. *(VzNil)N;";_y+z =" Ni-S6-DAP61a—m (2.750-3.530eV). This center is absent
in as-grown synthetic or natural diamonds, but appears after heat treatment
(T > 2,200°C). The involvement of a single nickel atom follows from the
QLVM frequency (42meV) (see Table 9.5.8). For the positive charge state, see
Sect. 10.5. A possible EPR counterpart is the NES§ center.

19. (V,Ni))Ny42+0° = Ni-*S4-DAP59a-1 (3.333-3.820€eV). This center is some-
times named “NE3 center” after the EPR counterpart NE3, from which the
structure is established. In this book, the name *S4 is introduced. Note the
different charge states: Positive (EPR) and neutral (optics).

20. *(C,);Ni;® =* Ni 2.44 at 2.436eV with DAP14a—f (2.066-2.271eV). The
structure *(C,);Ni; ° is assigned to the 2.436eV -DAP14 center (Table 9.5.1.2)
with the following arguments: 1.) The sample of Fig. 7.90 in [Zai98] contains
nickel (see the line at 2.427eV from *VNi,’(b)= no. 4(b) above). 2.) The
sample with the Ni2.44 eV center contains (C;); (see the line at 3.188 eV from
*(C2)iN7) 3.) The dielectric factor (D = —1.22) is in the expected range for
associates with (C;); (see Table 8.2.3). 4.) The *Ni2.44 eV center anneals out at
1300°C, which is typical for associates with (C,); (see Sect. 8.3.1). 5.) The ZPL
(2.436eV) of the *Ni2.44-DAP14 lines coincides with a single line from the
so-called 509 nm center (with unknown structure); however, the 509 nm center
has quite different properties: It appears (as irradiated) after ion implantation,
and is stable up to 1400°C, while the DAP14 lines disappear at 1300°C. This
center is absent in as-grown synthetic or natural diamonds, but is created after
carbon ion implantation and 1000°C annealing [Zai92a].
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9.6 Cobalt in Diamond

In the synthesis of HTHP diamond, transition metals are normally employed
as solvent catalysts. Nickel, cobalt, and iron are often used, occasionally also
manganese or chromium. While nickel forms at least 18 optical centers in diamond
(see Sect. 9.5), its direct neighbor in the periodic system behaves surprisingly
differently.

The concentration of cobalt in HTHP diamond, which is grown from pure cobalt,
is an order of magnitude less than the nickel concentration in comparable HTHP
diamond, grown from a pure nickel melt. The first cobalt-related optical lines were
reported in 1991 from HTHP diamond, grown from a pure cobalt melt at high
temperature [Col91c], [Fie92]. As with the nickel centers, the cobalt centers are
found only in the (1 1 1) growth sectors, which dominate in the high temperature-
grown octahedral diamonds. With the present knowledge (see Table 9.6), six
cobalt centers were observed: *Col.47, *Co02.59, *Co02.89, *Co1.85, *Co-S5 with
nine lines at 2.135-2.820eV, and *Co 1.99. For three centers, a DAP analysis
was possible: Standard *Co-S5 DAP104a—i, sideband *Co 1.85 DAP102a—f, and
sideband *Co 1.99 DAP112a-f.

A very detailed study of cobalt-related centers appeared in 1996, including
measurements on annealing effects (1, 500-1, 800 °C), radiative decay times (20 ns—
159 ws), and temperature dependence (4—150K) [Law96].

As shown in Table 9.6, all known cobalt lines can be assigned to six cobalt
centers, which are all associates with one, two, or three lattice vacancies. Only one
center (named *Co-S5, in analogy to the nickel *S5 center) contains nitrogen in
addition.

After cobalt ion implantation and > 600 °C annealing, spectral lines from two
cobalt centers (*Co-S5 and *Co02.59) were observed [Zai79a, Zai01].

9.6.1 The *Co 1.47 Center at 1.472 eV from *V,Co;*

9.6.2 The *Co 2.59 Center at 2.590 ¢V from *VCo,~

The luminescence of this center is fast (decay time ca. 80ns), and is more intense
in cathodoluminescence than in photoluminescence. No detailed spectra is shown in
[Law96]; therefore, no results on phonon sidebands or DAP transitions can be given.
The corresponding lines of *VNi,™ occur at 2.071 and 2.298 ¢V (see Table 8.3a).

9.6.3 The *Co 2.89 Center at 2.889 eV from *V;Co,°

The luminescence of this center is fast. This center appears after annealing at 7 >
1,500 °C.
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9.6.4 The *Co 1.85 Center at 1.852 eV from *VlCo;'

This center appears after annealing at 7'>1,500°C. Simultaneously, the *Co
1.99 (V3Co,)° center anneals out, probably by trapping two carbon interstitials,
which are created during VN3 (N3 center) formation, and start to migrate at this
temperature (see Sect. 9.1.6.1).

The 1.852 line is not yet observed in luminescence (1.693 eV luminescence for
VNi, " (a), see Table 8.1.4), but the *Co 2.89 line of *V;Co,° is clearly present in
the luminescence spectrum with O s delay, together with the VN3 (N3 center) line
at2.985eV.

9.6.5 The *Co-S5 Center in the Range 2.135-2.820 eV
from *(V2Co1)Nyyy+:°

The spectroscopic lines of this center (luminescence only for the cobalt center, but
both luminescence and absorption for the nickel *S5 center) arise from the standard
DAP104a-h transitions. There is no ZPL, and the relative intensities are sample
dependent, with intense lines at 2.135eV (s = 50), 2.207 (s = 26), 2.277 (s = 16),
and 2.367 (s =10), and weak lines at 2.244eV (s =26), 2.330 (s =12), 2.682
(s =3), and 2.820 (s =1). The radiative decay time for the slow luminescence
has been determined for four lines [Law96]: 63 s for s =10 (donor—acceptor
separation = 6.3 rp), 109 s for s =16 (8.0 rp), 159 s for s =26 (10.2 rp), and
235 s fors =50 (14.1 rp). The decay time increases approximately with the square
of the distance, and this is a direct confirmation for the DAP interpretation of the
*Co-S5 lines.

The dielectric factor of +1.53 eV indicates association with a single nitrogen
in the first shell (in analogy to the *(V2Ni;)N,4y4.° =*S5 center in the range
1.563-2.320eV and D = + 1.53eV, see Table 8.3b). The weaker sidebands
with separation of 4, 12, and 18 meV arise from DAP transitions with a slightly
higher limiting energy L’: 1.952, 1.960, and 1.966eV. The temperature dependence
indicates a corresponding splitting in the excited state. Like in Sect. 9.6.3, an
alternate interpretation is a possible depopulation by energy transfer between
slightly inequivalent centers.

9.6.6 The *Co 1.99 Center at 1.989 eV from *(V3Co,)™*

The *(V3Co,)° center is observed in as-grown samples, and anneals out at 7 >
1,500 °C. The ZPL is split into three components (1.9835, 1.9886, and 1.9906eV).
The difference (2 meV) between the latter two lines is ascribed to an excited state
splitting. However, the Boltzmann analysis yields besides the correct activation
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energy (2.47meV) an additive constant of 0.29 to the ratio of the intensities.
Therefore, an alternate interpretation is a possible depopulation by energy transfer
between slightly inequivalent centers.

The corresponding *(V3Niz)+ center has three lines at 1.883, 1.905, and
1.913¢eV (see Table 8.1.6).

9.6.7 Discussion of Spectral Data from Cobalt Centers
in Diamond

Cobalt has only one stable isotope of mass 59, and no frequency shifts from other
isotopes can occur. Possibly, a paramagnetic center from cobalt has been observed
[Col00].

In comparison with the corresponding nickel centers, the cobalt lines have the
following:

Higher ZPL (10%) energies for *Co 1.85 and *Co 1.99 (*Ni 1.69 a and *Ni
1.88 a).

Higher ZPL (20%) energies for *Co 2.59 (*Ni 2.07 a).

Higher L (30%) (limiting energy) for *Co-S5 (L = 1.948) (*Ni-S5, L =
1.460eV).

In contrast to the nickel centers, the influence of the nitrogen concentration on the
cobalt lines is unspecific. In samples with low nitrogen concentration and in samples
with 90% Fe dilution (10% Co), most Co lines are absent or very weak.

The LVM and QLVM frequencies are very similar for cobalt and nickel centers
(see Tables 11.1 and 11.2).

The observed LVM frequencies are as follows:

(4x) + 44 meV for *(V,Co,)°(a) from Co(sp;)—C(sp;) bend.
(2x) — 60meV for *(V3Co,)* from Co(sp;)—-C(sp;) stretch.
(Ix) ca. =100 meV for *(V,Co1)Ni44,° from Co—C/N(sps) stretch.

QLVM frequencies are observed at

(2x) — 24 meV for *(V3Co,)™ from 2Co + 4C (calculated 24.1 meV).
(Ix) —44meV for *(V2C0;)Nj4,4,° from 1Co (calculated 43.6 meV).

In theoretical cluster calculations on the transition metals V, Mn, Fe, Co, Ni, and Cu,
their solubility in diamond and their long-range elastic strain have been investigated
[Joh02]. Solvation enthalpy calculations for the impurity sites “substitutional,”
“interstitial (no vacancy),” and “interstitial with divacancy” lead to the conclusion
that nickel is the most likely transition metal impurity in diamond, and cobalt
and copper following next. The lighter metals V, Mn, and Fe have unfavorable
conditions for incorporation into diamond. These preliminary calculations are in
good agreement with the experimental findings [Joh02].
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9.7 Other Impurities in Diamond

Optical centers from 25 impurities (plus purely intrinsic centers from lattice
vacancies or carbon interstitials) are observed in diamond. Only six impurities (H
(see Sect. 9.3), B (see Sect. 9.2), N (see Sect. 9.1), Si (see Sect. 9.4), Ni (see
Sect. 9.5), and Al (see NA2530 and NL2693a—e)) are found in natural diamond.
The remaining 19 impurities are introduced by doping or ion implantation.

The 25 impurities can be divided into 15 main group impurities (Sect. 9.7.1 and
Table 9.7.1) and ten transition metal impurities (Sect. 9.7.2 and Table 9.7.2). Six
important impurities in diamond were treated in the preceding sections (Sects. 9.1—
9.6). For 19 other impurities, optical centers are observed in diamond. Within
Tables 9.7.1 and 9.7.2, the impurities are listed according to the main groups 1—
8A and the transition metal groups 1-8B.

9.7.1 Main Group Impurities: H, Li, B, Al, In, Tl, Si, N, P, As,
Sb, O, He, Ne, and Xe in Diamond

Out of the 36 main group elements, 15 impurities form optical centers in diamond
(see Table 9.7.1). From group 1A, the light elements hydrogen (see Sect. 9.3) and
lithium (also with bound excitons, see Sect. 9.7.6) are observed. Elements from
group 2A are totally missing. From group 3A, the light elements boron (direct
neighbor of carbon, see Sect. 9.2) and aluminum, together with the heavy elements
indium (doping) and thallium (implanted), are optically active. For group 4A, only
the light impurity silicon (see Sect. 9.4) is observed. In group 5A, the important
nitrogen (direct neighbor of carbon, see Sect. 9.1), the light element phosphorous,
and the medium heavy elements arsenic (doping) and antimony (implanted) give
rise to optical centers. Only the light element oxygen (doping) from group 6A is
optically active. Finally, the noble gas elements from group 8A, helium, neon, and
xenon (all implanted), give rise to numerous lines.

9.7.2 Transition Metal Impurities: Ag, Zn, Ti, Zr, Ta, Cr, W, Fe,
Co, and Ni in Diamond

Neglecting the lanthanides (element nos. 58—71) and actinides (nos. 90—103), there
are ten elements (out of 30) in groups 1B—8B (see Table 9.7.2) with optical centers
in diamond. From group 1B, silver (implanted) is observed. From theory [Joh02],
copper (group 1B) is expected to be a stable impurity in diamond. In group 2B,
zinc (implanted) is observed. No elements are found from group 3B. The two
elements titanium (implanted) and zirconium (doping in the melt) are observed
from group 4B. From group 5B, the heavy element fantalum (from hot filament
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CVD deposition) is found. In group 6B, the elements chromium (implanted) and
tungsten (from hot filament CVD deposition) are observed. No elements are found
from group 7B. The light elements of group 8B are important for the catalytic
melt of HPHT synthesis, and all three (with probability Ni > Co > Fe [Joh02]) are
incorporated in diamond. Optical lines from iron, cobalt (see Sect. 9.6), and nickel
(see Sect. 9.5) are observed. For many of the 18 Ni centers, the HPHT melt is not
the only source of nickel, because these centers are also found in natural or ion-
implanted diamond.

