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ABSTRACT

This thesis rvports experimental measurements of photo-
ductivity,electrical resistance as a function of tempera-
ture and the thermoelectric effect, which give information
about the electronic properties of three of the simplest
defects in diamond. These are the vacancy which is charac-~
terised by the GR1 and GR2-8 optical absorption features,
the isolated substitutional nitrogen donor which occurs
predominantly in type Ib diamond, and i defect which gives
rise to the ND1 optical'absorption system and is probably
the nitrogen interstitial. ,

Minima occur in the photoconduction spectrum of
irradiated diamond at the positions of maxima in the GR1
absorption band; this observation is consistent with the
model in which the GR1l transitions occur between bound

. states of the vacancy and with the fact that GR1l luminescence

has been observed. Photoconduction maxima, which persist
down to 8K, are observed at the positions of the GR2-8 and
the ND1 optical absorption maxima; these observations
explain the absence of ND1 lumines :ence which has been
reported in the literature. The nechanism whereby these
sharp photoconduction peaks are created even at very low
temperatures cannot be established from these measuremencs,
but it is suggested that autolonization takes place from the
second and higher excited states of the vacancy and the
first excited state of the NDl centre which lie within the
conduction or valrance bands. These results are considered
to be of considerable importance for future theoretical
treatments of the electronic states of these centres.
Measurements of photoconduction in natural and syn-—
thetic type Ib diamond show that the 4 eV threshold which
has been observed in the spectrum of type Ia diamend is not
characteristic of the type Ib spectrum; the commonly held
view that this is the photoionization threshold for the
isolated substitutional nitrogen donor is therefore believed

ih

WG e




o ETE e MR ey f

PR

it e

iii

to be incorrect. It is suggested from the results of
measurements of photoconduction, electrical resistance

as a function of temperature and the thermoelectric effect
in type Ib diamond that the thermal activation energy of
this donor is about 1.7 eV and that the optical ionization
threshold is about 2.2 eV at 80K. The difference between
these two activation energiles is discussed in terms of the
large Jahn-Teller distortion experienced by the centre.

An additional photoconduction feature in natural type Ib

diamonds, with a temperature independent threshold at 1.7 eV,
is tentatively identified with the electron paramagnetic
resonance 'Leivo' centre.
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CHAPTER 1

INTRODUCTION

Diamond is a crystalline form of carbon, in which each

‘carbon atom is covalently bonded to four neighbouring atoms

and provides one of the two electrons in each bond. The

~erystal structure consists of two face-centred cubic

lattices which interpenetrate and are displaced from each

‘other by a quarter of the body diagonal., The resulting

material 1s extremely haxd and has a high coefficient of
thermal conductivity - a combination which makes diamond
very valuable industrially as a cutting, grinding and
polishing material. Two of its optical properties which
contribute to making diamond the most valued of all gem~
stones are its high refractive index and ﬁhe fact that it
is (in pure form) transparent to the whole visible spectrum.

Dianond is the simplest of the covalently bonded
materials whiclh have the diamond structure, and the study
of the electronic properties of defects in diamond is of
considerable scientific interest. With the exneptilon of
the acceptor centre in semi-conducting diamond, defects in
diamond give rise tc deep-lying energy levels within the
forbidden energy gap. While the electronic properties of
shallow impurity levels are well understood, the theoreti-
cal description of deep electronic states of impurities
and defects produced by radiation damage in covalently
bonded solids has been described as one of the most import-
ant unsolved problems in modern theoretical solid state
physics (Messmer and Watkins 1973; ILarkins 1973).

Lavels which lie within the forbidden enexgy gap of
crystalline solids give rise to experimentally observable
features such as increased electrical conductivity, electron
paramagnetic resonance, and optical absorption, iuminescence
and photoconduction at energies considerably less than the
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intrinsic band gap enerdgy. Experimental studies of proper-
ties like these are of considerable interest since they
provide valuable information about the position and nature
of the levels concerned.

In this thesis, the electronic properties of defects
in diamond are reviewed. Investigations are reported of
(1) the photoconductive properties of defects which are
induced in diamond by electron irradiation, and (ii) the
photoconductive and allied properties of type Ib diamond,
which contains nitrogen atoms in isolated substiftutional
form. ' | )

Some ©f the results reported in this thesis are publish-
ed in the following papers: |

'On the Substitutional Nitrogen Donor in Diamond'
Farrer RG 1969  Solid State Comm. 7 685

*Photoconductivity in Irradiated Diamond’
Farrer RG and Vermeulen LA 1972 J. Phys., C: Solid
State Phys. 5 2762 ' |

*Charge Carriers in Diamond'
Vermeulen LA and Farrer RG 1975 Diamond Research 1975
(Industrial Diamond Information Bureau, London) (to be
published)
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CHAPTER 2

ELECTRONIC PROPERTIES OF DEFECTS IN DIAMONDS

2.1  General properties ¢ ' defects in diamonds

2.1.1 Type Ia diamond

Natural diamonds were originally classified into two
types depending on théir‘optical absorption in the infrared,
vigible and ﬁltraviolet regidns of the spectrum (Robértson,
Fox and Martin 1934:; Sutherland, Blackwell and Simeral
1954; Clark, Ditchburn and Dyer 1956a) . Type I diamonds
(now known as type Ia following the subdivigion of type I
diamonds into two types by Dyer, Raal, du Preez and Loubser
(1965)) show absorption starting at about 330 nm which
increases fairly rapidly at shorter wavelengths (the so-
called 'secondary absorption edge'), whereas type II dia-
monds are transparent down to the fundamental absorption
edge at 225 nm. Tyﬁe Ia diamonds alsa show absorptioh in
the infrared at wavelengths longer than 7 pm, which is not
present in typé II diamonds; this is due to singlemphonon
absorption, which is forbidden in perfect diamond (Lax and
Burstein 1955) and indicates the presence of defects which
lower the symmetry of the crystal structure in their
neighbourhood.

Frank (1956) suggested that anomolous spikes which
had been observed in the ¥~ray diffraction patterns of type
Ia diamonds (Raman and Nilakantan 1940; Hoerni and
Wooster 1955) might be due to the precipitation of an im-
purity in the {100} planes. The major impurity in type Ia
diamond was identified by Kaiser and Bond (1959), who showed
that the strongest absorption band in the infrared (at 7.8pm)
and the ultraviolet absorption at 306.5 nm were proportional
to the amount of nitrogen in the diamonds (which was present

;
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in concentrations of up to 0.25 atomic percent). Elliott
(1960) suggested that the nitrogen might be in platelet form
and in 1962 Evans and Phaal observed the presence of plate-

lets in type Ia diamond by transmission electron microscopy .

Recent experimental work has cast doubt on the belief
that most of the nitrogen in type Ia diamond is in platelet
form. Sobolev, Lisoivan and Lenskaya (1968) have showed
that the X-ray spike intensity does not correlate with the
absorption at 7.8 um, but does correlate well with an
absorption peak at 7.3 um. 'Evans and Wright (1971) have
confirmed that a direct correlation exists between the
integrated spike intensity and the total platélet area per
unit volume, while Davies (1971) has found that the 7.3 um
peak is connected with little, if any, of the nitrogen in
type Ta diamonds. Evans (1972, 1973) has suggested that the
platelets are composed of an extra plane of carbon atous
due to tha precipitation of interstitial carbon atoms,which
are created when interstitial nitrogen atoms (incorporated
during growth) diffuse to substitutional nitrogen atoms
and exchange with a neighbouring substitutional carbon
atom to form a pair of substitutional nitrogen atoms. This
process of exchange continues and small aggregates of
nitrogen on substitutional sites are formed.

Sutherland, Blackwell and Simeral (1954) subdivided
the infrared absorption peaks which occur in the one-phonon
region in type Ia diamond into two groups - A and B.

Davies (1971, 1972a) has separated the spectra characteris-
tic of the A and the B features on a quantitative basis;
typical A and B spectra are shown in Fig. 2.1. The group A
bands are characteristic of the nitrogen identified by
Kaiser and Bond (1959) and the group B bands appear to be
due to a different type of small nitrogen aggregate (Davies
1971; Sobolev and Lisoyvan 1972). The B' peak at 7.3 um
wag originally thought to be associated with the B yroup,
but has been shown to be independent of it (Clark 1965a,
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FIG. 2.1 The one-phonon absorption spectra dus to (a) the A
form and (b) the B form of nitrogen in type Ia diamond (from
Davies and Summersgill 1973). The B' penk in (b) is independent
of the B form of nitrogen.

(c) shows the spectrum due to single substitutional nitrogen in
type Ib diamond (from Davies 1972a and Dyer et al 1965)
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Davies 1971); it is the feature which is now correlated
with the platelets. It was also believed that the B group
was associated with the N3 absorption system which occurs
~in many type Ia diamonds (Sutherland, Blackwell and
Simeral 1954) and with the N9 absorption band (Clark,
Ditchburn and Dyer 1956a); both of these associations
have been shown to be incorrect (Davies and Summersgill
1973), and the N3, N9, A and B absorption features are now
thought to be independent.

The N3 absorption system (Mani 1944; Clark, Ditch-
burn and Dyer 1956a) consists of a principal line (which
Davies and Summersgill (1973) have recently reported to be
a doublet) at %.989 eV (415.0 nm) accompanied on the high
energy side b'' a number of ancillary lines which are
spaced about ).08 eV apart. Fluorescence is observed from
the N3 centre ‘Nayar 1941; Dyer and Matthews 1957), the
emission spectrum being a mirror image of the absorption
spectrum - a principal line at approximately the same
position with ancillary lines at lower ener¢ies. The nature
of these spectra is understood in terms of electronic
transitions which take place hetween the ground state and
the excited state of the N3 centre = the principal line
being due to 'zero-phonon' electronic transitions, and the
ancillary lines arising out of an interaction between the
electronic states and the lattice vibrations (Elliott 1956,
Clark 1965b).

It has been shown that the N3 centre has trigonal sym-
metry and that the 2,989 eV transition takes place between
a non-degenerzate ground state and a doubly degenerate excited
state (Elliott, Matthews and Mitchell 1958; Runciman 1965;
- Crowther and Dean 1967; Clark and Norris 1970). The N3
absorption has been found to correlate (du Preez 1965) with
the so~called 'l4-line' electron paramagnetic resonance
system first observed by Smikh, Gelles and Sorokin (1959},
although there is some doubt whetner the correlation is be-
tween the 14 line spectrum itself or with a broad underlying
resonance line (Loubser and Wright 1973)
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The nature nf the N3 centre is still uncertain.