9.7.3 Effects of Annealing

After ion implantation, annealing at 7 > 1,000°C is usually necessary. The
interesting annealing effects of Ni centers are listed in Table 9.5.6.

9.7.4 Local Vibrational Modes

The observed LVM frequencies of H, B, N, Tl, Si, Ag, and Ni are discussed in
Sect. 11.1.

9.7.5 Quasi-Local Vibrational Modes

The QLVM frequencies and line widths are discussed in Sect. 11.2. In Table 11.2
observed QLVM data are compared with calculated values. The agreement is
very good.

9.7.6 DAP Transitions

For most of the 26 impurities, resolved DAP transitions are observed (see
Tables 9.7.1 and 9.7.2). More DAP discussion is given in Sect. 9.7.7.

9.7.7 Bound Excitons from Li, B and P

In diamond, bound exciton lines from Li, B, and P are observed (see Table 9.2.6).
In the literature, the boron [Ste97a] and phosphorous [Ste99a] bound excitons have
been discussed.
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9.7.8 Considerations for Structure Assignments

In columns 4 and 5 of Tables 9.7.1 and 9.7.2, the atomic radius and the electron
configuration are given. The impurity X can form an associate V;X; with the single
vacancy, or (V,Y) with the double vacancy (Y in an interstitial position). The
atomic radius is an important hint for the stable configuration. Interestingly, Co and
Ni with r = 127-128 nm occur in both configurations. The large Xe (r =233 nm)
requires the double vacancy. The configuration assignment is further supported
by the QLVM frequency, which includes C; for V;X; and Cg for (V,Y;) (see
Table 11.2).

The electron configuration is related to the type of DAP transitions (see
Chap. 10). If the impurity in the double vacancy has a partly filled 3d, 4d, or 5d
shell (like for Zr, Ta, W, Co, and Ni), the DAP transitions are of the standard type.
In the case of a complete 3d or 4d shell (Ag, Zn, and Xe), the DAP transitions are of
the sideband type. For the VX, configurations (n = 1, 2, 3, 4), the DAP transitions
are always of the sideband type.



Chapter 10
Donor-Acceptor Pair Transitions in Diamond

10.1 Resolved Lines in Absorption and Luminescence

Luminescence lines from donor—acceptor pair (DAP) recombination are known
since 1963 [Hop63], and have been treated in detail [Dea73]. An electron is
transferred from the ionized acceptor to the ionized donor, and energy is released by
photon emission:

AT+ DT = A° +D° + hv. (10.1)

The energy of the donor—acceptor transition in shell number s is given in (10.2)
[Wil70,Dea73].

E(s) = E;— Ex— Ep+ D C(s) — Ecorr + Enp(vector). (10.2)

Here s is the shell number, E, is the band-gap energy, E4 and Ep are the binding
energies of the acceptor and donor, D(=e?/e) is the dielectric factor (1.64eV
for pure diamond [Dea65a]), C(s) is the Coulomb factor (see (10.3)), Ecoy is a
correction term, which vanishes for s > 7 (see near shell correction, below), and
Enp(vec) is a small term for multipole interaction, depending on the lattice vector.

In the limit of infinite donor—acceptor separation, (10.2) is reduced to (10.3) and
the “limiting” energy L is introduced:

L =E(s =00) = E, — Ex — Ep,. (10.3)

With the donor and acceptor on substitutional lattice sites, the pair separation rpa
(and consequently the Coulomb factor) can assume only discrete values:

C(s) =ry/rpa = [0.75/(s — x)]l/z. (10.4)

The bond length ry, is 0.1545 nm in diamond, and x = 0.25 for odd shell numbers
while x = 0 for even shell numbers s [Wil70, Dea73].

B. Dischler, Handbook of Spectral Lines in Diamond, 369
DOI 10.1007/978-3-642-22215-3_10, © Springer-Verlag Berlin Heidelberg 2012
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The alternating values for x, 0.25 (odd s), and O (even s) create a characteristic
fingerprint for the line spacing in a DAP series. The ratio E(s)/ E(s + 1) alternates
between values that are larger (s odd) or smaller (s even) than the average spacing.
This is observed for DAP1 in diamond [Dis94a].

A further fingerprint is the small splitting (due to Eyp(vector)), which can be
observed for shells with two or more different lattice vectors. Such a splitting
(for s =7; (5,1,1) and (3,3, 3)) is indeed observed for DAP1 (9 meV [Law93a,
Law93b]) and for DAP2 (6 meV [Ste99a, Ste99b]).

A third fingerprint is the occurrence of “empty” shells, where no lattice vector
exists (e.g., s =28, 60; see Sect. A.2). In diamond, only one example is known
(s = 28 for DAP2).

Originally, the DAP transitions were observed only in luminescence and termed
donor acceptor pair recombination (DAPR) [Dea73]. In diamond, the DAP tran-
sitions are also observed in absorption, which is the reverse process of DAP
luminescence:

A°+D°+hv— A~ +DF. (10.5)

It is expected that the DAP absorption can be accompanied by photoconductivity.
Examples are the photoconductivity spectra observed for *V;*-DAP32 (named
GR2-8, [Far72]) and *V ;N4 -DAP63 (named N9, [Den67].

Calculated values for C(s) in the range 1.0 (s = 1) to 0.057 (s = 228), together
with the lattice vectors, degeneracy, and experimental abundance, are listed in
Table A.2.

An overview of the DAP results in diamond is given in Table 10.1. The DAP
numbering is in chronological order. The pairs DAP1 [Dis94a, Dis94b] and DAP2
[Ste99a, Ste99b] have already been published. With the new spectra from DAP3 to
DAP116, an assignment for over 1,000 spectral lines is presented for the first time
[Dis03]. This can be regarded as a breakthrough in diamond spectroscopy.

Note that in Table 10.1, separate DAP numbers are given to sideband DAP
spectra of the same defect, if both absorption (E(DAP) >ZPL) and luminescence
(E(DAP) < ZPL) are observed (e.g., DAP23/24). In Table 10.1, weak and seldom
observed lines are also included for completeness and because of a possible interest
to theorists.

Of special interest are those well-known lines, which have a name in the
literature, and for which—after many speculations—a convincing interpretation is
finally found. An outstanding example is the group of 11 resolved lines GR2 to
GR8a—e, which for many years have been a “basic puzzle” [Sto92]. Other examples
are the TR14-TR18 lines (see DAP35), the H9 to H18 lines (see DAP37, DAP50,
and DAPS52), the S2a—f lines (see DAP57), and the S3a—e¢ lines (see DAP58).

In general, the proof for the DAP interpretation is given by the close agreement
between observed and calculated line positions (see Tables 2.1.2.3-5.3.12.2).

Additional support came from uniaxial stress experiments, where the defect
orientation is in agreement with the DAP lattice vector (see DAP18, [Moh82b]).
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10.1 Resolved Lines in Absorption and Luminescence 381

Also characteristic for DAP transitions is the observation of spectral hole
burning. The latter can be readily understood by slightly different energies for
specific pairs in a perturbed lattice (see DAP4, [Sil94a] and DAP45, [Sil95]).

An elegant proof for DAP transitions is given by four measured radiative decay
times tpa with two examples: 1) Value of tpy = (63-235 1s) for the shells nos.
10, 16, 26, 50 of the *Co-S5 center (DAP104, [Law96]). The decay times are
approximately proportional to the inverse square of the donor acceptor distance
(point change model) (see Sect. 9.6.5). 2) For the shell nos. 1, 4, 8, 16 of the
DAPI center, very short tps values are observed (0.02—4.0ns) [Sch95]. Here, the
dependence on the pair separation dp, is different and the tpa/dj), value is quasi
constant (large Bohr radius model). For details see the discussion of DAP1 below.

Important new findings for DAPs are presented here. In diamond, the DAPs can
be divided into three types: The “standard” type (old), the “resonance’ type (new),
and the “sideband” type (new).

Standard DAP (with 19 entries in Table 10.1). These pairs resemble the DAPs
in other host crystals [Dea73] like GaP, GaAs, GaN, InP, Si, c-SiC, CdS, and ZnS.
A typical standard DAP is observed in DAP2a-w.

Resonance DAP (with eight entries in Table 10.1). In some cases, the DAP lines
are constraint to a narrow region (with a cutoff, see DAP3) or grouped around one
or more non-DAP lines (see DAP4). This suggests that some sort of energy transfer
occurs. A very good example for the resonance type is given by DAP3a-i with nine
shells in the range of s = 46 (0.386¢eV) to s = 32 (0.421eV). The resonance line
at 0.385eV (natural CH stretch vibration, see Table 9.2) is also observed, even in
the absence of the DAP3 lines, i.e., the intensity of the resonance line is not directly
correlated with that of the DAP3 lines. It must be admitted that the resonance DAP
can be basically of the standard type (positive Coulomb energy in luminescence,
e.g., DAP4-6) or the sideband type (possibly DAP3).

Sideband DAP (85 entries in Table 10.1). Note that in the notation for sideband
DAPs, the defect name or the ZPL energy precedes the DAP number. It is
well known that local vibrational modes (LVM) or quasi local vibrational modes
(QLVM) can couple to an electronic transition, producing vibronic sideband lines.

For the first time, a very similar coupling is reported here for donor—acceptor
transitions. Completely unexpected, DAP lines with “negative” Coulomb energies
(relative to the ZPL) are observed in luminescence. In absorption (or photolumi-
nescence excitation), DAP lines with exactly the same “positive” Coulomb energies
(relative to the ZPL) are observed.

This mirror image is much more perfect than those from phonon sidebands,
where the frequencies and intensities are usually different for luminescence and
absorption. Typical examples for perfect mirror images are N3C = VNj(c)-
DAP23/24 (ZPL at 2.985eV) and N9a-DAP63/64 (ZPL at 5.252eV).

It must be emphasized that for standard and resonance DAPs, the Coulomb
energy is always positive, both in luminescence and in absorption (or photo
luminescence excitation), i.e., the line positions are identical in luminescence and
absorption (see, e.g., DAP1).
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For some sideband DAPs, only one side of the mirror image is observed, because
the corresponding zero phonon line occurs exclusively in absorption (e.g., to a
higher lying excited state) or exclusively in luminescence (e.g., to a higher lying
ground state).

It is quite remarkable that the majority of DAP spectra in Table 10.1 are of the
new “sideband” type. Most of these defects contain a vacancy or a self-interstitial,
suggesting an involvement of electron dangling bonds.

In most cases, the DAP-zero phonon line (ZPL) is an electronic transition.
However, in a few very special cases, coupling to a vibrational line as a quasi-ZPL
occurs, with typical LVM frequencies of 154 meV (C-N stretch, DAP30), 147 meV
(C-N stretch, DAP31), and 385 meV (natural C-H stretch, DAP41).

In the course of the DAP analysis several remarkable aspects have been found:

Nearest neighbor pairs, near shell corrections, high intensity shells, and vibra-
tional sidebands on DAP lines. These four important items are discussed below.
Nearest neighbor pairs. Reports on transitions from the nearest neighbor pair
(first shell) are rare. In the literature, only two examples of nearest neighbor pairs
are mentioned: GaP:0,Zn and GaP:0,Cd [Dea73]. Coulomb attraction or direct
chemical bonding considerations during growth or annealing can stabilize such
associates, and for the intensity of the first shell transitions exceptionally high values
have been found [Dea73]. In diamond, the luminescence intensity of the first shell in
DAPI is up to 30 times higher than the expected statistical value [Dis94a, Dis94b].
Near shell corrections. It has been previously observed [Dis94a, Dis94b]
that for near shells (s=1-6), the observed Coulomb energy is less than
expected from theory. Therefore, the ideal point charge model for the Coulomb
energy has to be corrected. A useful set of empirical corrections has been
derived by averaging all the observed deviations (for s =1-6) vs. the the-
oretical values. Listed in Table A.2 are the following averaged results:
—44% (s =1), —18% (s =2), —10% (s =3), —5% (s =4), —3% (s =5), —0.3%
(s =6).
High intensity shells. For diamond the observed intensities within a group of
DAP lines deviate significantly from the expected theoretical values, which are
given by the degeneracy of the shells (see Table A.2). On the other hand, spectra
with only a limited number of lines are dominated by the lines from the high
intensity shells. This observation has been very helpful for the shell assignment
in the analysis of many DAPs. The phenomenon of high intensity shells has been
noticed before [Dis94a, Dis94b]. The observed relative intensities and the statistical
results in Tables 10.1 and A.2 (last row) allow the confirmation and extension of
these previous findings. A preliminary list of 18 high intensity shells is given by
s=4,8, 12, 16, 22, 26, 34, 42, 50, 64, 86, 98, 106, 118, 130, 162, 198, and 228
(shown in bold type in Table A.2).

It is remarkable that for a different host (Si) with different growth conditions,
a very similar result is observed in the photo luminescence excitation for the DAP
system Si:P,In [Sch83]. In the spectrum from over 50 shells, there are 14 lines with
higher intensity than expected from the statistical degeneracy. These are the shells
s=4,8,12, 16,22, 26, 34, 42, 50, 58, 86, 98, 106, and 118.



10.1 Resolved Lines in Absorption and Luminescence 383

No straightforward explanation for the phenomenon of high intensity shells can
be given. This unusual behavior was not mentioned in the literature before, except in
[Dis94a,Dis94b]. Hopefully, theoretical analysis will find a solution. One possibility
is site preference during crystal growth or annealing. Also considered should be an
orientation dependent wave function overlap of donor and acceptor with relatively
small Bohr radius (relatively large ionization energy). The following facts may assist
a future analysis:

(i) All high intensity shells have an even number.
(i) The lattice vectors of 14 high intensity shells contain at least two equal
numbers.

(iii) The lattice vectors of ten high intensity shells contain one or more times the
number zero. The facts (i) and (iii) may be related, because the lattice vectors
of odd shell numbers never contain a zero.

(iv) The only exception to the rules (ii) and (iii) is the shell 42 (10, 8, 2).

Vibrational sidebands on DAP lines. It was mentioned above that in sideband
DAPs, the coulomb energy couples to a ZPL similar to a vibration. In rare cases,
vibrational sidebands on a DAP transition are observed, i.e., the DAP transition
appears as a pseudo ZPL. Examples are DAP18 (53 meV), Nil.4-DAP26, Ni2.1-
DAP28, Nil.7-Dap29, N,(V)-DAP30 (64 meV), Vi N4(V)-DAP31 (64 meV), Ni2.4-
DAP43, and DAP57-DAP62. A sideband spectrum with eight lines (75-281 meV)
is observed for DAP1 (s = 1) in the photoluminescence of a particular sample
[Dis94a].

Discussion of Individual DAP Centers. In the discussion of the 116 individual
DAP spectra some additional information will be given.

DAP1 (standard, 13 absorption and luminescence lines) =*(Nj + B;°). The very
beginning of the DAP analysis in diamond was marked by the assignment of a
luminescence spectrum to resolved DAP transitions [Dis94a, Dis94b]. Meanwhile,
the DAP1 lines are identified in a great variety of samples, both in absorption
and luminescence. These samples include natural [Dea64c], high-pressure synthetic
[Law93a], low-pressure synthetic [Col93c, Kho93, Dis94a, Dis94b, Sch95], heat
treated [Col85b], and implanted [Zai00a] diamonds. Even in electro-luminescence
from a p-i-n diode, DAPI lines are seen [Zai98d]. Therefore, it is likely that
two frequently occurring impurities are involved, i.e., nitrogen and boron (nickel
can be excluded by SIMS analysis [Dis94a, Dis94b, and unpublished]). When
EA=0.370eV (for the boron acceptor), then Ep =3.227eV (see Sect. 10.3). In
an experiment with time resolved photoluminescence, the intrinsic decay times
tpa for the shells # 1, 4, 8, 16 have been determined [Sch95]: #1(<0.02ns),
#4(0.25 £ 0.05ns), #8(0.75 £ 0.01 ns), #16(4.0 = 3.0ns). For these values, the
express in tDA/df’)A is quasi constant: <5.4 (#1),5.6 £ 1.1 (#4),5.9+0.01 (#8), and
1.1 + 8.0 (#16).

DAP2 (standard, 23 luminescence lines) =*(P;° + B1°). The DAP2 spectrum is
outstanding in several respects: (a) The largest number of DAP lines (23) is seen in
the spectrum. (b) For both donor and acceptor, the chemical identity and the binding
energy have been determined [Ste99b]. These are phosphorus (Ep = 0.62eV) and
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boron (Ex =0.37eV). (c) Both donor and acceptor are relatively shallow, i.e., the
Bohr radius is relatively large. This is in contrast to all other standard DAPs in
Table 10.1, where at least one partner of the pair is deep, which follows from the
fact that the sum Ep + E, is between 2.299eV (DAP59) and 4.162eV (DAPS).
(d) The shell assignment is confirmed by the observation of the gap at the empty
shell 28, and by the 6-meV splitting from multipole interaction of the lines from
shell 7, due to the two nonequivalent lattice vectors 7a (3, 3, 3) and 7b (5, 1, 1) (see
Table A.2).

DAP3 (resonance, nine absorption lines) =*(N;Cy);°. For DAP3 the resonance
effect is evident. The resonance line (0.3852¢eV) is the well-known C-H stretch
vibration of the *(VH;) center in natural diamond (see Sect. 9.3). It is at the low
energy cut-off limit of the spectrum (shell 38). The limiting energy (L =0.212¢eV)
indicates a vibrational center, similar to DAP30 (0.154eV) and DAP31 (0.147¢eV).

*S9 -DAP4 =" (V2Ni1)Nx+y+z+ (resonance (standard), 11 absorption and lumi-
nescence lines). By comparison of the absorption and luminescence spectra of
DAP4, it appears that there are two resonance lines around 1.633 eV (weak) and
1.700eV (strong).

DAPS =* (V,Zr;)° (standard, 10 luminescence lines). The DAPs 5, 6, and 7
from heavy transition metal impurities are very similar. Zirconium (DAPS) is incor-
porated from the melt. Tungsten (DAP6) and tantalum (DAP7) are incorporated
from the hot filament during CVD growth. Typical QLVM sidebands of the intense
resonance lines are observed for tungsten (24 meV) and for tantalum (25 meV).

DAP6 (resonance (standard), six luminescence lines) =* (V,W1)°. DAP6 and
DAP7 are observed in hot filament CVD diamond, where the filament metal
(tungsten) is incorporated like a doping impurity.

DAP7 (standard, seven luminescence lines), =* (V,Ta;)°. Tantalum from hot
filament; see also DAP6.

DAPS (standard, seven luminescence lines) =* (Si;° + ?). The characteristic
structure on top of a broad band is identified as a DAP spectrum. Some additional
lines are too weak for a positive identification (Table 9.4.1)

DAP9 (standard, 20 absorption and luminescence lines) =* (N; ™ + B;°). The
structure on top of the B-band in boron rich natural type IIb diamond is a
typical standard DAP spectrum with identical line positions in absorption and
luminescence.

DAP10 (standard, 12 luminescence lines). This spectrum is probably due to
an unknown intrinsic defect, because the sample is a natural type Ila diamond,
implanted with carbon.

*S7-DAP11 =" (VzNil)Nx+y+z+ (standard, nine PLE and luminescence lines).
The same line positions are observed in luminescence and in photoluminescence
excitation. The low energy part of the DAP11 luminescence spectrum is excited at
the DAP line positions in the high energy part of the spectrum. The PL spectrum of
DAPG62 is of special interest, because the isotope shift of *Ni (9-13 meV) and *>Ni
(18-26meV) is resolved for five lines, indicating a single nickel atom in the defect
(see Table 7.5). See also DAP57.
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DAP12 (standard, six luminescence lines). These DAP lines are observed in low
nitrogen diamond after carbon implantation or electron irradiation with subsequent
annealing above 500 °C. The lines appear and disappear simultaneously with the
intrinsic defects GR1 (= V;°) and TR12 (= (C,); 7). Therefore an involvement of
an unknown intrinsic defect in DAP12 is probable.

DAP13 (sideband, 15 luminescence lines) =* V{He;(b)°. After helium implan-
tation and 600 °C anneal, a complicated luminescence spectrum is observed with
three He lines (at 2.212, 2.316, and 2.415eV) and DAP lines in the range
2.179-2.430eV (weak ZPL at 2.466¢eV). The intensity of the DAP lines relative
to the He lines is sample dependent. See also DAP95 =* V| He; (a)°.

DAP14 (resonance, nine luminescence lines) =* (C,);Ni;°. The DAP lines
appear in low nitrogen diamond after carbon implantation and 1,000 °C anneal.
Probable resonance lines are at 2.154eV (= NV-center, ViN;°), and at 2.427eV
(ViNi> T (b)).

*V,°-DAP15 = TH5 (sideband, 12 absorption lines). This DAP spectrum is
observed in heavily irradiated diamond. The 12 sideband lines reveal that the true
ZPL of the THS-center is a weak line at 2.419eV (and not the proposed line at
2.543eV). This latter value is the position of the first DAP line (shell 130).

S8-DAP16 =* (V,Ni;)~ (resonance, 12 absorption lines). In nickel containing
brown HPHT synthetic diamond, these mostly overlapping lines are observed. The
*S8 =* (V,Ni;)~ center is the nucleus of the nitrogen-containing centers S2—*S7
and *S9. The probable resonance lines are at 1.219, 1.228, and 1.383¢V.

*(01° + B1°)-DAP17 (resonance (standard), six luminescence lines). In CVD
diamond grown with oxygen, a set of luminescence lines is observed. These lines
are superimposed on a broad band, between 2.65 and 2.75eV.

*(N22* +B1°)-DAP18 (standard, eight absorption, PLE and luminescence lines).
The luminescence lines are superimposed on the 2.91-eV Yellow band. Intense lines
have been given letters (C, D, E, F, H= DAP transitions with s = 18, 14, 10, 2, 1).
In absorption and luminescence, the same line positions are observed. DAP18 is of
special interest because the symmetry of some lines has been determined by uniaxial
stress experiments [Moh82b]. The results confirm the DAP model and the shell
assignments: A (1, 1, 1) dipole is found for line H in agreement with the (1,1, 1)
lattice vector of shell 1. Three (1, 1, 0) dipoles are found for the lines C, D, and E,
which are the shells 18, 14, and 10 with the lattice vectors (6, 6,0), (6,4, 2), and
(6,2,0). DAPI18 is also a good example for vibrational sidebands on DAP lines. Up
to four very intense harmonic sidebands with a vibrational frequency of 53 meV are
observed for the shells 1, 4, and 50.

*(N2° + B;7)-DAP19 (standard, ten luminescence lines). The lines are super-
imposed on the 2.35-eV broad band. Intense lines are given letters (A, B, X, Y,
7Z = DAP lines with s =4, 3, 12, 10, 6)) [Moh82b].

*(N2T + B;°)-DAP20 (standard, seven luminescence lines). These relatively
weak lines are superimposed on the 1.88-eV broad band of yellow luminescent
diamonds [Moh82b].

DAP21 (standard, 12 PLE lines). This DAP spectrum of an unknown defect is
observed in the photoluminescence excitation spectra of the A-bands and of the
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N3(c) = VNj center. Remarkable is the high limiting energy L = 5.310eV, which
leads to Ep 4+ EA =0.180eV. This very small value indicates very shallow defects.
An alternate interpretation is the involvement of the direct energy gap at 7.12eV.

*V;N3T-DAP22 (sideband, 13 luminescence lines). A typical sideband DAP
appearing as structure on the broad Ajns(d) band (see Table 10.2.2). There is a
weak ZPL at 3.414eV.

ViN3(c)-DAP23 (sideband, 15 absorption and PLE lines). DAP23 and DAP24
are each superimposed on a broadband and form an almost perfect mirror image
on both sides of the intense ZPL at 2.985eV, named N3(c). Some of the DAP
lines may be in resonance with vibrations. DAP23 contains the well-known lines
N4 (3.603eV) and N5 (3.762eV), = DAP transitions with s =3, 1). Broad band
Ajnsui(c) (see Table 10.2.2).

ViN3(c)-DAP24 (sideband, 17 luminescence lines, see also DAP23). DAP 24
contains the well-known lines D,—Dg [Dea65a], = DAP transitions with s = 162,
106, 50,42, 22, 14, 8.

*ViNi; T-DAP25 (sideband, 11 absorption lines). DAP25 (absorption) and
DAP26 (luminescence) are observed in HPHT synthetic diamonds (with nickel
catalyst). The Ni(1.4eV) center at 1.403 eV is very prominent. This helps to identify
the relatively weak DAP lines.