Smith, Gelles and Sorokin (1959) suggested that the 1l4-line
spectrum might be due to a single substitutional aluminium
atom, but Every (1963) showed that this is highly unlikely.
Dean (1965) proposed that the N3 defect might be a nearest
neighbour donor-acceptor (nitrogen—-aluminium) pair; his
suggestion was supported by Sobolev, Il'in, Gil'bert and
Lenskaya (1969%a). Loubser and Wright (1973) have reported
electron nuclear double resonance spectra of the l4-line
system, and reject the donor-acceptor pair model in favour
of a model first suggested by Mitchell (1964) which consists
of three nitrogen atoms in next nearest neighbour positions
on a {lll} plane.

Another optical absorption system which has been
investigated in some detail is the N9 system, which has a
pair of zero phonon lines at 5.257 and 5.261 eV (at 100 K).
This system was observed by Clark, Ditchburn and Dyer (l956a)
to occur in intermediate diamonds which showed some of the
abgorption systems characteristic of type Ia diamonds
(notably the N3 system) but in which the secondary absorp-
tion edge was absent. The luminescence from this system has
been studied in detail by Wight and Dean (1967) who
attributed their obsexvations to the recombination of
excitons bound to nearest neighbour donor-acceptor pairs -
the same centre as was originally thought to be responsible
for the N3 absorption and emission system.

2,1.2 Type Ib diamond

, The discovery of single substiltutional nitrogen atoms
in diamond was mads by Smith, Sorokin, Gelles and Lasher
(1959), who obsexrved the electron paramagnetic resonance

signal due to the extra unpalred electron introduced by

the nitrogen atom compared to the carbon atom it replaces.
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Dyer, Raal, du Preez and Loubser (1565) suggested that
diamonds containing nitrogen predominantly in this form
be classified.as type Ib, whereas diamonds containing
nitrogen most of which i1s in aggregate form be classed as
type Ia. When synthetic diamond contains nitrogen it is
present in the single substitutional form (Charette 1961;
Huggins and Cannon 1962; Sobolev et al 1969b; Chrenko,
Strong and Tuft 1971) and is therefore classified as type
ib.

Much of the information which is known alout the sub-
stitutional nitrogen atoms has been deduced from electron
paramagnetic resonance Studies, Smith, Sorokin, Gelles
and Lasher (1959) determined that the extra electron is
localised in an antibonding orbital along one of the
carbon-nitrogen bonds, which experiences a Jahn-Tellexr
distortion which is static at room temperature. Thermal
reorientation of this distortion has been observed by
Shul'man, Zaritskii and Podzyarei (1967) and Loubser and
van Ryneveld (1967), who estimate the activation enexgy
for reorientation to be 0.7 eV and 0.76 eV respectively.
The presence of the isotope lsN’kwhich has a natural
abundance of 0.365 percenit) has been detected (Loubser and
du Preez 1965) and Loubser, van Ryneveld and du Preez (1965)
have found that exchange interaction between centres
sufficiently close for thelr electron spins to be coupled
¢an be observed in samples containing about 1018 (or more)
nitrogen atoms pern cmB,

Dyer, Raal, du Preez and Loubser (1965) found that
type Ib diliamonds have characteristic optical absorption
features in the infrared and in the vi-ihle-ultraviolet
regions of the spectrum. The infra.ed absorption (see
Fig. 2.1), which occurs in the single ;“onon region, con-
sists of a sharp peak at 0.167 eV (1350 cm"l), a broad main
band at about 0.140 eV (1130 em ¥) and a saddle between
these two features (at about 0.16 eV). Absorption in the
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visible~ultxaviole£ (shown in Fig. 2.2) starts at about

2 eV and increases steadily to about 4 eV, then rises
rapidly to a peak at about 4.6 eV and continues to the
fundamental absorption edge. At liquid nitrogen tempera-
ture small absorption lines were observed at 4.07, 4.15,
4,24, 4.56 and 4.64 eV, Dyer et al (1965) found good
correlation between the strength of the electron paramag+
netic resonance signal, the infrared absorption system (as
measured by the area under the absorption curve) and the
clope of the absorption curve at 2.6 eV. They proposed that
the visible~ultraviolet absorption arose from ionization

_of the donor level formed by the substitutional nitrogen,
and they placed this level 2.4 eV below the conduction band.

Subsaquent authors (Sobolev et al 1969b; Chrenko,
Strong and Tuft 1971) have found very similar optical
absorption features in synthetic type IL diamonds (see Fig.
2.3) and have confirmed that these correlate well with the
amount of substitutional nitrogen present,.although thelr
methods of measurement were not identical with those of
Dyer et al (1965). Both used the absorption coefficient
at 0.140 eV as a measure of the infrared absorption,; but
for the visible-ultraviolet absorption Sobolev et al used
the absorption coefficlent at 2.6 eV, and Chrenko et al the
absorption coefficient at 4.6 eV (the position of the peak
in the ultraviolet). Tnese two sets of authors also dis-
agree on the quantitative correlation between the absorption
coefficient at 0,140 =V and the amount of substitutional
nitrogen present.

Attempts have been made to calculate the electronic
properties of the substitutional nitrogen donor in diamond.
Bvery (18970) obtained a reasonable fit to the Ib infrared
spectrum (although his calculations did not predict the
sharp peak at 0.187 eV),and to the visible spectrum.
However, he assumed that there is no photoconduction corres-
ponding to the visible absorption tail, despite clear
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pvidence to the contrary (Farrer 1969), and in his model
this absorption was attributed to non-ionizing transitions
at the nitrogen donor.

Messmer and Watkins (1970, 1973) and Larkins (197la;b)
have appllied extended Huckel theory to a model consisting
of a cluster of carbon atoms surrounding the substitutional
nitrogen atom. Messmer and Watkins used a 35 atom cluster
which predicés a band gap energy of 9.5 eV. They calculate
the nitrogen donor to be about 1.5 eV below the conduction
band before the distortion and they estimate a Jahn-Teller
gtabilization energy of about 5.0 eV, which by their
arithmetic places the distorted donor about 2.2 aV above
the valence band. Larkins (1971lb), using a 41 atom cluster,
calculates the undistorted donor to be 2.9 eV below the con-
duction band; +this changes to 2.7 eV for a 47 atom cluster.

The use of extended Huckel theory and the cluster
model to calculate the electronic properties of defect
states in diamond has received much discussion and criti-
cism (Moore and.Carlson 1971; TLidiard 1972; Coulson 1972).
It is generally agreed that this method constitutes an
interesting approach to the problem of defect states in
diamond, bu% there is considerable doubt about its quan-
titative validity. The width of the forbidden energy gap
and the position of levels within it depend markedly on
the size of the cluster and on the boundary conditions.
Moore and Carlson (1971) and Larkins (197ia) indicate that
calculation of distortion enexgies, and in particular the
Jahn~Teller distortion energy calculated by Messmer and
Watkins (1970, 1973), cannot be regarded as reliable. In
addition, Messmer and Watkins expect thelr calculations to
be more reliable for states associated with the valence
band than for those associated with the conduction band.

It is clear that the results of their nitrogen donor
calculations should be treated with caution.

The electron paramagnetic resonance signals due to
other defects involving nitrogen have been observed in
type Ib diamonds. Ionized nitrogen palrs have been detected
by Shcherbakova et al (1969); these can alsc be produced
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in type I diamonds by irradiation followed by annealing.
Loubser and Wright (1973) have observed singly ionized

N~C~N centres, with the nitrogen atoms in next-neighbour
positions., Klingspoxrn, Bell and Leivo (1970) have detected
the presence of another centre (the Leivo centre) involving
nitrogen, which Wedlake (19272) and Shcherbakova, Sobclev and
Nadolinnyi (1972 have suggested might be a nitrogen-vacancy
pair, If this is true, it should be possible to produce

the centre in type Ib diamond by irradiation followed by
annealing; attempts to do so (Loubser 1973) have been
unsuccessful. Type Ib diamonds containing the Leivo centre
show an increased optical absorption with maxima at about
2.4 eV and 2.9 eV after heating, which is accompanied by
decreases in the electron paramagnetic spectra of both the
isolated nitrogen and the Leivo centre (Loubsexr 1973).

These effects can be reversed by illumination with visible
light. They have been interp&eted (Loubser 1973) in terms
of a transfer of electrons from the single nitrogen to the
Leivo centre during heating and a restoration of the
electrons to the single nitrogen during optical bleachinyg.

2,1.3 Type ITLa diamond

Type IIa diamonds are insulating diamonds which do not
exhibit a secondary absorption edge and do not absorb at
wavelengths longer than 7um in the infrared. They contain
very little of the nitrogen which is characteristic of type
Ta and type Ib diamonds (Clark 1965a). Most type ILIa
diamonds have an absorption tail which staris at about
1.5 eV and gradually increases through the visible and
ultraviolet until the fundamen’al absorption edge is reachzd;
this taill is belleved to be due to amorph us or graphitic
regions of carbon (Clark, Ditchburn and Dyer 1L95Ga and b).

Du Preez (L965) reported that type IXa diamonds exhibit
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a single broad isotropic bParamagnetic resonance line which

correlates with the absorption tail. Loubser (1975) has
recently observed two additional electron paramagnetic
resonance systems in type IIa diamonds; these have {1107
and {111) symmetry and both are spin 1 systems.

2.1.4 Type IIb diamond

Custers (1952, 1955) reported the discovery that a
small fraction of type II diamonds are semi-conducting at
room temperature and proposed that these be classified as
type IIb. The electrical and optical properties of these
diamonds were extensively studied during the ten years
following their discovery and have beén reviewed by
Kemmey and Wedepohl (1965). They are found to be p-type
semi~conductors with an acceptor level 0.35 eV above the
valence band (Leivo and Smoluchowski 1955; Austin and
Wolfe 1956; Wedepohl 1957). The acceptor centres give
rise to a broad optical absorption band which extends from
about 0.35 eV to about 2.5 eV. Seven groups of peaks in
the infrared between 0,305 and 0.670 eV have been associated
with the excitation of bound holes (some with the partici-
pation of optical phonons) (Wede s .1 1957, Hardy 1962).

The acceptor impurities also caire absorption in the
single phonon region beyond 7 Hm 7 iardy 1962).