*V,Ni; T-DAP26 (sideband, nine luminescence lines, see also DAP25).

*V1Ni, ™ (b)-DAP27 (sideband, ten PLE lines). DAP27 and DAP28 are observed
in nickel and nitrogen containing HPHT synthetic diamond after 1, 500 °C anneal.
The DAP27 PLE spectrum excites the *VNi,  (a) luminescence center at 2.071 eV
which terminates at a higher lying ground state (see DAP87).

*V1Ni, (a)-DAP28 (sideband, 13 luminescence lines, see also DAP27).

*V1Ni;°(b)-DAP29 (sideband, seven PLE lines). Effective PLE of the*V;
Ni;°(a) at 1.704 eV (see DAP83) This center (ZPL at 2.401 eV) is observed in nickel
containing HPHT synthetic diamond after 1,700 °C anneal. The relatively weak
DAP lines are superimposed on the broad 2.63-eV band.

V1C4N,°-DAP30 (sideband, four absorption lines) DAP30 and DAP31 are
observed after heavy electron irradiation and annealing above 600 °C. It appears that
vacancies migrate in [aA diamond to the N, center (named A) and in [aB diamond
to the VN, center (named B). The DAP30 lines are sidebands of the dominant
A-center line at 158.9meV. The DAP31 lines are sidebands of the dominant
B-center line at 145.7meV. The lines named H1b, Hlg, and Hld are DAP30
transitions with s =8, 10, 50. The *V;C4N,° defect is the precursor of *V|N,
(DAP27/28, DAP87, DAP111).

V1N4V‘1’-DAP31 (sideband, five absorption lines, see also DAP30). The lines
named Hlc, H1f, and Hle are DAP31 transitions with s = 6, 10, 34. The *V N4V, °
defect is the precursor of *N3V;,N;° (DAP37/38).

V;-DAP32 = GR2-GRS (sideband, 13 absorption and PLE lines). This spec-
trum is observed in irradiated diamond. The DAP32 lines are very efficient in the
PLE of the V,°(a/b) center (at 1.665/1.673¢eV, named GR1). The DAP32 lines
are sidebands of the weak ZPL transition at 2.781eV and are also observed in
photoconductivity [Ver74, Wal79].
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V1°(b)-DAP33 (sideband, ten absorption lines). DAP33 and DAP34 are observed
as weak sideband spectra of the intense ZPL at 1.673 eV (mirror image). The V,°(a)
ZPL (at 1.665eV) is much weaker than the V|°(b) ZPL. The DAP interpretation is
confirmed by the expected isotopic shifts in the spectrum of a '*C diamond (see
Table 7.2).

V1°(b)-DAP34 (sideband, eight luminescence lines, see also DAP33).

(Cz)i+(a)-DAP-35 =TRI12 (sideband, 14 absorption lines). DAP35 and DAP36
are observed in irradiated diamond and are mirror image sidebands of the 2.638-
eV transition from the (100) split self-interstitial (named TR12). The (Cy); -
DAP86 = 3H center has its ZPL at 2.462¢eV. For the neutral charge state of this
defect, see (C,);°-DAP71.

(Cz)i+(a)-DAP36 (sideband, 14 luminescence lines, see also DAP35).

*N3V,N;°(b)-DAP37 (sideband, 14 absorption lines). DAP37 and DAP38 are
observed after irradiation and annealing above 700 °C. The ZPL at 2.498 eV (named
H4(b)) is ten times more intense (in absorption) than the H4(a) line at 2.417eV. The
lines named H6-H12 are DAP37 transitions.

*N3V,N;°(b)-DAP38 (sideband, seven luminescence lines, see also DAP37).

*(V4Hy)°-DAP39 (sideband, ten absorption lines in a '*C sample, only one line
in a '2C sample, see also DAP40). The spectra are observed in homoepitaxial CVD
diamond. The pseudo ZPL at 0.165eV is a C-C stretch vibration (—3.6% 13C shift).

*(V4H4)+-DAP40 (sideband, seven absorption lines) observed in homoepitaxial
CVD diamond. Valuable information is obtained from the spectra with isotopic
substitution. For a sample with 50% deuterium, the s = 20 line of DAP40 is splitin a
pattern with intensities 1:4:6:4:1 (3.7-meV separation, see Table 7.1). This indicates
an involvement of four equivalent H atoms. For the ZPL of DAP40 (at 0.412¢eV)
an almost vanishing isotope shift is observed (—0.5% for deuterium and —0.2%
for 13C). Therefore, it can be concluded that the transition is electronic and not
vibrational. In contrast, for the pseudo ZPL of DAP39 (at 0.165eV), the '3C isotope
shift is —3.8%, which is characteristic for a CC stretch vibration.

(V1H1)b-DAP41 (sideband, five absorption lines). Observed in hydrogen-rich
natural diamond with very intense lines at 0.1742eV ((V{H|)a = natural CH bend)
and 0.385eV ((C;H;)b = natural CH stretch, see Table 9.3.1).

*(V,Xe1)°-DAP42 (sideband, ten luminescence lines). Observed in the CL
spectrum of a type Ila diamond after Xe implantation and 1,400 °C anneal. The
characteristic QLVM sideband of Xe appears at —29 meV (calculated —27.3 meV).

*Vle (b)-DAP43 (sideband, seven luminescence lines). This intense ZPL with
weak sidebands is a common feature in the PL spectra of natural diamond. The ZPL
at 2.463 eV is named S1. The excited state of the center is split by 34 meV, causing
the 20 times weaker ZPL V{N,(a) at 2.429¢eV (S1(a)).

DAP44 deleted.

*V1C4N;°(a)-DAP45 (sideband, nine absorption lines). This weak spectrum
is observed in nitrogen-containing diamond after high energy (>1MeV) neutron
irradiation and annealing at 800-950 °C, which is the same treatment as for DAP4.
Spectral hole burning is observed for the line at 1.909eV [Sil94a, Sil95]. Possibly,
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three luminescence lines from the mirror image of DAP45 (with D=—1.53eV) are
reported at 1.177eV (s =6), 1.525eV (s =58), and 1.602eV (s = 162) [Vin88a,
Vin88b, Sil95].

V1N;°-DAP46 (sideband, six absorption lines). DAP46 and DAP47 form a
sideband mirror image on both sides of the well-known ZPL at 2.154 eV, named
NV or 575-nm center. This center occurs in natural diamond, in as-grown HPHT
and in CVD diamond.

V1N;°-DAP47 (sideband, nine luminescence lines, see also DAP46)

ViN; (a)-DAP48 (sideband, ten absorption lines) DAP48 and DAP49 are
observed, when the NV center (see DAP46/47) is in its negative charge state with
the ZPL at 1.943 eV, named 638-nm center.

V1N; (a)-DAP49 (sideband, 15 luminescence lines, see also DAP48)

ViN,°(a)-DAP50 (sideband, eight absorption lines) DAP50 and DAP51 are
observed on both sides of the ZPL at 2.464 eV, named H3(a). For H3(b) see DAP52.
See also DAP77/78.

V1N;°(a)-DAPS51 (sideband, six luminescence lines, see also DAP50)

V1N,°(b)-DAP52 (sideband, seven lines) is observed only in absorption. The
ZPL at 3.361 eV is named H3(b) or H13, and terminates at a higher excited state of
H3(a).

*(V3Si2)+-DAP53 (sideband, 13 absorption or PLE lines). DAP53 and DAP54
are observed on both sides of the ZPL at 1.682 eV, named Si center. Other charge
states of this defect are *(V3Si»)"-DAP75, and *(V3Si,)°-DAP65. The *(V3Si) ™
center is frequently observed in CVD films, grown on silicon substrates. It can also
be created by silicon ion implantation and annealing at 1, 400 °C.

*(V3Si2)+-DAP54 (sideband, seven luminescence lines, see also DAP53)

V1N3(a)-DAPS5S (sideband, five luminescence lines). V{N3(a)-DAP55 (ZPL at
2.297eV) and V|N3(b)-DAP56 (ZPL at 2.680eV) terminate at higher lying ground
states of the N3(c) center (ZPL at 2.985eV). It is the great similarity with V| N3(c)-
DAP23/24, which allows a DAP analysis in spite of the small number of observed
lines. Broadband Aj,s(a), see Table 10.2.2.

V1N3(b)-DAP56 (sideband, four luminescence lines, see also DAP5S5). Broad-
band Ajysu(b), see Table 10.2.2.

DAP57 to DAP61 = S2 to *S6 and *S7(DAP11), *S8(DAP16), *S9(DAP4). All
these spectra are produced by similar defects: one nickel atom at the center of a
double vacancy, surrounded by different numbers and positions of nitrogen atoms.
These eight DAP centers are of the standard type, i.e., no ZPL occurs. Instead, the
DAP transitions were previously misinterpreted as ZPLs with individual names (B
to E). Frequently observed are S2-DAP57 and S3-DAPSS. (See also Sect. 8.1.5).

S2-DAP57 = (V2Ni1)N2+0+1+ (standard, 15 absorption, PLE, and luminescence
lines). Four lines are prominent and are named B to E: Line B (2.537¢eV) from
s =162, line C (2.597¢eV) from s = 64, line D (2.623¢eV) from s = 50, and line E
(2.634¢eV) from s = 44. Monitor for the PLE spectrum was at B =2.537¢eV. The
EPR analog is the NE2 center.
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S3-DAP58 = (V2Ni1)N2+0+0+ (standard, ten absorption, PLE, and lumines-
cence lines). Monitor for the PLE spectrum was at 2.496eV (s =162 line). The
EPR analog is the NE1 center.

*S4-DAP59 = (V,Ni1)Ni42+0° (standard, 12 absorption, and PLE lines). Lumi-
nescence is suppressed by energy transfer to the A line (2.370eV, see DAP92).
Monitor for the PLE spectrum was at 2.370eV (which does not belong to the *S4
defect, but is related to *S4 by a very effective energy transfer from S4-DAP59
transitions (3.333-3.820¢eV) to the A line (ZPL) of *V3Ni3°-DAP92). The EPR
analog is the NE3 center.

*SS-DAP60:(V2Ni1)Nx+y+ZO (standard, 11 absorption, PLE, and lumines-
cence lines). Unusual for this DAP center is the dominant appearance of the line
at 1.563eV (s =162), which seems to be a cutoff ZPL in absorption, PLE, and
luminescence. However, the analogy of the NE8 EPR center (ascribed to *S5) to
the NE1-NE3 EPR centers of S2-S4, and the similarity of the DAP transition to
the S2—S9 centers support the present structure assignment. In luminescence, the
DAP 1.563 line has a QLVM sideband at 28 meV (INi + 1N + 3C) and unresolved
sidebands in the range 1.20-1.50eV. Monitor for the PLE spectrum was at 1.35eV
(maximum of the sidebands from the *S5-DAP60 s = 162 luminescence line).

*S6-DAP61 = (V2Ni1)Nx+y_|rz+ (standard, 13 PLE lines). Luminescence is sup-
pressed by energy transfer from the *S6 DAP61 lines (2.750-3.530eV) to the
*S5-DAP60 lines (1.563-2.320eV). Monitor for the PLE spectrum was at 1.35eV
(maximum of the *S5-DAP60 luminescence band).

DAP62 (sideband, 5 luminescence lines). This defect is observed in heavily
neutron irradiated diamond with annealing at 7>200 °C.

*V1N4~ (a)-DAP63 (sideband, seven absorption, and PLE lines, named N9(a)).
DAP63 and DAP64 form a perfect mirror image on both sides of the ZPL at
5.252eV. The defect occurs in natural diamond and has a second line at 5.262eV
(N9(b)) with similar DAP sidebands.

*V1N4 (a)-DAP64 (sideband, nine luminescence lines, see also DAP63)

*(V3Si;)°-DAPG65 (sideband, five luminescence lines). This center is observed
in natural type Ia diamonds. See also DAP 53/54 =* (V3Si;)™ and DAP75 =
*(V3Sip) ™.

V1Al;°(a)-DAP66 (sideband, nine luminescence lines) is observed in brown
natural diamonds and in HTHP diamonds from a melt containing aluminum (as
a nitrogen getter). In natural diamond, a time delay of 0.1-2.0ms is necessary
to suppress the otherwise dominant V{N3°(c)-DAP24 spectrum. The two ZPLs
at 2.964eV (line (a)) and 2.974eV (line (b)) have very similar but weak DAP
sidebands. At T =90K line (b) is dominant, while at 7 = 15K only line (a) is
observed, indicating a 10-meV splitting in the excited state.