For some time it was believed : .t single substitutional
aluminium atoms were responsible for the semi~conducting
properties of type IIb diamonds (Brophy 1956; Lightowlers

'1962; Dean, Lightowlers and Wight 1965; Collins, Dean,

Lightowlers aud Sherman 1965; Crowther, Dean and Sherman
1967), However, Collins and Williams (1971) showed that
this belief was incorrect, and Chrenko (1973) has proved
conclusively from work on synthetic semi-conducting diamond

that boron is responsible.
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Bell and Leivo (1967) reported the observation of a
sharp electron paramagnetic line in several natural semi-
conducting diamonds, which they attributed to the acceptor
centres. However, Bourgoin et al (1972) have observed two
lines (neither of which is the Bell and Leivo line) in
boron doped synthetic diamond; they believe these to be

_due to holes bound to boron atoms and free holes in the

valence band.

2.2. Photoconductivity in diamond

2.2.1 Type Ia diamond

Photor nductivity was first observed in diamond by‘
Gudden and Pohl (1920), and Robertson, Fox and Martin (1934)
confirmed their observation of a marked increase in the
photoconduction spectra at wavelengths shorter than about
300 nm in diamonds which the latter classed as type I.
Cthers authors who reported a similar effect are Levi (1922),
Taylor (1956) and Urlau, Logie and Nabarro (1961).

Vermeulen and Nabarro (1967) investigated the photo-
conductive properties of these diamondsz extensively, and
found that their results could be explained on the basis
of a model which proposed the existence of three energy
levels within the forbidden gap. They found characteristic
photocondbction thresholds at 0.85, 1.46, 2.2, 3.3, 4.05,
4.8, 5.25 and 5.52 eV, the first six of which they ascribed
to extrinsic photoconduction, and the last two to the
thermal decomposition of excitons and to intrinsic band gap
transitions respectively. They attributed the large peak
in the ultraviclet (with its threshold at 4,05 eV) to the
presence of nitrogen in aggregate form, in agreement with
Konorova, Sorokina and Shevclenko (1965).

Denham, Lightowlers and Dean (1967) observed oscillatory
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structure beyond the intrinsic absorption edge in the
photoconductivity of natural diamonds containing the N9
absorption/luminescence system, which they explained in
terms of the preferential trapping at the N9 centre of
excitons which have low residual kinetic energy after
excess energy loss by the cascade emission of optical
phonons. They also observed that‘photoconductivity
maxima at the positions of the N9 absorption maxima
changed to minima at low temperature, and interpreted
these results in terms of the thermal liberation of an
electron after the creation of an indirect exciton bound
to the N9 centre; this effect had been observed previously
by Nahum and Halperin (1962) who explained it in a very
similar way. Denham et al (1967) also reported that the
photoconductivity threshold at 4.05 eV was observed in all
insulating diamonds, and supported the view of Dean (1965)
that this is the photoionization limit for the isolated
substitutional nitrogen donor.

k Halperin and Nahum (1962) studied photoconduction,
optical absorption and luminescence in type Ia and inter-
mediate diamonds, and reported an inverse correlation in
the region of the N3 system between the photoconductivity
and both the optical absorption and the luminescence;
minima occurred in the photoconductlon spectra at the

positions of maxima in the optical absorption and luminescence

&xcitation spectra, at temperatures up to 350 K. The photo-
conductivity minima were explained in terms of competitive
absorption by the N3 system against a broad background of
photoconduction, the tempezratures not being high enough

for thermal ionization to occur from the excited state of
the N3 centre.
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2.2,2 Type Ib diamond

Vermeulen (1965) investigated photoconductivity in
two natural type Ib diamonds and found that they had
similar spectra. The photoconductive response commenced
at about 1 um and increased fairly rapidly around 700 nm.
There was no evidence of the ultravioletkpeak which has its
threshold at 4.05 eV. No other measurements of photocon-
ductivity have been made in diamonds which are unambiguously
type Ib, apart from the work which is reported in this
£hesis (some of which has been published (Farrer 1969;
Vermeulen and Farrer 1975)).

2.2.3 Type IIa diamond

Vermeulen (1965) has reborted that two features occur
in the photoconduction spectra of type IIa diamonds apart:
from the exciton and band gap peaks which he observed in
type Ia diamonds as well). A single peak in the infrared,
with its long wavelength limit at about 1.3 um is followed
by a broad photoconductive development which starts at
about 800 nm and extends to the intrinsic absorption edge;
the latter feature appears to be related to the optical
absorption tail which i1s ohserved in type IIa diamonds.

2.2.4 Type IIb diamond .

Hardy, Smith and Taylor (1962) reported that the
photoconductive spectrum of type IIb diamonds between 0.35
and 0.9 eV showed a considerable amount of detailed
structure; minima in the spectrum were explained in texms
of a reduced lifetime for free holes whose energy allowed
them to be captured by excited bound states of the acceptor
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centre with the emission of an integral number of optical

- phonons. Collins and Lightowlers (1968) observed tempera-

ture-dependent maxima in the spectrum at energies below
the ionization threshold of the acceptors, which they
attributed to photcothermal ionization, i.e. optical
excitation of holes to excited states, fullowed by thermal
excitation into the valence band.

Photoconduction spectra observed by Collins, Light-
owlers and Dean (l1969) are shown in Fig. 2.4. Minima
involving free hole capture with the emission of up to 14
phonons were detected. They observed a gradual decrease
in the spacing of these minima at higher energies, which
they showed to be consistent with the curvature of the
valence band and the dispersion curves for longitudinal
optical phonons. They also observed minima in the spectrum
which they attributed to phonon-assisted hole capture to
excited states of the acceptor for which transitions from
the ground state are forbidden and which are therefore not

observed in absorption.

¥

2.2.5 Photo-Hall effect measurements

Lenz (1927) observed the photo-Hall effect in an insula-
ting diamond under ultraviolet illumination; his results yield

a room temperature electron mobility of 200 ey s L,

Klick and Maurer (1951) found that a type Ia diamond was

n-type under illumination by broad-band light between 620
and 300 nm, and calculated a value of 900 cm2 V“lsml for

the room temperature electron mobility.

Redfield (1954) found both p~ and n- type conductivity
in his study of the temperature dependence of the Hall
mobility in diamonds under illumination. The two samples
which he found to be p~type both transmitted ultraviolet

light of wavelength 254 nm, and could have been type IIa
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minima associated with the multiphonon cascade process.
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diamonds; the diamonds which were opaque to this light were
{(with one rather doubtful exception) n-type. Details of
the illumination used are not very clear, but the source
appears to have been a tungsten spotlight, and infra red
radiation was removed using a Cupric ¢hloride water solution;
thus one can reasonably assume that the light used to illu-
minate the specimens was mainly in the visible. Room tem-
perature electron and hole mobilities were about 1800 and
1200 cm2 Vhls“l respectively, and both appeared to vary
as T 145, |

Konorova and Shevchenko (1967) found that nine out
of ten type Ta dianmonds they investigated were n~type under
254, 365 and 380-400 nm illumination; the tenth diamond
became p-type in the 380-400 nm region. Denham, Lightowlers
and Dean (1967) reported that Y type IIa diamond with a
strong photoconductivity threshold at 4.05 eV was n-type
when this photoconductivity was excited; bearing in mind
the photoconductive results reported by Vermeulen and
Nabarro (1967), it seems likely that this diamond was
either a mixed or intermediate type: or a type Ia.

2.3 Defects in Irradiated Diamond

2,3.1 Introduction

Before the advent of synthetic diamond, the only
defects over which the research worker had any measure of
control were those produced by exposing the diamonds to
irradiation with nuclear particles. Irradiation-induced
defects in diamond have been extensively studied by Clark,
Ditchburn and Dyer (1956a,b) and subseqguent authors, and
the properties of irradiated diamond have been reviewed by
Mitchell (1965) and Clark and Mitchell (1971).
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Clark, Kemmey and Mitchell (l96l)ﬁestimated the dis-
placement energy of a carbon atom in the diamond lattice
to be 80 eV, 'From their observations it has bheen inferred
that electrons of energy 0.3 - 0.8 MeV produce mainly single
defects; however, recent investigations (Lomer and Wild
1971) have indicated that the interstitial carbon atom is
mobile below room temperature, and Vandersande (1974) has
shown that room temperature irradiation results in the
formation of interstitial aggregates. Maséarani, Bourgoin
and Chrenko (1974) have studied radiation damage in syn-
thetic diamond at low temperaturv, and have confirmed that
the interstitial becomes mobile just below room temperature;
they estimate the threshold energy for carbon atom dis-
placement to be as low as 50 eV.

2.3.2 The GR1l band and associated features

Fig. 2.5 shows the two ﬁain optical absorption
features which are observed in all diamonds after electron
irradiation; ‘these are known as the GR1l band and the UV
band (Clark, Ditchburn and Dyer 1956a). The GR1l band con-
sists of a zero phonon line at 1.67 eV with associated
phonon structure at higher energies. The UV band is an
absorption continuum which extends from about 2.8 eV to the
fundamental absorption edge at 5.5 eV; on the low energy
tail of this continuum are a number of sharp optical
absorption lines known as GR2, GR3 ...ivus GR8, R9 and R1O.

Clark and Norris (L971) observed that the luminescence
assoclated with the GRl centre is unpolarized and suggested
that the defect might have tetrahedral symmetry. The GR1
zexo phonon line consists of a doublet (Clark and Walker
1971, 1972) with lines at 1.665 and 1.673 eV; investiga-
tions of the behaviour of these lines under uniaxial stress
(Clark and Walker 1973, Davies and Penchina 1974) have
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confirmed that the GRLl centre has tetrahedral symmetry and
comparison of the experimental details with theoretical
treatments of intrinsic defects in diamonds have led to
the identification of the centre as a neutral vacancy,
confirming the suggestion which was originally made by

Clark, Ditchburn and Dyer (1956b). Dyer and du Preez (19¢5)

suggested that the UV band is due to ionization from tha
ground state of GRl centres, and measurements of the
temperature dependence and the bhehaviour under uniaxial
stress of the lines GR2 +to GRS have shown that all these
transitions occur at the vacancy (Walker, Vermeulen and
Clark 1974). Thus it appears that the GR1 band, the UV
band and the GR2-8 lines might all be due to excitations
at the same centre (the neutral vacancy).

Electrical measurements on semi-conducting diamonds
have showed that the free hole concentration is reduced by
glectron irradiation (Wedepohl 1957b, Mitchell 1959). Dyer
and Ferdinando (1966) found that the GRL and UV bands did
not appear in semi-conducting diamonds until the irradia-
tion dose was sufficlent to result in compensation of the
'acceptor céntres; they therefore consildered the GR1 and
UV bands to be associated with ilrradiation-induced donors.
However, Vermeulen, Clark and Walker (1974) have reported
the somewhat unexpected finding that the majority carriers
produced by broad band excitation with light in the region
of both tue GRL and the UV bands are holes; thls can
ba understood if both donors and acceptors are produced by
irradiation (Vermeulen and Farrer 1.975).

Davies (1974) has made the interesting observation of
structure on the GRL doublet in electron-irradiated type Ia
diamonds, which is caused by some GR1 centres having
migrated to specific sites close to the nitrogen, where
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their symmetry is lowered. He finds that the migration
can be completed by annealin?, which destroys the centres.

¥

2.3.3 The ND1 band i :

The NDL band, shown in Fig. 2.6, consists of a zero
phonon line at 3.15 eV followed by characteristic phonon
structure at higher enecgies. Dyer and du Preez (1965)
reported that it is created in type Ta diamonds by irradia-
tion accompanied by heating to about 250%. The localized
heating associated with room temperatuce irradiation is
sufficient to produce the band, whereas it is not produced
by low temperature irradiation unless this is followed by
hent treatment. They suggested that the ND1 centre might
be & combination between an interstitial carbon atom and a
nitrogen aggregate.

Dyer and du Preez (1967) reported that & further system
(the ND2 system), also with a zero-phonon line at 3.1l5 eV,
was produced in type Ib diamonds even when irradiation was
carried out av low temperature. “hey suggested‘that this
might be due to a combination of an interstitial carbon
with a substitutional nitrogen atom. It appears, however,
that the NDl and ND2 bands are identical and are both due
to the same defect (Davies and Lightowlers 1970).

Obsearvations of the effect of uniaxial stress on the
NDLl zero—-phonon line have been interpreted by Davies and
Lightowlers (1970) in terms of a transition from an A to
a T state at a centre with Ty symmetry and they have
proposed that the NDL centre might be an interstitial
nitrogen atom. They suggest that interstiﬁial carbon atoms
produced by ir-adiation migrate to nitrogen centres
(aggregates in the case of type Ia diamonds) and exchange f {
positions with nitrogen atoms. The higher tempaerature |
required to produce the centres in type Ia diamonds is
attributed to a higher barrier for exchange at aggregates
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thén at isolated nitrogen atoms. Although preliminary

calculations of Messmer and Watkins (1971) indicate that

nitrogen is not stable in the interstitial tetrahedral site;

the model of Davies and Lightowlers is far more likely to
be correct than those of Dyer and du Preez (neither of which
is likely to have tetrahedral symmetry).

Dyer and du Preéz (1965) observed correlated enhance-
ment and bleaching of the GR1 and NDl absorption systems in
type Ia diamonds. They found that the GR1 and UV bands were
enhanced when the ND1 system was bleached (and vice versa)
and explained these effects in terms of the transfer of
charge carriers between ND1 and GRl centres via the con-
duction and valence bands. In theilr model, the UV band is
due to ionigation from the ground state of GR1l centres.

They proposed that the first excited state of a GR1l centre
lies about 1.2 eV beluow the conduction band. whereas the
first excited state of an ND1 centre is fairly close to
the conduction band, and photothermal ionization of the
ND1 system can take place at room temperature.

Luminescence associated with the GR1l system has been
observed and studied by Clark and Norris (1971), confirming
that the first excited state of the GR1l centre is a bound
state. However, Davies and Lightowlers (1970) have reported
that they could detect no luminescence emission associated
with the NDl system, although Dean (1965) had earlier
ascribed cathodoluminescence observed by Ralph (1960) to
the ND1 systeis.

Davies (1974) finds that the ND1 zero phonon line
possesses long tails in type Ia diamonds which have a high
nitrogen content. These are due to ND1 centres which have
been perturbed by the nitrogen; on annealing, perturbed
centres are captured by the nitrocgen aud the absorption
tails are reduced.
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2.3.4 Other optical absorptionlbands

The H3 and H4 systems (Clark, Ditchburn and Dyer
1956b} are observed in type Ia diamonds which have been
irradiated and annealed; the H3 system is also observed
in some unirradiated type Ia diamonds, presumably due to
natural irradiation and heating at some time in the past.b
Both systems consist of zero phonon lines (the H3 at
503.2 nm and the H4 at 496.5 nm) and associated vibronic
structure at higher energies. Observations of the polari-
zation of luminescence indicate that both defects have
monoclinic I symmetry (Clark and Norris 1970, 1971). It has
been suggested (Davies 1972b) that {he H3 centre is formed
when an NDl1 centre migrates during thermal annealing and
is trapped at an A aggregate of nitrogen, and that the H4
centre is formed in a similax fashion at a B aggregate.

- An interesting observation reported recently is that the
decay time of cathodoluminescence from the H3 centre
decreases with increasing nitrogen content; a transfer of
energy from the H3 centres to the A form of nitrogen has
keen proposed to account for this (Crossfield, Davies,

' Collins and Lightowlers 1974). ,

An optical absorption system with its zexro phoncn line
at 640 nm was observed by du Preez (l965) in type Ib diamonds
which had been irradiated and annealed. He suggested that
the defect responsible for this system might be a substitu-
tional nitrogen atom anchored to a GR]l centre (now known
to be a vacancé).; Measurements of polarized luminescence
indicated that the defect has either monoclinic I or tri=
gonal symmetry (Clark and Norris 1971), and recent
observations of absorption and luminescence under uniaxial
stress confirm that the symmetry is trigonal (Hamer and
Davies 1974), which is consistent with the nitrogen-vacacy
model.

A centre which gives rise to an optical absorption band
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with a zero-phonon line at 503.6 nm (and is clearly diffe-
rent to the H3 centre) is observed in all irradiated
diamond (Dugdale 1953, Davies 1974). Walker (1974) has
reported that this defect has rhombic I symmetry and has
suggested that it might be a negatively charged vacancy

or an exygen-vacancy pair.

The THS5 absorption lines between 540 and 440 nm were
observed in irradiated and annealed type IIa diamonds by
Clark, Dit:chburn and Dyer (1956b), who suggested that they
might be due to a pair of GRl defects (vacancies). Walker
(1974) has found that the defect responsible for the TR12
absorption line (Clark, Ditchburn and Dyer 1956a) has mono-
clinic symmetry and has also suggested the divacancy as a
possihle model for this centre.

2.3.5 Electron paramagnetic resonance centres

The electron paramagnetic centres observed in diamond
after irradiation have been reviewed by Owen (1965), and
recent work includes that by Whippey (1972) and Lomer and
wild (1971, 1573). Some of the more interesting centres
are briefly discussed here.

Baldwin (1963) observed a spectrum from a centre with
spin % in what he repcrted to be a-type IIa diamond which
had been irradiated. The spectrum could be enhanced by
illumination with light of energy ¢reater than 2.8 eV and
he suggested that it was due to the ionized vacancy.
Although it appears that light of energy greater than
2.8 eV does ionize the vacancy (see section 4.1 of this
thesis; PFarrer and Vermeulen (1972); Walker, Vermeulen
and Clark 1974), some doubt exists about Baldwin's inter-
pretation of the spectrum. Hyperfine structure which he
attributed to the presence of 13C nuclel is probably due to
some form of nitrogen (Loubser 1974). The diamond in which
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Baldwin observed the spectrum was probébly either a type Ia
or type Ib (or intermediate) since it contained paramagnetic
nitrogen. It.is therefore probable that the ND1 centre was
also presenkt and Loubser (1975) finds that the Baldwin .
spectrum appears to correlate qualitatively with the ND1
absorption; however, the reported symmetries of the Baldwin
centre and the ND1l centre (Davies and Lightowlers 1970) do'
not correspond, and further work is needed.

Lomer and Wild (1971) observed an electron paramagnetic
resonance spectrum in diamonds which were irradiated below
20K. This speccrum annealed out at 140K and they suggested
that it is due to the interstitial which becomes mobile at
140K. Other evidence for the mobility of the interstitial
below room temperature has been mentioned in 2.3.1.

FPaulkner and Lomer (1962) reported two spin 1 centres
with z-ial symmetry and proposed that they arose from a
pair of carbon interstitials J-:wie tting with a pair of
vacancies. Owen (1965) sugges'. .. that cingle interstitials
were involved (one of them in distorted surroundings) and
his models were supported by Whippey (1972). However,
Walker (1973) has pointed out that the results of Whippey
(1972) indicate that impurities are probably involved and
has suggested that each certcre might be a single inter-
stitial-substitutional impurity combination.

Lomer and Wild (1973) have recently observed centres
with {110) symmetry in irradiated and annealed type IIa
diamond, which they believe to be linear chainsg of between
2 and 7 vacancies.

2.4 Digcussion of previous work and the aims of this

investigation

Investigations into the properties of defects in
diamond have yielded a large amount of interesting
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information; however, it would appear that only three

of the defects which have been identified unambiguously

are reasvnably well understood. These are the substitutional
boron atom in semi-conducting diamond, the isolated wvacancy
caused by radiation damage and the substitutional nitrogen
donor. Perhaps the single most controversial issue which
still remains to be resolved concerning these defects is
the guestion of the position in the energy gap of the level
formed by the substitutional nitrogen, and in particular,
whether the photoconduction threshold at 4 eV in type Ia
diamond is the photoionization limit for this level.

It has become accepted in the literature, following
the suggestion of Dean (1965), that the nitrogen donor
lies 4 eV below the conduction band (eg. Denham et al 1967;
Wight et al 1971; Clark and Mitchell 1971; Messmer and
Watkins 1973). In their recent theoretical treatment of the
substitutional nitrogen centre in diamond, Messmer and
Watkins 11973) have commented that 'the reason for its being
so deep has been a mystery of considerable concern in the
literature.'! They point out tﬁat,nitrogen in diamond is
the direct counterpart of phosphorus in silicon, which is
a shallow donor (about 0.05 eV below the conduction band).
Their calculations place the nitrogen level 2.2 eV above
the valence band (i.e. 3,3 eV below the conduction band);
however, as Davies (1972a) has pointed out, they predict no
energy levels which might explain the abscrption tail which
commences at about 2 eV and which has been correlated with
the substitutional nitrogen.