*(N2 T + B1°)-DAP67 (standard, nine absorption lines). This center is observed
in natural type TaA diamonds and correlates exactly with the A-center (N;°)
concentration.

*V1Li; °-DAP68 (sideband, seven luminescence lines). This spectrum appears as
weak structure on a broadband (maximum at 1.61 eV) in lithium implanted diamond
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(annealed at 1, 400 °C). Also the ZPL at 1.881 eV is weak and has a QLVM sideband
at —36 meV (1Li + 6C).

*(N;Cy); -DAP69 (sideband, 12 absorption lines). This center is observed in
as-irradiated (electrons, 2 MeV) type Ila natural or CVD diamond. It anneals out
above 400 °C. The ZPL at 3.988 eV has a 36-meV QLVM sideband (1N + 5C). The
corresponding EPR center is named R11. Two other charge states of the (N;C;);
defect are also observed: (N;C;);’-DAP3 and (N1C1)i+ DAPO9S8 (see Table 8.2.4).

*(N1**T 4 B1°)-DAP70 (standard, 17 luminescence lines). This group of lines
is observed in boron doped CVD diamonds, as-irradiated with 300-keV electrons.
The microscopic photoluminescence studies reveal considerable variation from one
location to another [Ste99d]. Two spectra (a and b) for different locations show lines
froms =1, 3, 10, 12, 14, 16, 18, 20, 24, 30, 32, 106 in (a), and lines from s = 2, 12,
13, 14, 20, 26, 50 in (b). This result is an elegant proof for the DAP interpretation.

*(C,);°-DAP71 (sideband, three absorption lines). This center is observed as
structure on a broadband. The defect is the (100) split self-interstitial in the neutral
charge state, with the ZPL at 1.685eV and a QLVM sideband at 40 meV (6C). The
corresponding EPR center is named R2. (For the positive charge state, see DAP35).

(C,);N;-DAP72 (sideband, 22 luminescence lines). This spectrum is observed
in as-grown CVD diamond, but more often (with high intensity) in as-irradiated
or as-implanted (N) diamond. The sideband spectrum of the ZPL (3.188¢eV) is
a complicated superposition of DAP lines, QLVM, and LVM lines. There is a
prominent QLVM line at 77meV (IN + 1C) and LVM lines at 161 (C-C), 179
(N-C), and 190 (C-C) meV. In absorption, only a very weak ZPL is observed. See
also DAP79/80 = (C,);N7.

*V1B1°(a)-DAP73 (sideband, six luminescence lines). In X-irradiated type
IIb diamonds, the lines appear as structure on the broad Agmic(b) band (see
Table 10.2.2), with a weak ZPL. In as-grown boron doped HPHT diamond, the ZPL
at 2.395eV is sharp and intense (probably due to energy transfer from *V;B;°(b)-
DAP74, which is absent in this spectrum). There is a QLVM sideband at 50 meV
(1B 4+ 30).

*V1B1°(b)-DAP74 (sideband, six luminescence lines). In X-irradiated type
IIb diamonds, the lines appear as structure on the broad Agmic(d) band (see
Table 10.2.2), with a weak ZPL.

*(V3Siz) " -DAP75 (sideband, ten luminescence lines). This spectrum (with the
ZPL at 2.523eV) is observed in natural diamond, or in silicon as-implanted type Ia
diamond.

*V1N3~-DAP76 (sideband, 13 luminescence lines). This center occurs in natural
or irradiated diamond. A good fit with calculated phonon sidebands [Naz92]
indicates a resonance of DAP and phonon sidebands.

*V1N2~-DAP77 = H2 (sideband, ten absorption lines). For DAP77 and DAP78,
the DAP lines appear as structure on the broad 1.50-eV band.(absorption) or on the
1.07-eV band (luminescence) in irradiated and annealed diamond. The H2 center is
photochromic with the H3(a,b) center (*VN,°-DAP50/51 and DAP52).

*V1N,-DAP78 = H2 (sideband, four luminescence lines).See also DAP77.
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*(C,);N1°-DAP79 = 5RL (sideband, ten absorption lines). DAP79 and DAP8O0
arise from a typical irradiation-induced center (“SRL” = five radiation lines). This
defect occurs also in as-grown CVD diamond.

*(C,);N1°-DAP80 = 5RL (sideband, six luminescence lines). The spectrum is
dominated by four phonon sidebands of the main LVM (237 meV). An interesting
effect occurs in the spectrum from a CVD diamond. The phonon sidebands are in
resonance with the unresolved DAP80 transitions, leading to intensities, which are
much higher than that of the ZPL [Col92b]. Uniaxial stress splittings of the ZPL
(4.582¢V) fully confirm tilted (100) orientation of the defect [Col86b].

*V1N4(C,);°-DAP81 = F(c) center (sideband seven absorption lines). The F-
center is formed during thermally induced nitrogen aggregation at 7 > 1, 900 °C
(see Sect. 9.1.6.1). It is named after its intense infrared absorption bands (see
Table 8.1.3.6).

V1N4°-DAPS2 =B center (sideband, five absorption lines).The B center is one
of the fundamental defects in diamond (see Tables 1.1.1 and 1.2). It occurs in
natural diamond, and is formed during thermally induced nitrogen aggregation at
T >1,900°C (see Sect. 9.1.6.1). The ZPL at 4.191¢V is a triplet with 6-meV
splitting. Well known are the characteristic B center infrared absorption bands (see
Table 8.1.3.5).

*V1Ni;°(a)-DAP83 (sideband, 6 absorption lines). DAP83, DAP84, and
*V;Ni; °(b)-DAP29 are observed in nickel containing diamonds after annealing
at T >1,700°C.

*V1Ni; °(a)-DAP84 (sideband, three luminescence lines).See also DAP83.

*(V,Ag,)°(a)-DAPSS5 (sideband, six luminescence lines). This center is observed
after silver implantation in diamond and 1, 400 °C anneal.

*(C,); -DAP86 =3H (sideband, nine luminescence lines). This center is
observed in as-irradiated diamond. There are two additional charge states: *(C,);-
DAP71 at 1.685eV (R2 center), and *(Cz)f(a)—DAP35/36 at 2.638eV (TR12
center). The name 3H is chosen, because the ZPL at 2.462¢V is very close to the
ZPL at 2.464 eV of the H3 center (see DAP50/51).

*V1Ni,°(a)-DAPS87 (sideband, 14 luminescence lines). See DAP27/28.

*(C,);N,~-DAPS8S8 (sideband, six absorption lines). DAP88 and DAP89 are
observed in low temperature irradiated diamond and anneals out at 100-250 °C. The
DAPSS8 center with the ZPL at 2.367 eV is photochromic with the *(C;,);N,° center
at 1.979eV (no DAP lines) and with the *(Cz)iN2+ center at 2.535eV (DAP90).

*(C,);N,~-DAP89 (sideband, seven luminescence lines).See DAPSS.

*(C,);N, TDAP90 (sideband, three absorption lines). See DAPSS.

*V1Niz°-DAP91 = A line (sideband, seven absorption lines). DAP91 and
DAP92 with the ZPL at 2.370¢eV is observed in natural diamonds and in annealed
Ni containing HPHT synthetic diamonds.

*VNi;°-DAP92 = A line (sideband, six luminescence lines). See DAP91.

*V17-DAP93 =R10 =ND1 (sideband, six absorption lines). The isolated
vacancy in irradiated diamond occurs in three charge states: *V;~ with ZPL at
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3.150eV, V,° = GR1 with ZPL at 1.672eV (see DAP33/34), and *V; T with ZPL
at 2.781eV (see DAP32, PLE of V;°). *V,™ and V,° are a photochromic pair.

*(V,Tl1)°-DAPY4 (sideband, eight luminescence lines). This center is observed
after Tl implantation in diamond and 1, 400 °C anneal.

*V1He;°(a)-DAP95 (sideband, six luminescence lines). This center is observed
after He implantation in diamond and 1, 000 °C anneal.

*(Cun)i”-DAP96 = D center = platelets (sideband, six luminescence lines). The
formation of platelets (ZPL at 1.526 eV) by aggregation of isolated *(C,);° centers
(ZPL at 1.685¢eV, see DAP71) is part of the thermally induced nitrogen aggregation
in diamond (see Sect. 9.1.6.1). The corresponding infrared absorption bands are
named D center lines (see Table 8.2.2).

*(C,);B1”-DAP97 = 2BD(F) (sideband, four luminescence lines). This is the
dominant group of boron related lines in irradiated IIb diamond (2BD=1Ib
damaged). Other groups are 2BD(C) and 2BD(G).

*(Ny Cl)i+-DAP98 (sideband, nine luminescence lines). This defect is observed
in as-grown CVD diamond and in irradiated HPHT synthetic diamond (see also
* (N1C1)i_-DAP69 and * (N1C1)i°-DAP3).

*(N;C1);B1°-DAP99 (sideband, eight luminescence lines). This defect (with the
ZPL at 2.792¢V) is observed in boron contaminated CVD diamond, together with
*(C,)iNy at 3.188eV(see DAP72) and *(C,)iN;° = 5RL at 4.582 ¢V (see DAPSO0).

*(N1C1)iB1+-DAP100 (sideband, nine luminescence lines). This defect (with
the ZPL at 3.092¢V) is observed in boron contaminated CVD diamond.

*(N;C1);B1 ™ -DAP101 (sideband, four luminescence lines). This defect (with the
ZPL at 2.992¢eV) is observed in boron doped CVD diamond.

V1Co0,°-DAP102 (sideband, five absorption lines). This spectrum (with an
unfavorable signal-to-noise ratio) is found in HPHT synthetic diamond, grown from
a pure cobalt melt. Three intense sidebands are from cobalt LVM with 44 meV.

DAP103 deleted

*Co-S5-DAP104 = (V,Coq)N; +y+z (standard, nine luminescence lines). This
defect is observed in HPHT synthetic diamonds, grown from a pure cobalt melt,
and annealed at 1,800 °C. It is similar to the corresponding *S5 Ni center (see
DAP60). The spectrum was recorded with a 1-us delay in order to discriminate
against overlapping lines from other defects (see Sect. 9.6).

*(V3Ni2)+-DAP105 (sideband, four absorption lines). DAP105 and DAP106
are observed in Ni containing HPHT synthetic diamonds or in Ni implanted and
annealed (7 =1,400°C) diamonds. The ZPL at 2.562eV (with a split-off line
at 2.588eV from ground state splitting) is observed in luminescence (decay time
140 ws), but in absorption only the 2.588-eV ZPL is (indirectly) observed. The
absorption spectrum starts at 2.780eV (DAP line; s = 50). Four QLVM sidebands
with 26 meV (2Ni + 2C) are observed for the 3.064eV (s =38) line. See also
DAP106/107.

*(V3Ni2)+-DAP106 (sideband, six luminescence lines).In high resolution, the
ZPL at 2.562¢V is split into 15 lines (of which nine are observed): A quintet from
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Nij, isotopes (see Table 7.5) with 1.56-meV separation, and each quintet line further
splits into a triplet with 0.33-meV separation.

*(V3Ni,)°-DAP107 (sideband, seven absorption lines). DAP106 and DAP107
occur in as-grown HPHT synthetic diamonds or in as-grown CVD diamonds. The
ZPL at 1.883¢eV is accompanied by lines at 1.906 and 1.914 eV (from excited state
splitting). Two LVM sidebands with 61 meV are observed.

*(V3Niy)°-DAP108 (sideband, two luminescence lines).The luminescence lines
are weak, and only two DAP lines are seen. See also DAP107.

*V1Si;°-DAP109 (sideband, eight PLE lines). DAP108 and DAP109 are
observed in Si contaminated CVD diamonds (ZPL at 2.646eV). The DAP lines
appear as weak structure on the broad bands. The PLE of the own luminescence
(DAP109) is monitored at the maximum of the band at 2.4 eV.

*V1Si;°-DAP110 (sideband, seven luminescence lines). See also DAP109.

*V,Nip " (c)-DAP111 (sideband, six luminescence lines). This spectrum is
observed in nickel containing HPHT synthetic diamonds after annealing at
T =1,500°C. From the three ZPL lines of *V;Niy*(a) at 1.693eV, *V,Ni, T (b)
at 1.940eV, and *V|Ni,T(c) at 1.991eV, only one DAP spectrum (DAP111) is
observed with relatively weak lines.