It has been emphasized by many authors (eg. Davies
19723 that the classification of natural diamonds into the
different types is useful but by no means absolute. 'Inter-
mediate' diamonds, which are homogeneous but show somw of
the characteristics of more than one of these types, are
often encountered. 'Mixed' diamonds, which are inhomogen=
eous mixtures of more than one type, are also found. In
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particular, paramagnetic nitrogen has been observed in
small quantities in many type Ia diamonds (du Preez 1965;
Lazukin et al 1970; Loubser 1975) and it is possible that
the 4 eV threshold, which is believed to be typical of

type Ia diamond (Vermeulen and Nabarro 1967) might be a
characteristic of the substltutional nitrogen; however,

it should also be characteristic of both natural type Ib
diamond and synthetic type Ib diamond, which do not contain
nitrogen in aggregate form (Dyer et al 1965; Sobolev et al
1969; Chrenko et al 1971). IExperimental investigatiomns

of the properties of type Ib diamonds (and especially
synthetic type Ib diamonds) which might lead to the unam-
biguous determination of the ionization energy of the
substitutional nitrogen donor are therefore of considerable
interest. Measurements of photoconductivity, electrical
resistance as a function of temperature and identification
of the sign of the charge carriers in natural and synthetic

type Ib diamond form part of the work reported in this thesis.

The other observations reported in this thesis are
measurements of the photoconductivity in the region of the
GRl system, the GR2-8 absorption peaks and the NDl system
in natural type Ia and type IIa diamonds which have been
electron-irradiated. Vermeulen (1965) reported that a
sharp decrease appeared in the photoconduction spectra of
irradiated type IIa diamonds at the position of the GR1
absorption system, and that sharp lines which were observed
on the tail of the UV band appeared to coincide with the
absorption peaks GR2-8; nc investigations of photoconduc-
tivity in the neighbourhood of the ND1l system have been
reported in the literature except for the work (Farrer and
Vermeulen 1972) which is reported in this thesis.

In appearance, the NDl absorption system is similar
to the N3, H3, GR1l and other systems in diamond. The
luminescence éssociated with these defects confirms that the
spectra arise from transitions between ground states and
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bound excited states of the defects concerned, and the
apparent absence of NPl luminescence (Davies and Lightow-
lers 1970) is of considerable interest. Davies and Light-
owlers have considered the possibility that a radiationless
de~excitation mechanism might explain the absence of ND1
luminescence. They refer to Nelson et al (1966), who have
shown that the Auger effect, in which energy difference
between the excited state and the ground state of the
centre is used to eject an elec¢tron, can act as a very
efficient mechanism of this kind. Nelson et al (1966)
suggest that the probability for such a process can be
estimated using an expression adapted from one which is
used to calculate the probability of internal conversion

in nuclear physics, ahd Davies and Lightowlers (1970) find

6 for the ratio

that this expression yields a value of 10
of the non-radiative to radiative lifetimes of the ND1 centre.
While this might be interpreted as evidence for suggesting
that an Augexr process takes place at the ND1l centre, thare
is some doubt concerning the validity of the calculation
in this context. The same value can be obtained for the
N3 centre (which 1s strongly luminescent) since the only
variable parameter in the calculation is the wave number
of the light guantum £rom the radiative process.

An Auger-type process nevertheless remains an interest-
ing possibility as a radiationless de-excitation mechanism
for the NDLl centre; in this case photoconduction maxima which
persist down to veary low temperatures should be observed
at the positions of the peaks in the ND1 absorption system.
On the other hand, if the mechanism 0f photothermal ioni-
zation of the NDl system proposed by Dyer and du Preez
(1965) is correct, one would expect to observe maxima
in the photoconduction spectrum at the ND1 peak positions
at room temperature which should change o minima at low

temperatures.

bl it e

1

¥ R e e s

Jrp——




33.

CHAPTER 3

EXPERIMENTAL METHODS AND APPARATUS

3.1 Measurement of photoconductivity

3.1.1 General description

When a semi-conducting or insulating material is
irradiated with light of sufficient energy to excite an
electron from the valence band to the conduction band, or
to ionize a level within the forbidden energy gap, the
free carrier concentration is increased and the electrical
conductivity increases; this effect is known as photocon-

ductivity. The measurements of photoconductivity in diamond

reported in this thesis were undertaken for two reasons.
The study of photoconductivity prcovides a means of detex-
mining whether particular optical absorption features are
associated with bound state transitions or with ionization.
It also provides a measure of the optical ionization energy
of a defect; this is determined by the low energy (or long
wavelength) threshold for photoconductivity (Bube 1960).

A block diagram of the experimental arrangement used
to measure photoconductivity in the diamonds is shown in
Fig. 3.1. Fields of up to 800 V t::m"l were applied to the
diamonds and photocurrents were measured using either a
General Radio type 1230 A or a Keithley type 610 C electro-
meter. A mercury-indium~thallium amalgam, which is known
to make non-rectifying contacts on diamond (Vermeulen 1965)
was used as a contacting material.

The diamonds were illuminated with light from a Zeiss
- prism monochromator (model M4 QII) and continuous photocon-
duction spectra were obtained by sweeping the monochromator
from low to high energy. 7Two light sources were used with
tr e monochromator - a tungsten source was used in tle range

L s
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2.5/um to 400 nm; and a high pressure deuterium lamp was
used from 500 to 200 nm. Both lamps were known to be line
free in the ranges over which they were used. The output
of the monochromator using these lamps is shown in Figs.
3.2 and 3.3 respectively. These were measured using a

type FT16 Hilger Schwartz thermopile which had a Spectrosil
window, together with a Keithley type 147 Nanovoltmeter.

The monochromator output using the tungsten lamp was sub-
sequently checked using a Hewlett Packard type 8330 A
Radiant Flux Meter, which was not sufficiently sensitive
to check the output with the deuterium lamp. The dispersion
of the monochromator is shown in Fig. 3.4, The data in
Figs,., 3.2, 3.3 and 3.4 were used when photoconduction
spectra were normalised.

3.',2 The room temperature sample holder

The samyle holder which was used for room temperature
photoconductive studies is shown in Fig. 3.5. It was made
from a modified UHF coaxial socket and could be attached
to the electrometer input using a single adaptor.

3.1.3 'The liguid helium crvostat

The liguld helium cryostat, which could be used for
photoconduction and optical absorption studies, is shown
in Fig. 3.6. One of the prime objectives in the design of
this cryostat was to avoid the need for electrical insula-
tion directly between the 1iqﬁid heliun and the sample
(since almost all electrical insulators are poor conductors
of heat), and yet to retain the facility to adjust the
sample position and to introduce thermal insulation between
the sample holder and the helium can should higher sample
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FIG. 3.6 The liguid helium cryostat. A - helium can; B -~ nitro-
gen can; C =~ copper radiation shields; D - sample holder; B - re-
movable radiation shield; ¥ - copper plug; G - silica windows;

H - heater; I - vacuum line; J -~ O rings; X - support for use in
spectrophotometer; L - perspex bushes; M - perspex insulating
ring; N ~ nylon bracing screws; P - stainless steel supporting
sorews; Q -~ stalnless steel outer can; R - brass lower can;

?

S - thin~wall stainless steel tubes; T - insulating cover.
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temperatures be required. It is a'compact, all-metal
cryostat and is fairly conventional in design except for
the fact that the sample holder and the whole helium can
(including i%s filling tube assembly) are connected to
the DC voltage supply when photoconduction measurements
are in progress. Electrical insulation between this can
and the rest of the cryostat is maintained by the perspex
ring M and bushes L on the top flange of the cryostat and
the nylon bracing screws N. All internal surfaces of the
cryostat were polished and nickel-plated.

A detailed sketch of the sample holder, which was
attached with indium solder to the copper plug at the
bot*om of the helium can, is shown in Fig. 3.7. The cryo-
stat could be mounted in a Unicam SP800 spectrophotometer
for optical absorption measurements in the visible and
ultraviolet. When these measurements were made, a mask
was fitted onto the sample holder in order to intercept
light not passing through the sample.

The temperature of the sample with liguid helium in
the irner can was measured using a 47 ohm Allen-Bradley
resistor, whigh Was placed in the sample position with the
aid of silicon grease to obtain good thermal contact.
Clement, Dolocek and Logan {(1956) have shown that the
variation in resistanus with temperature of this type of
resistor can be described by a single universal curve,
which can be fitted to predict the behaviocur of a particular
resistor once its resistance has been measured at two known
temperatures. The resistor used in these measurements was
calibrated at three points - in a mixture of ice and water,
in ligquid nitrogen and in liguid helium. Fig. 3.8 shows
the universal curve fitted to these three points. In the

sample positic.a, the resistor measured 219 ohms, indicating
a temperature of B8K.
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FIG. 3.7 The sample holder in the helium cryostat. A - copper
plug in helium can; B - copper sample holder; C - screws;

D -~ adjustable electrode; E - top electrode; ¥ -~ teflon bush;

G ~ teflon washer; H - spring; I - indium solder; J - hole for
carbon resistor for temperature monitoring; K - screw; L -~ vol~-
tage lead; M ~ signal lead to electrometer; S - sanple
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kFIG. 3.8 The variation of resistance with temperature of the Allen-

Bradley resistor used for temperature measurement in the helium cryo-
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- is the universal curve of Clesment et al (1956) fitted to these points.

Raesistance and temperature in the sample position is indicated by the
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3.2 Measurement of thermal activation energies

3.2.1 .The temperature dependence of electrical
resistance |

Using classical statistics it can be shown (Smith
1959) that the thermally generated free electron concentra-
tion n in a compensated semi-conductor or insulator is
given by

, 1.5 ;
” * .
n = ND NA{Zwm kT} exp(~E/KT) ... (1)

N, | b
where Ny, NA are the concentrations of donor and acceptor
centres respectively, m* 1s the effective mass of the free
electrons, k is Boltzmann's constant, h is Planck's constant,
T is the ahsolute temperature and ¥ is the thermal activa-
tion energy for the donor centres. Equation (1) is valid
provided that the free electron distribution is non-degenerate
and that n < N, < Npye When NA> Ny @& similar expression

gives the free hole concentration. n can be measured as

a function of T using the Hall effect and E can be obtained
from a plot of k(logn - 1l.5logT). versus 1/7. However,
measurement of the Hall effect on small lnsulating samples

is extremely difficult and observations of the elect ical
resiscance as a function of temperature is often used

instead.

The conductivity ¢ is given by

o o= nejA verssensene (2)

where e is the electronic charge andl}(is the mobility of
the charge carriers. Thus

[

ook T L exp(<B/KT) .o.... (3)
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Measurements have shown that the electron mobility in

diamond varies as T 1°° (Redfield 1954) and the hole

mobility as T 2% (Wedepohl 1957). In any event, the right
hand side of equation (3) is dominated by the exponential.

Thus, to a good approximation,

¢ K exp (~B/KT) viveeerenas (4)

If the contacts to the sample are ohmic, then the current
i through the sample for a fixed applied voltage is pro-
portional to ¢ and a plot of log i versus 1/T will be a
straight line from which E can be calculated. Activation
energies calculated by this method should be accurate to |
within a few percent (eg. Custers (1955), Brophy (1955)
and Leivo and Smoluchowski (1955b) all estimated an acti-
vation energy of 0.35 eV from the temperature dependence

of resistivity in type IIb diamond).