*(V3Co,)°-DAP112 (sideband, six luminescence lines). This defect is observed
in HPHT synthetic diamonds, grown from a pure cobalt melt, and annealed at
1,800 °C. The ZPL is split into three lines at 1.984, 1.989 (main), and 1.991eV.

*V1Si; -DAP113 (sideband, 11 luminescence lines). The spectrum (with ZPL
at 2.991eV) was recorded with a gate delay of 50 ns. See also DAP110.

*V1Zn;°-DAP114 (sideband, six luminescence lines).This center occurs in zinc
implanted and at 1, 400 °C annealed diamond. There are two QLVM sidebands with
32meV (1Zn + 3C).

*V1As;°-DAP115 (sideband, six absorption lines). These infrared lines (ZPL at
0.113eV) are observed in arsenic doped HPHT synthetic diamonds.

*(N1° + B;7)-DAP116 (standard, 11 luminescence lines). This spectrum is
observed in natural type Ia diamonds (see Table 9.1.5).

10.2 Broad Bands from Unresolved Lines

In an early publication [Dea65a], it was proposed that the band-A luminescence can
be consistently interpreted by unresolved DAP transitions. A list of 50 bands from
unresolved DAP transitions is given in Tables 10.2.1 and 10.2.2. Among them are
also the six bands for which the DAP character is now established (see Table 10.2.2).
Discussion. Some empirical rules can be derived from Tables 10.2.1 and 10.2.2.
The halfwidths W vary from 190 to 450 meV. This appears reasonable, because the
band should be confined between the end points of the respective DAP system, i.e.,
between L(s =o00) and E(s = 1), a spread which varies from 690 to 910 meV (full
width) or 345 to 455 meV (halfwidths) for D =1.24-1.63.
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Luminescence A-bands. In a 15 page publication, a group of overlapping lumi-
nescence bands (named A-bands) with emission from 1.5 to 3.8eV has been
described [Dea65a]. This emission occurs in natural diamonds (insulating = type I
and Ila, or semiconducting =type IIb) and has been studied by photo-, cathodo-,
and X-ray excitation [Dea64c, Dea65a]. The A-bands are contrasted with other
visible luminescence bands containing a pronounced zero phonon line, especially
those with a ZPL at 2.154eV (named NV, see DAP47), at 2.464eV (named H3,
see DAP51), at 2.498¢eV (named H4, see DAP38), and at 2.985¢V (named N3,
see DAP24) [Deab64c, Dea65a]. A further common feature of the A-bands is the
photoexcitation in two PLE bands at 5.37eV (DAP20) and 5.58 eV (DAP21).

For the present book, a tentative separation into nine individual overlapping
bands was undertaken (now named *Aju(a—e) for insulating diamond and
* Asemic(a—d) for semiconducting diamond, see Table 10.2.2).

The five *Ajsu(a—e) bands have peaks at (a) 2.15, (b) 2.45, (c) 2.72,
(d) 3.00, and (e) 3.30eV. The *Ajsu(c) peak at 2.72eV is dominant, and a
typical intensity distribution (for sample “DS21” [see [Dea65a], Fig. 1B]) is
*Ajnsut(@):(b):(¢):(d):(e) =7:17:51:19:6%.

The four Agemic(a—d) bands have peaks at (a)2.05, (b)2.20, (c)2.50, and
(d)2.80eV. A fifth band at 3.30eV is probably identical with the band Aj,sy(e) for
insulating diamond. At 80K, either the overlapping Agemic(a) and Agemic(b) bands
(unresolved peak at 2.1eV) or the Agemic(d) band at 2.80eV dominate, depending
on differences in the concentrations of acceptors and donors(Na — Np). For small
(Na — Np) the 2.1-eV band, dominates and for large (Ny — Np) the 2.8-eV band
[Dea65a, Fig. 5]. The sample temperature is also important: At 295 K the Agemic(c)
band at 2.50eV is dominant [Dea65a, Fig. 9].

On six bands (Ajpsui(@, b, ¢, d) and Agemic (b, d) a structure is superimposed, which
arises from resolved DAP transitions (see Tables 10.1 and 10.2.2). These six DAPs
are of the sideband type with a broad and very weak zero phonon line. Of special
interest is the Ajpsy(c) band with the peak at 2.72 eV and the ZPL at 2.985eV. This
ZPL (named N3(c)) can be sharp and intense, depending on the type of excitation
and on the crystalline quality of the sample. The variation in the peak intensities
(ratio ZPL: band) is demonstrated in three spectra. This ratio is 2:1 for the sample
“Sierra Leone” [Dea65a, Fig. 11],1s 1:1 for sample “DS21” [Dea64c, Fig. 1b], and
is 1:20 for sample “K82” [Deab4c, Fig. 1a]. This latter value is typical also for the
bands Ainsul(d) and Asemic(b’d)-

Six of the A-bands show DAP structure. The underlying bands arise definitely
from unresolved DAP transitions (in agreement with the interpretation in [Dea65a]).
Considering the similarity of the remaining three bands with the other A-bands,
it can be concluded that probably all broad A-bands arise from unresolved DAP
transitions. Using interpolation between the six analyzed and the three presumed
DAP systems, a set of predicted values for the end points L(s =o0) and E(s =1)
are given in parenthesis in Table 10.2.2.

Except for the Ajpsu(c) band at 2.75 eV, which arises from the V| N3°-DAP23/24
defect (ZPL = VN3(c) at 2.985¢eV), the atomic nature of A-band defects is not
yet established. With high probability the bands Ajsy(a) and Ajpsu(b) arise from
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the higher lying ground states of the N3(c) = V{N3° defect: N3(a)-DAP55 (ZPL at
2.297eV) and N3(b)-DAP56 (ZPL at 2.680¢eV). If structure could be observed on
these weak bands, this would be the final proof for the assignment.

For the Agemic(a—d)-bands from the semiconducting (type IIb) diamonds, the
involvement of boron is almost certain, and structures for DAP73 and DAP74 are
proposed (see Table 10.2.2).

In insulating HTHP synthetic diamond, a “green” band extending from 1.4 to
3.0eV and peaking at 2.1eV is reported [Dea65a]. This band is evidently quite
different from the “blue” A-bands in insulating natural diamond, because the
luminescence decay time for the slow “green” band at 80K is 25s, while only
10 ms are measured for the fast “blue” band. In [Dea65a] it is mentioned that
this difference provides a useful way to distinguish between natural and synthetic
diamonds (see also Chap. 14).

10.3 Depth of Donors (N, O, P) from Analysis of DAPs with
B Acceptor

For standard DAPs, the depth of the donor level (Ep) can be determined, if the
depth of the acceptor level (E,) is known (see (10.6a) and Table 10.3).

Fortunately, the ionization energy of the isolated boron acceptor is known
(EAo=0.370¢V, see (10.6b) and Table 9.2.1).

Ep = E;— L — Ea, (10.6a)
Ep = 5.490 — L — 0.370eV. (10.6b)

From (10.8b), the depth of the nitrogen centers N;°=C center (3.227eV),
*N, T =E center (3.479¢V), N»,° = A center (3.713eV), *No* (2.625eV), and
*N,2t (2.786eV) have been determined (see Table 10.3). These values are
discussed in Sect. 9.1.5.

The donor depths of oxygen and phosphorous are also given in Table 10.3.

10.4 Dependence of the Dielectric Factor D on the Number
of Electrons

For neutral defect centers there is a pronounced dependence of the dielectric
factor D on the total number of electrons involved (see Table 10.4). The number
of electrons for each neutral atom is identical to the element number Z (see
Tables 7.9a, b). The variation of D is from 1.20eV (for 168 electrons) to 1.63 eV (for
18 electrons). An approximate linear relationship can be expressed by the empirical
equation (10.7).
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D (eV) = 1.64 — 0.0039 (total number of electrons). (10.7)

It must be emphasized that Table 10.4 and (10.7) are based on assumptions
concerning the number of ligands involved. Nevertheless, a guideline is presented,
which allows to predict the dielectric factor D for the DAP analysis of a known
impurity. If an unquestionable value for the dielectric factor D is known, conclusions
on the defect structure are possible.

Exceptions are expected for unusual DAP centers.

1. For (P;° 4+ B;°)-DAP2 the electrons are highly delocalized (two shallow impuri-
ties). The unquestionable D value is 1.72 eV, while (10.7) predicts D = 1.41 eV.

2. For the (1, 0, 0) split shells interstitials there are four different DAP centers with
D factors 1.30 and 1.31 eV (see Table 8.2.1)

3. Associates of the (1,0, 0) split shells interstitials with nitrogen, boron or nickel
have D factors of 1.22 to 1.25¢eV (see Table 8.2.3)

4. The (1,0,0) (N;C,); interstitials and boron associates have D factors of 1.20 to
1.27eV (see Table 8.2.4)

5. Evidently, the different structures and charge states for the exception 1-4 do not
follow the relationships of (10.7) and (10.8a, b)

10.5 Dependence of the Dielectric Factor D on the
Charge State

There are several centers with DAP transitions, which exist in two or more different
charge states. In Table 10.5, the corresponding D values are listed. There is a quite
evident change of the D value with the change of the charge state. When the charge
state changes from singly negative to neutral to singly positive, the D value is
increased for each step by 0.11 & 0.05eV (10.8a, b). The physical reason for this
relationship is not known. However, this regularity helps in structure assignments to
defects with DAP transitions.

D (neutral defect) = D(negative defect) + 0.11eV, (10.8a)
D(positive defect) = D (neutral defect) + 0.11 eV. (10.8b)



Chapter 11
Vibrational Frequencies of Defect Centers
in Diamond

In many spectra, the zero phonon line (ZPL) is accompanied by sidebands which
arise from a coupling to localized vibrational modes at the defect center (see
Table 5.10 in [ZaiO1]). These sidebands occur on the high energy side in absorption
and on the low energy side in luminescence spectra. In some cases, the respective
frequencies are also observed as infrared absorption bands.

For light impurity atoms (m < 12), true local vibrational modes (LVM) are
observed (Sect. 11.1). Exceptions are weakly bonded heavier atoms like silicon or
nickel. In general, the LVM frequency in absorption is a few percent higher than in
luminescence. Examples are the SRL center (+2%, see Table 8.2.3) or the TR12
center (+8%, see Table 8.2.1).

For heavy impurity atoms (m >25), quasilocal vibrational modes (QLVM),
which have been recently discussed [Zai0Oa], can be observed (Sect. 11.2). The
QLVM frequencies are below the one-phonon lattice vibrations (86—165meV).
Exception are multiple light atoms in a cluster like N;C; from *(N;C;);, or C;
from distorted N1° = C center (see Tables 11.2 and A.3).

Lattice phonons (1LP) are not observed as sidebands of normal optical
transitions. However, the 1LP frequencies LA =87 meV, TA =141 meV, and
LO =163 meV occur in sidebands from free or bound excitons (Sect. 11.3).

11.1 Local Vibrational Modes

The usual equation for the LVM frequency is derived from a vibrating diatomic
molecule and is given by [Tho72]

= |k ! ! . 11.1
=l Gra)] ey
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Local Vibrational Modes
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11.1 Local Vibrational Modes 411

where k is the force constant (in units of the frequency squared), m is the impurity
mass, M is the ligand mass (M >m), and « is a fitting parameter (¢ =1 for
the diatomic molecule, o =1.22 for Si:B, o =1.46 for Si:C, and o =5.98 for
GaP:C(Ga) [Tho72]). The values for « are obtained from the known isotope shifts.
For diamond, the observed isotope shifts indicate a very large o value, i.e., the
approximations of (11.2a, b) are valid.

Some characteristic LVM frequencies are listed in Tables 11.1 and 9.5.8 and are
discussed below. For the calculation of the force constant k, it was assumed that
1/aM in (11.1) is negligible, which allows the use of the approximations

1/2
f= (%) . (11.2a)
k= f’m. (11.2b)

Hydrogen (m = 1): The C—H stretch frequencies (from Table 9.3.1) are in the range
350-368 meV for sp* bonding, 368—378 meV for sp? bonding, and 412 meV for sp!
bonding. The corresponding average force constants [in units 10* (meV)z] are 13,
14, and 17, respectively.
Boron (m = 11): The boron LVM frequency (see Table 9.2.1) is 160—162meV with
a resulting force constant of 29 x 10* (meV)>.
Carbon (m =12): The C-C stretch frequencies (see Table 11.1) are 97-177 meV
for sp* bonding. For the split self-interstitial centers, frequencies of 120-199 meV
for mixed sp?/ sp3 bonding and 177-245meV for sp? bonding are observed. For
completeness, the 270-meV frequency for sp' bonding (in polymer-like amorphous
carbon) is included. This leads to average force constants (in units10* (meV)z) of
22, 31, 53, and 88, for sp?, mixed sp?/sp°, spz, and sp!, respectively. The force
constant for the lattice Raman frequency (165.2meV) is 32.7 x 10* (meV)?.

Note, that there are generally reduced vibrational frequencies in platelets ((Ca, )i,
in Table 8.2.1, compared to the isolated self-interstitials ((C;);, in Table 8.2.1),
indicating a lengthening of the bonds. The reduction is —43% for the (sp?) = (sp?)
out of plane bend, —2% for the mixed (sp?)—(sp?) stretch at the surface of the
platelets (150—-165meV), +6% for the mixed (sp?)—(sp?) stretch at the rim of the
platelets (168—172meV), and —18% for the (sp?) = (sp?) stretch.
Nitrogen (m = 14): The frequencies of N—C vibrations are very similar to those of
the C—C vibrations (see Table 11.1).
Silicon (m = 28): The LVM frequencies for the * (Vgsiz)"/Jr centers are 65—70 meV.
The corresponding force constant is 13 x 10 (meV)z. This low value illustrates the
weak bond between the two interstitial silicon atoms (each between two vacancies).
Nickel (m = 58.7): Evidently, for the Ni-Ni or Ni—C bonds, the force constants are
very similar to those of the C—C bonds (see Table 11.1).
Silver (m = 108): The 67-meV frequency of the *(V,Ag,;)° center (see Table 8.4)
corresponds to a force constant of 48 x 10* (meV)Z.
Thallium (m = 204): A force constant of 41 x 10* (meV)2 is derived from the
45-meV frequency of the (VTl;)° center (see Table 8.1.7.2).
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11.2 Quasilocal Vibrational Modes

It has been shown that the theory for QLVM [Bro62] can explain the
frequencies and line width of heavy impurities (33Si, *8Ti, 3>Cr, ¥Ni, °Co, Zn,
108 g I18ITj 184w and 2°4Tl) [ZaiOOa]. The theoretical expressions for the
frequency f and the line width w of a acoustic QLVM vibration are:

Ih
f =/ [%("MI_MC)} : (11.3)
_ (JTMc/6)
w= fDm, (11.4)

where fp =150meV is the Debye frequency of diamond, Mc =12 is the host
atom mass, and n is the number of impurity atoms M. After insertion of fp and
introducing the reduced mass Mg = (nM] — Mc), the (11.3) and (11.4) become:

106 1/2

S (meV) = [—(II.ZSMR)} . (11.5)
104 1/2

w(meV) = [—(10.6MR)} (11.6)

Equations (11.5) and (11.6) are used to calculate the QLVM data in Table A.3.

In Table 11.2 observed QLVM data are compared with calculated values. The
observed frequencies are in the range 21-80 meV, corresponding to total masses
of 204 (T1;) — 26 (N;C,). The agreement with the calculated values is very good
(deviation <2meV). It should be pointed out that of the 34 vibrating units in
Table 11.2, only eight are single impurity atoms, while 26 are clusters with up to
eight carbon atoms.

11.3 Lattice Phonons in Free and Bound Exciton Sidebands

Lattice phonons at k =0.76 in the (0 0 1) direction (minimum of the conduction
band) have values of 87 meV (TA), 141 meV (TO), and 163 meV (LO). In sidebands
of the free exciton, the 141-meV phonon is dominant and is observed up to the fourth
harmonic [Dea65b]. The 87-meV phonon is weaker (up to the third harmonic), and
the 163-meV phonon is very weak (no harmonics). The bound exciton spectra of
lithium, boron (see Table 9.2.6), and phosphorous show a similar coupling to lattice
phonons.



Chapter 12
Modification of Diamond by Irradiation
and Heat

More optical centers are observed in modified diamond than in natural diamond. An
example is given by the 75 centers of intrinsic defects and associates in Chap. 8,
where only 24 occur in natural diamond.

An important method in creating additional defect centers in diamond is the
irradiation with X-rays, high energy electrons, or fast neutrons (Sect. 12.1).

Ion implantation is used to introduce specific impurities with simultaneous
radiation damage (Sect. 12.2).

With heat treatment, the migration of intrinsic defects and of impurities is
activated. Both aggregation and dissociation can occur, i.e., new defect centers are
created or annealed out (Sect. 12.3).

12.1 High Energy Irradiation by X-rays, Electrons,
or Neutrons

The basic radiation damage is the displacement of a carbon atom from its lattice
site, leaving behind one vacancy and one self-interstitial. Also some lattice disorder
occurs. The three types of irradiation differ by their penetration depth and by the
resulting lattice disorder.

12.2 Ion Implantation

With ion implantation and subsequent annealing at 800—1,400 °C, optically active
centers of He, Li, Ti, Cr, Zn, Ag, Xe, and TI have been successfully produced
(see Tables 8.1.7.1 and 8.1.7.2). All these centers are associated with one or
two vacancies. Nitrogen ion implantation is very efficient in producing nitrogen
containing optical centers in diamond. One example is the *(C,)iN] center at

B. Dischler, Handbook of Spectral Lines in Diamond, 413
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3.188¢eV (see Table 8.2.3). With carbon ion implantation the just mentioned center
can also be obtained. For many ions the implantation did not produce optical centers
(Be, F, Na, S, Cu, Ga, Y, Nb, Mo, Pd, Cd, Sb, and Au) [Zai00a].

12.3 Heat Treatment

Heat treatment is a powerful tool to remove lattice disorder after irradiation or ion
implantation. The self-interstitial (C,);° with a migration activation energy of 1.7 eV
anneals out at temperatures of 420-700 °C. At slightly higher temperatures, i.e.,
500-1,000 °C the single vacancy anneals out, having a migration activation energy
of 2.4eV [Mai94b].

At higher temperatures, a protecting pressure is necessary during anneal to avoid
graphitization. This is usually accomplished by using the same apparatus as for
HPHT diamond growth.

The heat (1,500-1,900 °C) induced nitrogen aggregation (N;° (C center) to N,°
(A center) to V{N4° (B center)) is described in Sect. 9.1.6.1 for nonirradiated sam-
ples. In the presence of vacancies (irradiated samples), association with nitrogen
centers starts above 600 °C and centers are formed, which also occur naturally: NV
(= ViN;°) from N;° (C center), H3 (= VN;°) from N,° (A center), and H4
(= VaNy°) from V| N4° (B center) (see Sect. 9.1.6.2).

For nickel centers in nitrogen-rich samples, interesting annealing effects occur
in the range 1,500-1,900°C (see Sect. 9.5.6 and Table 9.5.6). The quantitative
transformation of *(V3Niy)° at 1.883eV into *V|Ni,™ at 1.693eV (at T <
1,800 °C) has been documented [Law93a].

In a forthcoming book [Zail0Q] the optical changes, which result from HPHT
treatment of diamond, are described in detail.



Chapter 13
Isotopic Line Shifts in Diamond

Isotopic line shifts from 2H/'H, '*C/'?C, and 'N/'*N substitution are collected
in Tables 7.1, 7.2, and 7.3, respectively. The effects of 13C or '°N substitution have
been discussed in the literature [Col87a], [Col87b,Col88c,Col90b, Dav94b,Dav99a,
DavOla]. The shifts from the natural isotopes °*Ni, ®'Ni, ®’Ni, and ®*Ni are given
in Table 7.5. Calculated and observed shifts and intensities from the natural isotopes
2881, 29Si, and 3YSi are shown in Tables 7.4 and 9.4.2.

13.1 Isotopic Line Shifts at Zero Phonon Lines

2Hydrogen = D: The isotopic line shifts in zero phonon lines (ZPL) are expected
to be small. For H =D substitution (Table 7.1), an isotope shift of —0.5% is
observed for the 0.412eV ZPL= (V4D,)°-DAP40. Remarkable is the splitting of
the DAP40c (shell = 20) line into five equidistant components (intensities 1:4:6:4:1)
for 50% D substitution with a total shift of —2.2%. The involvement of four
equivalent hydrogen atoms is thus established.

13Carbon: In '3C substituted samples (Table 7.2), isotope shifts of —0.3% to +0.3%
are found. In 17 cases, the shift is negative, in two cases there is no shift, and in 38
cases the shift is positive. In 13C diamond, the bond length is decreased by 0.015%,
and a compression of the lattice usually increases the zero phonon energy [Dav99a].

Nickel: Line splittings arising from the five natural isotopes of nickel (68% >®Ni,
26% ©Ni, 1% °'Ni, 4% ©’Ni, and 1% °*Ni) are observed for three centers (see
Table 7.5). A very small shift of —0.006% per increasing mass unit is observed
for the *INi 1.40 center (single nickel atom). Only the three most abundant
isotopes are seen in the DAP62 transitions for the shells 9, 14, 22, 64, and 162
(*(VaNi; )Ny 44, = *S7 center). The average shift is +0.28% per increasing mass
unit. The splitting into five equidistant line groups reveals the involvement of two
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equivalent nickel atoms in the *2Ni 2.56 center. The shift is +0.03% per increasing
mass unit.

Silicon: The three natural isotopes of silicon (92% ?8Si, 5% *°Si, and 3% 3°Si) give
rise to splittings from two equivalent silicon atoms in the spectra (absorption and
luminescence) of the *2Si 1.68 = *(V3Si») " center (see Tables 7.4 and 9.4.2). The
average shift is —0.02% per increasing mass unit. A splitting into five lines from
the combined masses 56, 57, 58, 59, and 60 is expected. However, the calculated
intensities for the masses 59 and 60 are below 0.13%, which is too weak for
observation. The almost perfect fit of the observed and calculated intensities (for
two equivalent silicon atoms) rules out the possible involvement of a single silicon
atom (see Table 9.4.2).

13.2 Isotopic Frequency Shifts at Local Vibrational Modes

2Hydrogen=D: The observed shifts for vibrational C—H lines after >H=D substi-
tution are close to the theoretical value of —29.3% (see Table 7.1). Some smaller
shifts (—21.7% to —22.8%) are observed especially for sp? and sp' hybridization.

13Carbon: After '3C substitution, the observed frequency shifts for C—C vibrations
(including the lattice phonons 1LP(q), 2LP(c, €, 0, p), and 3LP(a, b)) are close to the
theoretical value (—3.9%). Observed shifts for centers containing N atoms are in the
range —1.6% to —2.9%. This indicates a partial localization of the vibrating energy
at the carbon atom in the C—N vibration. Examples are: 60% N for the 0.212-eV line
of *(N1C1)i+ and 30% N for the C(d’) line at 0.140eV (see Tables 7.2 and 9.1.1).

I5Nitrogen: The full theoretical shift for N-N vibration is —3.4%. Vibrational line
shifts in the range —1.3 to —1.9% are observed for >N substitution. This implies a
partial localization of the vibrating energy at the carbon atom in the N-C vibration.
Examples are 70% C for the C(d’) line at 0.140eV and of 40% C for the 0.212eV
line of *(N1C1)1+. An interesting result is the —2% shift for the *(N;);° center
(0.230eV line), which indicates a 40% C participation in the central N—N vibration.

Partial >N substitution revealed a single nitrogen atom (two lines for mixed
isotopes) in the *(N|C,);° center (H1a line at 0.180eV). Two equivalent nitrogen
atoms (three lines for mixed isotopes) were found for the*(N,);° center (0.230eV
line) (see Table 7.3).

13.3 Isotopic Frequency Shifts at Quasilocal
Vibrational Modes

I3Carbon: The isotope shift for quasilocal vibrational modes (QLVM) frequencies
is larger than for local vibrational modes (LVM) vibrations, and it depends on the
number of atoms involved (see Table A.3). For '3C substitution the theoretical
QLVM shift is —7.4% for 2C (79.7/86.1 meV), —5.7% for 3C (57.4/60.9 meV),
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—5.2% for 4C (47.1/49.7meV), and —4.7% for 5C (41.0/43.0meV). Experimental
shifts are observed for two sidebands of the 3.188eV = *(C,);Ny center: —3.6
(calculated —3.4 for IN4+1C) meV at 3.116eV, and —3.4 (calculated —3.8 for
IN+2C)meV at 3.136eV (see Table 7.2).