3.2.2 The general purpose apparatus

A general purpose apparatus which could be used for
photoconductive studiés at liguid nitrogen temperature and
for photoconductive and conductive studies at temperatures
up- to 400°c is shown in Fig. 3.9. The hollow copper can C
suspended at the end of two thin-walled stainless steel

tubes 5 could be filled with liqguid nitrogen for low tempera-

ture photoconductive studies, or have air blown through it
to enable rapid cooling from higher temperatures. The in-
sulation E between the copper disc F (which formed one
contact to the sample and was connected to the DC voltage
supply) and the can C (which was earthed) had to withstand
the full voltage across the diamond sample, and at the same
time provide a reasonably low thermal resistance; it was
found that a few layers of teflon tape served both these

e

e o gt g S

=T e e

L i g i g P ey e

e by o e e

MW R I S e e s



i

FIG. 3.9 The general purpose apparatus. A - brass outer can;
B - radiation shield; C - copper can; D - mica; & - teflon tape
insulation; F - copper disc; G - sample; H ~ heater; I - thin-
walled stainless steel tube; J ~ radiation shield; K - spring;

L - nut; M -~ washer; N - teflon washer; O - modified UHF socket;
P ~ teflon insulation; R - gentral electrode; § - stainless
steel tubes; T - C rings; V - vacuum line, Silica windows in
outer can not shown; T'! ~ thermocouple.
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purposes very well, since the teflon softened and adhered
to the metal snrfaces during the first heating cycle, and
retained its electrical resistance provided it was not
heated to too high a temperature. The sample temperature
was measured with a copper-constantan thermocouple junction
betwaen the sample G and disc F. The samnple could be
illuminated through quartz windows in the outer can A.

Observations of the temberature dependence of the
electrical resistance of the diamonds were made in a point
by point fashion and both the temperature and the current
through the diamond were allowed to stabilize before a
set of readings was taken.

Fig. 3.10 shows a plot of current versus voltage for
a synthetic diamond at 290°%. A straight line through the
origin is An extremely good fit to the experimental points,
showing that the contacts to the diamond were ohmic.

3.3 Determination of the sign of the charge carriers

3.3.1 The thermoelectric effect

The sign of the charge carriers in a semi~conducting
sample is usually obtained from Hall effect measurements.
In the investigations reported in this thesis, the Hall
effect was not used because: '

(1) under narrow band illumination the resista. ce of
insulating diamonds is still so high that the Hall
effect is extremely difficult (if not impossible) to
observe ,

(ii) the three or four contacts necessary for the Hall
effect observations could not be applied to the °
synthetic diamonds, which were very small.

Tt can readily be shown (eg., Smith 1968) that the thermo-
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electric power of a non-degenerate n—-type semi-conductor is
negative and that of a p-type semi-conductor is positive.

The sign of the thermoelectric power is therefore a simple

_alternative to the Hall effect as a method for the determina-

tion of carrier sign, and is relilable provided the contacts
to the samplé are ohmic (Gould 1962). This method has been
used as a check on the conductivity type of synthetic’diamond
by Wentorf and Bovenkerk (1262) and Bodrgoin et al (1972)

and the temperature dependence of the thermoelectric power

of a type IIb diamond was studied by Goldsmid, Jenns and
Wright (1959); all these authors found that the sign of

the thermoelectric effect indicated the type of conductivity
correctly.

3.3.2 The thermoeledtric effect apparatus

The general purpose apparatus was modified for the
observation of the thermoelect;ic effect in type Ib diamond.
A sketch of the lower portion of the ap; ratus is shown in
Fig. 3.1l. When the electrical supply to the heater H was
switched on, the heat generated was conducted through the
sample to the copper block E, which acted as a heat sink;
consequently, while the heater was operating and the average
temperature of the sample was increasing, a temperature
gradient was set up such that the lower face of the sample
was hotter than the upper face. The direction of this thermal
gradient could be changed by switching off the supply to
the heater and blowing cold air down into the upper can C
through one of the tubes 8; during this process the average,
temperature of the sample decreased. Fig. 3.12 (a) shows
how the temperature difference varied during one such
heating and cooling cycle, as measured by a differential
thermocouple with Jjunctions clamped between each side of
a féirly large natural type IIb diamond.

Fig. 3.12(b) shows the the moelectric voltage generated
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FIG.. 3.1L The general purpose apparatus, as modified for 2
observation of the thermoelectric eflfect. A - outer can;
B ~ radiation shield; C - copper can; D - mica insulation;
E - copper heat sink; G - sample; H - heater; I - thin-walled
stainless steel tube; T - thermocouple.
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FIG. 3.12 (a) The temperature of, and the temperature difference across, a type TIb

diamond during observation of the thermoelectric effect. The lower face of the
sample was hotter than the upper face during heating, and cooler during cooling.
(b) The thermoelectric voltage observed in the type IIb diamond. The upper face was
positive with respect to the lower face during heating, and negative during cooling.
The sign of the thermoelectric voltage is consistent with the fact that the

sample is p-type.
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in this diamond during a similay cycis. The colder face of
a p-type sample would be expected to be positive with
respect to the hotter face (Gould 1962); thus, during the
heating half of the cycle, a positive signal should be
recorded by the electrometer, and a negative signal would
be expacted during the cooling. Fig. 3.12 (b} confirms that
this was observed.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Electron-irradiated type Ia and type IIa diamonds

4,1.1 Introduction

Two type Ia and two type IIa diamonds, which had been

18 electrons cmmz

irradiated with approximately 10 of energy
0.78 MeV, were avallable for investigation. All four specil-
mens were polished blocks and optical absorption spectra
were measured with the Unlcam SP800 spectrophotometer. The
photogonduction spectra reported in this chapter have not
been normalized, but their interpretation in terms of the

assoalated optical absorption, features i1s unambiguous.

4.1.2  Photogonduction

Fig, 4.1 compares the optical absorption and photo-
conduction in the neighbourhood of the GR1l band in an
electron-irradiated type IIa diamond at 80K. There is
clearly an inverse correlation between the two spectra;
on a background of photoconduction, competitive absorption
by the GR1l band produces minima in the photoconduction
spectrum at the positions of maxima in the absorption.

The optical absorption and photoconduction at 80K
in the region GR2 to GR8, RS and R1LO in the same type IIa
diamond are shown in Flg, 4,2, Direct torreaspondence
between the optical absorption and photoconduction'peaks
is observed here, indicating that absorption by the peaks
GR2 etc. creates free charge carriers, v

The photoconduction spectrum in Fig, 4.3 was observed
at 80K in an electron~irradiated type Ia diamond. In
addition to the peaks GR2 ete., a further sequence of
photoconduction peaks gtarting at 3.15 eV is observed.
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velghbourhood of the GRL band in an electron~-irradiated type

ITa diamond. The tungsten lamp was used with the monochromator.
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FPIra. 4.2 Photoconductlon and optlcal absorption spectra in
the naighbourhood of the GR2 to GRE, RY and R1O lines in an
electron~irradiated type Ila diamond, using the tungsten lamp
with the monochromator. Both measuremonts were mads at 8O0K.
The positions of the GR2 to GR8, RY and RLO absorption lines,
as given by Clark, Ditchburn and Dyer (19856), are shown at the
top of the figure.
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These peaks coincide with the positions of the optical
absorption maxima in the NDl system.

The spectra in Figs. 4.4 and 4.5 illustrate that the
correspondence between the photoconduction and optical
absorption peaks of the NDlL system is preserved at tempera-
tures down to 8K. In Fig. 4.4 the photocurrent was excited
with monochromatic light from the deuterium lamp and the
monochromator slitwidth had to be opened considerably in
order to measure the spectrum; however, the output is
maintained at higher energies, and five (and possibly six)
maxima can easlly be seen in the photoconduction spectrum,
Fig. 4.5 compares dirvectly the recorder traces of photo-
conduction at 80K and 8K in an irradiated type Ia diamond
under identical conditions of monochromator sweep, slitwidth,
applied voltage and electrometer sensitivity; in this case
the tungsten lamp was used with the monochromator. No
reduction is observed in the photoconductive response on
reduncing the temperature from 80K to €K; at 8K the peaks

"are slightly narrower and possibly slightly larger.

Fig. 4.6 shows the photoconduction spectrum at 80K
of an irradiated type Ia diamond in which both the N3 and
NDLl systems are present. The first two lines of the N3
system appear as minima on the hackground of photoconduction,
in contrast to the maxima at the positions of the NDL peaks.
This clearly illustrates the opposite behaviour of these
two systems in photoconduction, although they appear very
similar in optical absorption (both in structure and position
in the absorption spectrum of diamond).

4.1.3 Summary of results

Minima are observed in the photoconduction spectrum
of irradiated diamonds at the positions of maxima in the
GR1 absorption system. Photoconduction maxima are observed
at the positions of the GR2-8, RY9 and RLO lines and at the
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FIG, 4.4 Photoconduction and optical absorption spectra at 8X in the
neighbourhood of the NDL system in an electron-lrradiated type Ia dia-
mond. The deuterium lamp was used with the monochromator.

‘89




- e et e iy A L R e S b, ¥ W

~ e

b e ¥ o it o ek g 7

D S

e cmartad o e e

59.
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FIG., 4.5 Photoconductivity in an electron~irradiated type Ia

diamond under identical ezperimental conditicus, except that
(a) was measured at 80 K and (b) at 8 K. The GR2-8 lines
between 430 and 400 nm are followsd by the NDL system (with
its zero phonon line at 394 nm). The tungsten lamp was

used with the monochromator.
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Ia diamond which contains both the N3 and NDl systems.
lines of the N3 system appear as minima followed by maxima at the

positions of the ND1l maxima. The tungsten lamp was used with the

chromator.
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positions of the maxima in the ND1l absorption system. These
photoconduction maxima appear to be undiminished at tempera-
tures down to 8K. '

4,2 Natural type Ib diamonds

4,2.1 Introduction

’

Five natural type Ib diamonds were made available for
this investigation. Two of them had been cut into rect-
angular blocks and polished, and optical absorption
measurements could be made on these samples. Electron spin
resonance observations showed that all five diamonds con-
tained approximately 1018 single substitutional nitrogen
atoms per cm3.