Chapter 14
Spectroscopic Discrimination Between Natural
and Nonnatural Diamond

Nonnatural diamonds are, of course, all diamonds from HPHT or CVD synthesis.
Of increasing interest are diamonds, which were originally natural, but have been
artificially changed in their properties.

The first question is: Are there spectroscopic properties, which are observed
exclusively either in natural or in nonnatural diamond?

The answer for synthetic diamond is: Yes. Now, the second question concerns
the spectroscopic method: Preferable is a simple apparatus, which can finally
be developed into a handheld version. The apparatus should also accept raw or
multifacetted diamonds, in contrast to the polished parallel plates, generally used
in spectrometers.

Indeed, the method named “diamond view” perfectly meets these requirements
(see Sect. 14.1).

14.1 Existing Methods

Researchers (Paul Spear et al.) at the discrimination laboratory of De Beers
in London have presented the “diamond view” method [Pen00]. A bright blue
luminescence is observed (after excitation with hard ultraviolet light) in synthetic
diamonds. Very characteristic is a phosphorescence for 3—5 s after the UV light is
switched off. In natural diamonds the phosphorescence is totally absent, and the
blue luminescence is also absent or very weak [Shi92].

No satisfactory physical explanation for the phenomenon can be given at present.
Initially, it was proposed, the difference should arise from the different growth
planes of diamond. These are dominant octahedral in natural and dominant cubic
in synthetic diamonds. This explanation turned out to be insufficient, after purely
octahedral synthetic diamonds were grown [Pen00]. The phenomenon originates
rather from the significantly different growth history. The natural diamonds have a
growth time of many years and experience annealing conditions during millions of
years. In contrast, the synthetic diamonds are grown within several days.

B. Dischler, Handbook of Spectral Lines in Diamond, 419
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14.2 Alternate Methods

(a) Synthetics: For the future is may be necessary to develop alternate methods,
replacing the very efficient “diamond view” method, which is the best spectroscopic
choice at present, but can possibly be ruled out by novel synthesis methods.

One existing alternate method is the search for growth features, which are
characteristic for synthetic diamonds. Here again, these features could be avoided
in the future with refined technology.

It is promising to look for spectral features, which occur exclusively in natural
diamonds. The (V{H;) center can serve as an example. It is a common defect
in natural diamonds, but is absent in synthetic diamonds. There are two sharp
absorption lines arising from C-H stretch (0.3852eV) and bend (0.1742¢eV)
vibrations (see Table 9.3.1). Using a tunable laser, the absorption ratio measured
at the line and in the neighborhood should provide high sensitivity.

In Table 14.2, additional lines are listed, which after present knowledge should be

exclusive to natural diamond. Broad bands are omitted, because their identification
is more difficult than for sharp lines.
(b) Fancy Colors: The artificial coloring of diamond by radiation damage and
annealing has been discussed in detail in [Col97]. More recent results on the
recognition of HPHT treatments of diamond will be published in a forthcoming
book [Zail0].

Table 14.2 Lines (probably) exclusively observed in natural diamond

Label Energy (meV) Defect Name Comment

NA0058 57.65 ? Fig. 3.7, [Fer96]
NAO174a 174.2 *(ViH))° Natural C-H bend
NAO0182a 182.2 *(ViN{H,)° Natural N-H bend
NAO0174b 385.2 *(ViH))° Natural C-H stretch
NAO0182b 401.2 *(VIN{H))® Natural N-H stretch
NL1264 1.264 ?

NL1328 1.328 ?

NL1360 1.360 ?

NA1500 1.500 ? N1

NL1559 1.559 ?

NL1946 1.946 ? NBD

NL2001 2.001 ?

NL2024 2.024 ?

NL2082 2.082 ? NBD

NL2088 2.088 ? NBD

NL2099 2.099 ?

NL2134 2.134 ?

NL2157 2.157 ? NBD, related to NL2082?
NL2167 2.167 ? NBD, related to NL2082?
NL2175 2.175 ? NBD, related to NL2082?

(continued)
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Table 14.2 (continued)

Label Energy (eV) Defect Name Comment
NA2202 2.202 ? NBD
NL2205 2.205 ? NBD
NL2391 2.391 ? NBD
NA2596 2.596 ? N2

NA2615 2.615 ? NBD
NA2767 2.767 ? NGD
NA2792 2.792 ? NGD
NA3593 3.593 ?

NA3877 3.877 ?

NA4191 4.191 ? N8

NA4468 4.468 ?

NA4646 4.646 ?

NL4986 4.986 ? N line

NA4990 4.990 ? N10

NL4999 4.999 ? M line

NL5037 5.037 ? L line

NL5092 5.092 ? K line

? unknown defect



Chapter 15
Conclusions and Outlook

15.1 Conclusions

One basic idea for this book was to split up the huge number of spectral lines into
27 tables (see Chaps. 2-7), based on the two criteria, (a) the type of sample and
(b) the method of observation. A further aim was the interpretation, i.e., assignment
of the lines to specific defects, and (hopefully) identification of the corresponding
structure.

Structure assignments: This handbook is a breakthrough in the understanding of
the large number of spectral lines in diamond. Data on more than 2,000 lines and
bands are presented in 200 tables, including many unpublished results.

With a novel organization scheme, the search for a specific line is greatly
simplified as a benefit for researchers and students.

In order to meet the interest in the understanding of the spectra, structure
assignments for 80% of the lines are given, of which 15% only were published
before. The majority of the structures for the 300 centers is explained in most cases
for the first time.

Examples for successful structure assignments are: The infrared centers D =
platelets =* (Cy,)i°, E =* N1, F =* V|N4(C,);°, and the visible or ultraviolet
centers TR12-TR17 =* (C;); , and N9 = VN4~

Donor-acceptor pair (DAP) transitions: A considerable progress is achieved by
the identification of 97 donor—acceptor pairs (116 DAP entries in Table 10.1), which
(with two exceptions: DAP1 [Dis94a, Dis94b] and DAP2 [Ste99a, Ste99b]) are
published for the first time. The group of lines GR2—-GRS, which for many years
was a “basic puzzle,” is now explained by DAP32. The DAP results are of great
help when discussing the defect structures.

Sideband type DAPs: These occur exclusively with intrinsic defects (vacancies,
interstitials, and their associates). If a sideband DAP is found, the respective center
must contain an intrinsic defect. Conversely, if the ZPL of a center with an intrinsic

B. Dischler, Handbook of Spectral Lines in Diamond, 423
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defect is found, one can look for DAP transitions, which can be weak enough to be
overlooked (see Table 10.1).

Depth of donor centers: In Table 10.3, the depth of five deep nitrogen centers (Ep
between 1.44 and 3.48 eV) are listed, together with 2.59 eV for oxygen and 0.62eV
for the shallow phosphorous donor.

Dependence of the dielectric factor D on the total number of electrons: For
neutral DAP centers, there is a close relationship between the dielectric factor D
and the total number of electrons. This allows to determine the number of ligand
carbon atoms involved (see Table 10.4).

Dependence of the dielectric factor D on the charge state: In Table 10.5 an
empirical law is demonstrated. Going from the negative charge state over neutral to
the positive charge state, the dielectric factor is increased by 0.05-0.16eV with an
average of 0.11eV. One surprise was the positive charge state of the GR2-8 center
(V11). This explains the intense photoconductive response of GR2-8.

Transition metals: Until recently, only six nickel centers were described [Col97b].
In Tables 9.5.1.1-9.5.1.2 the present knowledge on 20 nickel centers with eight
standard DAPs (S2-*S9), and eight sideband DAPs, and four centers without DAP
lines are listed.

Surprisingly, cobalt centers in diamond were unknown until a pioneering article
appeared [Law96]. In Table 9.6 all observed lines are assigned to six cobalt centers,
including three sets of DAP transitions.

Of the other solvent metals, only lines from chromium and iron are found (see
Table 9.7.2). Using doping or ion implantation, optical centers of Ti, Zn, Zr, Ag, Ta,
and W have been produced (see Table 9.7.2).

15.2 Outlook

Continued research is necessary for a better understanding of those optical centers
in diamond, which have only a proposed assignment and structure (marked by a
preceding *). Also, there are still 20% of the lines, which are not yet assigned.

Spectra: A better signal-to-noise ratio is desirable for many DAP transitions. Often,
these sidelines are weak and were of no interest before the present DAP analysis.

Isotopes: One powerful method in defect structure assignment is isotopic line
shift analysis: (zH, 3¢, BN, 29Si, 3984, ONji, 2Ni, see Tables 7.1-7.5). Especially,
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partial isotope substitution can reveal the number of atoms involved (e.g., 3 lines
for *(N,);° (see Table 7.3) or 5 lines for *(V4D,)° (see Table 7.1).

Photoconductivity spectra: In Chap. 10 of [Zai01], 59 PC peaks or thresholds
are listed. Until now, only in few cases a correlation with optical centers is given.
The defects with DAP transitions are good candidates for PC measurements. Two
excellent examples, where optical absorption and PC spectra coincide, are *V;* —
DAP32 = GR2-8, and *V N4~ — DAP63 = NO9(a).

Electron spin resonance: More ESR results are desirable. Many defects have
several charge states (see Table 10.5) and are probable candidates for ESR
measurements.

Correlations: It is important to measure for one particular sample the optical lines
in different spectral regions. Until the pioneering work with IR and UV correlation
appeared [Naz87], the well known A, B, and C centers were regarded as isolated
IR centers, ignoring their UV lines. It is expected, that, more such correlations can
be established. An elegant proof for the correlation of two charge states of the same
defect is the quantitative photochromic interconversion between two spectra (e.g.,
V,° = GR1 and V;~ = R10 = NDI). Many more defects exist in several charge
states (see Table 10.5).

Theory: The theoretical treatment of defects in diamond should be extended.
Theorists can hopefully provide a comprehensive treatment for the new field of
DAP transitions, including the phenomenon of high intensity shells, and the near
shell correction.

Nanodiamond: These new materials (nanowires, nanoparticles) are of high interest
for applications. A comprehensive description of the optical properties is desirable.



Appendix A

A.1 Historical, Existing, and New Names of Centers
in Diamond

It is not surprising that with the large number of spectral lines in diamond a
considerable number of names appeared in the literature.

A.1.1 Historical Names

The 53 historical names in Table A.1.1 were introduced in a systematic way by
[Cla56a, Cla56c¢]: Letters A—F for the infrared centers; names N1-N10 for lines in
natural diamond; GR1-GR8 for lines after general radiation; radiation lines R9—
R11, radiation lines TR12-TR17 in type II diamonds (now also in type I); and lines
H1-H18 in heat treated diamonds (usually after irradiation).

A.1.2 Existing Names

The 66 existing names as mentioned in [ZaiO1] are given in Table A.1.2.

A.1.3 New Names

The 72 new names in Table A.1.3 are introduced in this book.
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A.2 Calculated Coulomb Factors for Donor-Acceptor Pairs

In Table A.2, calculated Coulomb factors of donor—acceptor pairs for the shells
1-228 are listed [see (10.3)]. The 18 high intensity shells are printed in bold, and
the “near shell correction” is performed for shells 1-6 (see Sect. 10.1). For s > 52
only even shells and for s > 106, only observed shells are listed. A similar table is
given in [Dea73].

The degeneracy of the shells is determined by the lattice vector as follows:

(evenl, 0, 0) 6
(evenl, evenl, 0) 12
(evenl, even2, 0) 24
(evenl, evenl, evenl) 8
(evenl, evenl, even2) 24
(evenl, even2, even3) 48
(0dd1, odd1, odd1) 4
(0dd1, odd1, odd2) 12
(0dd1, 0dd2, odd3) 24

The number of empty shells (Sempty) can be calculated by a formula given in
[Wil70]:
Sempty = 4m@Bn +7); m=1,2,3; n=0,1,2

Numbers of empty shells are: 28, 60, 92, 112, 124, 156, 188, 220, 240, etc.
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A.3 Calculated Frequencies and Linewidths for Quasilocal
Vibrational Modes

Calculated frequencies and linewidths for quasilocal vibrations in diamond are listed
in Table A.3 [see (11.5) and (11.6)]. Observed examples are indicated, and for
AM > 80 only data for observed examples are given.
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Helium, 361, 388

High intensity shells, 382, 383, 445

High pressure synthetic diamond (HPHT),
6

Historical names, 427430

History, 5

Homoepitaxial CVD, 333

HPHT synthesis, 366

Hydrogen, 285, 322-334, 361, 411, 416
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