4.2.2 Room_ temperature phctoconduction and optical
absorption

Four of the five diamonds investigated had similar
photoconduction spectra, and showed no increase in photo-
couduction beyond 4 eV. A typical spectrum of one of these
specimens is given by the continuous curve in Fig. 4.7(a).
The remaining diamond showed strong photoconduction between
4.0 and 5.5 eV, the low-energy threshold for this peak being
at 4.05 eV; the spectrum of this diamond is shown in
Fig. 4.7(b). ’

In all specimens, photoconduction at energies less than
about 1.7 eV was due to trapping levels, and could be
removed by optical bleaching. The broken curves in Fig. 4.7
were measured after bleaching with light of energy up to
2.5 eV, The low-energy thresholds of these spectra all
lay between 1.70 and 1.75 eV (+ 0.05 eV).
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FIG., 4.7 Room temperature photoconduction spectra of two
natural type Ib diamonds. - Four of the flve diamonds investigated
showed spectra similar to (a); the spectrum of the remaining:
diamond is shown in (b). The broken curves were uhtalined after
optical bleaching of the low energy trapping levels.
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Fig. 4.8 shows a comparison for diamond Bl of the
optical absorbance between 1.7 and 2.9 eV and the normali-
zed photoconduction in the same range. In order to minimise
possible changes in the effective field in the diamond
(due to preferential trapping of charge carriers near the
electrodes),; these photoconduction measurements were
repeated until successive spectra were identical. Correc-
tions have been made for variations ,in the intensity and
bandwidth of the light from the monochromator to give the
relative photocurrent per photon at each point. All
absorbance readings have been multiplied by a constant
factor which was chosen to make the absorbance and photo-
current curves coincide at 2.0 eV, This comparison was
also made for specimen B2 and results similar to those

shown in Fig. 4.8 were obtained.

4.2,.2 Electrical resistance and thermoelectric

effect

Fig. 4.9 is a plot of log i =ersus 1/7T for diamond
B3, where i is‘the current measured through the diamond
for a fixed applied voltage and T is the absolute tempera-
ture., Similar measurements on the other diamonds also
‘gave stralght lines, and the thermal activation energies
calculated from these graphs lay between 1.69 and 1.75 eV.

Fig. 4,10 shows a comparison of the themoelectric
effect in a p-type semi-conducting diamond and a natural
type Ib diamond, which is clearly n-type. Observations were
made in the manner described in section 3.3. The other
natural type Ib diamonds showed similar behaviour.

4.2.4 Photoconduction and optical absorption after

heating

When photoconduction measurements were made immediately
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FIG. 4.8 A comparison of photoconduction and optical absorp-
tion-in diamond Bl at room temperature.
0 - Normalized photocurrent (arbltrary units)
X -~ Absorbance (arbitrary units)
MB - Monochromator bandwidth at 1.7 eV
SB - Spectrophotometer bandwilidth at 1.7 eV
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FIG. 4.5 The current i through diamond B3 as a function of

temperature T, with a fixed applied voltage of 180V,
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after measurements of the electrical resistance as a
function of temperature (which involved heating the diamonds
to 400°C), inereased photoconductivity at energies above
1.7 eV was observed, The optical absorption after heating
showed a similar increase compared with that measured after
bleaching with light of energy up to 2.5 eV. This effect
as observed in diamond B2 is shown in Figs, 4.11 and 4.12,

Fig. 4.11 shows (a) the optical absorption immediately
after cooling from 400°¢C and (b) the absorption after
bleaching with light of energy 2.5 eV; both measurements
were made at room temperature. Fig. 4.12(a) and (b) show
the unnormalized room temperature photoconduction spectrum
of the same diamond after the same treatment. The spectrum
at 80K after heating to 400°C was similar to curve (a),
and (¢) is the 80K spectrum after bleaching with 2.5 eV
light.,

Two effects can clearly be seen., Firstly, there is a
photoconduction and associated optilcal absorption feature
with its low energy threshold at 1.7 eV at both room temp-
erature and 80K; this feature is activated by heating to
400°¢. Secondly, the low energy threshold of the back-
ground photoconduction; which is about 1.7 eV at 293X,
moves to higher enerxgies at 80K,

4,2.5  summary of results

The 4.05 eV photoconduction threshold has been observed
in only one out of five natural type Ib diamonds and it

~cannot be congidered to be characteristic of this type of

diamond. Reasonable agreement has been cobtained between
the shape of the absorption tail and tha normalised photo-
conduction spectra in the visible, both of which start at
about L.7 eV. This suggests that the absorption tail is
due to transitions between a defect level or levels and the
conduction or valence bands. Thermal activation energies

i, o e

S A 1 ki it A . e e e g

S i gyt s

SRR

I




e A A

B

w0

PR e

BN IR 2 B PRI OGN, WA T A,

2.0
B2
W
(@)
<
&
o "0 -
@]
[72}
[a4]
<
bt ...,...,.AW"‘F“M | |
15 : 20 2+5 30

PHOTOM ENERGY (eV)

¥re., 4.1 The room temperature optlcal absorptlion gpectrum of a natu~

ral type Ib diamond (B2) (a)
bleaching with 2.& eV light.

after cooling from 400°C and (b) after

‘89

T e E N S et i

L gl P

o

T SPURPNE S NS




[T —

690

B2

3
o (a)
o
b
4 o
(R
=
3
&
ot Iy
0.

'»..

—
O I " il ] {
15 20 25 30

PHOTON ENERGY (eV)

¥

)
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(&) at room temperature after heating to 4007°C

(b) at room temparature after bleaching with 2.5 eV light
(c) at 80K after bleaching with 2.5 eV light
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of about 1.7 eV have been measured, and the thermally
generated carriers are electrons, '

A broad photoconduction peak, with a sharp threshold
at 1.7 eV at both room temperature and 80K, i1s enhanced
by heating the natural Ib diamonds to 400°C. An increase
is also observed in the optical absdrption. The
exlstence of this additional photoconduction feature makes
unambiguous interpretatlon of the photoconduction spectra
difficult. lDowever, it appears to have an origin different
from that of the baskground photoconduction tail, since the
low-energy threshold of the latter is clearly temperature
depandent.

¥

4.3 Synthetic type Ib diamond

4.3.1 Introduction

A number of yelloWish synthetic diamonds with dia-
meters up to about 2 mm were made avallable by the Diamond
Research Laboratories, Johannesburg. The smaller stones
tended to be purer and to have fewer visible defects and
inclusions, Ten of these (with diameters up to 1 mm) were
selected for the investigations to be reported in this
section. One diamond was large enongh for reliable opti~
cal absorption measurements; its infrared spectrum
hetween 1000 and 1400 cmml ls shown in Plg, 4.13 and its
vigible-~ultraviolet spectrum is shown in Fig. 4.l14. Both
of these spectra are typical type Ib spectra as reported

in the literature (Dyer et al 1965; Chrenko et al 1.971).

4.3.2 Photoconduction

Typleal rymm temperature photoconduction spectra
observed in these samples are shown in Figs. 4.15 and 4.16,
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FIG. 4.13 The one-phonon infrarad spectrum (corrected
of synthetic diamond 810.
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The spectra of nine of the samples were similar in overall
appearance, with slight quantitative variations from sample
to sample; the other sample (S12) is discussed in section
4.3.4. Characteristic features of the spectra are the
threshold at about 2 eV and the dip at about 4.6 eV; no
threshold at 4 eV was observed.

Fig. 4.17 depicts the behaviour of the 2 eV photo-
conduction threshold as the temperature is varied between
80K and 460K (above which the dark current became too
large for phatoconduction measurements to be made). As
the temperature is raised, the position of the threshold
moves to lower energies. This effect was observed in four

‘samples; at 80K the threshold was at 2.15 + 0.05 eV in

all four, and at about 450K it had decreased to 1l.65
+ 0.05 eV.

No increased photoconductivity was observed in these
samples after heating to 400%C.

4.3,3 Blectrical resistance and thermoelectric effect

Fig. 4.18 is a plot of log i versus L/T for synthetic
sample S8. Similar measurements on the other samples also
gave straight lines and the thermal activatlion energies
for nine of them all lay between 1.61 and 1.69 eV, with
the exception once again of sample S12 (see section 4.3.4).

Fig.k4,l9 depicts the observation of the thermoelectric
effect in sample S8, which 1s clearly n—-type. The thermo-
electric effect of the natural type IIb diamond 1s again
shown for comparison. All nine synthetic samples described
above were found to be n-type.

4.3.4 Sample S12

Sample 512 showed unusual properties compared with

A S 5+ 2 b A i

[ e

e g

b e

EEPeRE e —

e e N S e




o R M M

76.

S AT v

S 9

-
L
-
-
R et

e et o 1 A g i R o s gt bl g b

o

e g g s

o

Of =

0 v S 55 |
PHOTON ENERGY (eV) | :

f

PIG. 4.17 The temperature dependence of the 2 eV threshold
in synthetic diamond. ‘ _
A~ 80K B~ 293K C ~ 400K D - 460K | | i




i 478 e

]
&
| -
< -
-8}
£
=
[ ~
o -9
2
-10f- I

15 16 17 I8 -9 20 241

’-% (T in K)

a3

FIG. 4.18 The current i through synthetic diamond S8 as a function of
temperature T, with a fixed applied voltage of 90V,

LL

R SAS I men .

e A ik e, A i

i

SRS D us bt~

o et e e 2 e




el

400f 400} * | 58
o300}k g.300f
w | g -
éZOD- { ?Egzoo-
i ! &
S | d
" oot % 100} -
L~ : g v ’ ‘ n ,
% 3 ; § g % 7 f.~ 6 8
TIME (minutes) o IIME (minutes)
i % 16p
: 2
= S w 10p
< ] 5-
3 TIME (minutes) 2 |
[} | [} L
o 2 L 6 § g 0 2 i 6 8
é ‘ B 5 TIME (minutes)
(] ! b
o -5k | & .ok
8- ' i z
€L
h (a) | (b)

FIG. 4.19 The thermoelectric effect observed under identical experimental
conditions in (a) a p~type semiconducting diamond (see Fig. 3.12), and
(b) in diamond 88,which is clearly n~type.

“8L

S e A S Sk T

e e s

ERINEIE VN

ARG L

Sh v e




79.

the other nine diamonds investigated. Its room temperature
resistance was too low for photoconduction measurements

to be made at. that temperature. At 80K it showed considera-
ble photoconduction between 0.5 and 1.5 eV, together with
the photoconduction typical of the other specimens - a
threshold at about 2.2 eV followed by a broad photocon-
duction spectyum extending to the fundamental absorption
edge. This is shown in Figs. 4.20 and 4.21. The spectrum
between 0.5 and 1.5 eV is clearly a typical type IIb
spectrum, as has been observed by many authors (eg. Hardy
et al 1962; Collins et al 1969).

The electrical resistance of S12 as a function of
temperature yielded an. activation energy of 0.35 eV (see
Fig. 4.22) and the thermoelectric effect showed that the
conductivity was p-type. However, the cheracteristic
electron spin resonance lines of the single substitutional
nitrogen atoms could be detected at 80K (Loubser 1974).

4.3.5 Summary of results

The experimental investigations reported in this
section have shown that the photoconduction spectra of
synthetic Ib diamonds show no threshold at 4,05 eV. A
typical spectrum consists basically of a single broad
feature. The low energy threshold of this feature 1s
temperature dependent -~ it increases from about 1..65 eV
at 450K to about 2,1 to 2.2 eV at 8OK.

The thermal agtivation energies measured in these
diamonds at temperatures up to 400°¢ lie between 1.6 and
1.7 eV, in agreement with the high temperature optical
lonization threshold. The thermally generated free charge
carriers are electrons,

One sanmple (812) showed properties characteristic of
p-type semi-conducting diamond in addition to the photo-
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conduction which 1s characteristic of synthetic type Ib
diamond and is presumed to contain separate regions which
are typically type IIb and type Ib respectively.
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CHAPTER 5

DISCUSSION, CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Irradiated diamonds

The photoconductivity minima observed at the posi-
tions of maxima in the GR1l absorption system show that
absorption by this system gives rise to few (if any) free
charge carriers, which is consistent with the'observation
that it is a luminescent system (Clark and Norris 1971) and
with . model in which the first excited state of a GR1
centre lies well away from the band edge. 1In contrast,
absorption by the ND1 system and the peaks GR2~8 clearly
results in photoconduction. The reported absence of
luminescence associated with the NDl1 system can be under-
stood since the excitation of ND1 carriers from the  ‘ound
to the excited state creates free charge carriers ev 1 at
temperatures as low as 8K. The appearance of the UV band
and the lines GR3 and GR6 in the excitation spectrum of
GRL luminescence (Clark and Norris 1971) could be due to
the trapping at ionized GR1l centres of free charge carriers
created by UV band and GR2-8 absorption. In addition, the
GR2-8 transitions (which take place at the GR1l centre) may
not always result in the freeing of carcsiers and GR1 lumin-

escence would be observed from those electrons which remained

bcund.

The occurrence of sharp peaks in the photoconduction
spectra of solids is unusual. Sharp peéks in optical
absorption are normally associated with transitions between
bound states, whereas transitiong involving the conduction
or valence bands are characterised by broad absorption
features. The ionization of a level within the forbidden
energy gap usually gives rise to a shoulder or broad peak

~in the photoconduction spectrum - in diamond the width of
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these peaks is usually of the order of an electron volt or
more (eg, Vermeulen and Nabarro 1967). The mechanism where-
by photoconduectivity arises from irradiation into the ND1
and GR2-8 absorption lines therefore merits some discussion.
A number of authors have attributed observations of
temperature dependent photoconduction peaks and fine
structure to the mechanism of photothermal ionization, in
which optical excitation to an excited state is followed
by thermal ionization to the conduction or valence bands
(eg. Collins and Lightowlers 1968; Sah et al 1971; Kirk-
man and Stradling 1973). The identifying characteristic of
this mechanism is the decrease in the size of the peaks as
the temperature is lowered, and their eventual disappearance
when the temperature is low enough for the thermal process
to be quenched. The observation reported in this thesis
that there is no apparent decrease in the ND1l and GR2-8
peaks at 8K as compared with 80K indicates that a thermally
assisted process is highly unlikely. This belief does not
substantially alter the model of Dyer and du Preez>(l965)
for the reciprocal bleaching and enhancement of the ND1
and GRl bands, which only requires that the centres exchange
charge carriers via the bands. Vermeulen, Clark and Walker
(1974) have reported from subsequent investigations that
photoconductivity due to the GR2~8 lines increases as the

temperature is decreased from 100 to 40K, and it is suggested

that a detailed study of the temperature dependence of the
ND1 and GR2-8 photoconduction peaks should be made in a
cryostat in which the temperature can be controlled and
which is capable of achieving sample cemperature lower than
8K.

Various mechanisms have been proposed whereby excitons
might give rise to free charge carriers, in order to account
for sharp photoconduction peaks at energies close to the
intrinsic absorption edge in the spectra of a number of
substances, ed. CuZO (Coret and Nikitine 1969), CdS and
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CdSe (Park and Reynolds 19263, Gross and Novikov 1959) and
diamond (Nahum and Halperin 1962, Denham et al 1967), and
also to accou@t'for anomalously low efficiencies of lumin-
escence lines close to the absorption edge (Nelson et al
1966). At sufficiently high temperatures an exciton can
thermally dissociate into a free electron and hole. An
Auger process, in which an exciton ilonizes a defect centre,
could take place even at low temperatures (Nelson et al
1966} . Coret et al (1971) have also suggested that excitons
might dissociate in regions of high local fields. However,
it is unlikely that any process involving band-gap excitons
is'responsible for the ND1 and GR2-8 photoconduction peaks
since these occur at about 3 eV, and the band gap of dia-
mond is 5.5 eV. ,

Davies and Lightowlers (1970) suggested that an Auger~
type process, in which the energy difference between the
excited state and ground state is used to eject an electron,
could explain the apparent absence of luminescence associated
with the NDL centre. This process would give rise to
photoconduction peaks such as those reported in this thesis;
however, there is as yet no evidence f(either from optical
absorption or 'from photoconduction measurements) of an
electron which is weakly bound to the ND1 or GRl centres
and which might be ejected in such a process, and the ND1
and GRLl transitions are generally believed to be transitions
to the first excited states.

While considering criteria for the occurrence of
luminescence, Dexter, Klick and Russell (1955) suggested
that the autoilonization of excited states of simple centres
in solids might give rise to photoconductivity upon
irradiating into discrete absorption lines even at very low
temperatures. Recently Boyn, Dzlesiaty and Wruck (1270)
have observed peaks in the photoconduction spectrum of Ti-
doped CdS, and suggested that the excited states of the
'l’iz+ centres responsible for these peaks might lie above
the minimum of the conduction band, thus leading to auto-
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ionization. They refer to the work of Kaplan (1963) and
Bassani, Iadonisi and Preziosi (1969), who investigated the
dependence of, impurity states on band structure, and found
that when subsidlary extrema occur in the conduction or
valence bands, it might be possible to obtain excited states
of a centre which are in resonance with that band. The
theoretical and experimental evidence for the existence of
such resonant states has been extensively reviewed by
Bassani, Iadonisi and Preziosi (1974). Resonant states of
boron acceptors in silicon due to spin-orbit splitting of
the top of the valence band have been observed by Zwerdling,
Button, Lax and Roth (1960), Colbow (1963) and Onton,
Fisher and Ramdas (1967).  Donor resonant states associated
with secondary minima in the conduction band have been
obsexrved in GaP by Onton (1971) and in InP by Onton,
Yacobi and Chientka (1972). Saddle points in the band
should also i - rise to resonant impurity states.

It is nu. ussible, from the measurements reported
in this thesis, to establish the precise mechanism which
gives rise to the photoconduction in the ND1 and GR2-8 lines.
It is suggested, however, that these might well be due to
autoionization from discrete excited states within the
conduction or valence bands. There is evidence from thecret-
~ilcal work (Pryce 1965; Painter, Ellis and Lubinsky 1971)
ard trom reflectance measurements (Roberts and Walkexr 1967)
that the conduction band of diamond might have subsidiary
energy minima, and the valence band would be split due to
spin-orbit coupling (eg. Phillips 1973). Preliminary
measurements have indicated that the free carriers generated
by GR2-8 illumination might be electrons (Vermeulen 1975);
an identification of the sign of the ND1l carriers would be
of considerable interest. Unfortunately, no theoretical
calculations concerning the ND1l centre or the excited states
of the vacancy higher than the first have been made; it is
hoped that the unusual observations reported in this thesis
will stimulate interest in such calculations.
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5.2 Type Ib diamonds

The observations reported in this thesis show con-
clusively that the photoconduction threshold at 4.05 eV is

not characteristic of type Ib diamond. The view of Dean

(1965) and Denham, Lightowlers and Dean (1967) that this
threshold is the photoionization limit for the isolated
substitutional nitrogen donor is therefore believed to be
incoxrect. The photéconduction spectrum which is typical
of type Ib diamond consists essentially of a single broad
feature which extends from about 2.2 eV at 80K to the.
intrinsic absorption edge. This photoconduction continuum
is gimilar in appearance and position to the type Ib
optical absorption tail which has been correlated with.the
isolated substitutional nitrogen (Dyer, Raal, du Preez and
Loubser 1965; Sobolev et al 1969b; Chrenko, Strong and
Tuft 1971). It is therefore suggested that the photoioni-
zation threshold for the substitutional nitrogen donor is
2.2 eV at BOK.

Experimental observations of photoconductivity in
type Ia diamonds are consistent with this suggestion.

Most type Ia diamonds contain detectable amounts of isolated
substitutional nitrogen and it is likely that small concen-
trations of this defect are present in all type Ia diamonds.
A pnotoceonductive threshold at 2.2 eV (at 80K) is observed
in all type Ia diamonds (Vermeulen and Nabarro 1967). Photo-
Hall effect observations have shown that fype Ia diamonds
are n-type under illumination with visible light (Vermeulen
1975; Klick and Maurer 1951; Redfield 1954) and the
observation by the author (quoted by Vermeulen and Nabarro
(1967)) that type Ia diamonds are p~type during illumina-
tion with lighc of energy 2.2 eV is probably incorrect.

The activation energy for thermally generated free
carriers in type Ib diamond, as estimated from measurements
of electrical resistance as a function of temperature up
to 400°C, is about 1.65 eV; observations of the thermo-

AR A L i i s e et e

g P L ST




89.

electric effect have shown that these carriers are electrons.
The low-energy threshold for the single photoconduction
feature typical of type Ib diamond (about 2.2 eV at 80K)
decreases with increasing temperature and reaches the
thermal activation energy value of 1.65 eV when the tempera-
ture is about 450K. It is concluded from these observations
that the thermally generated carriers and the carriers
giving rise to the photoconduction originate from the same
donor level ~ the isolated substitutional nitrogen donor.
Although there is some doubt about the guantitative valid-
ity of the calculations of Messmer and Watkins (1973), it
is interesting to note that the measured thermal activation
energy of 1.65 eV agrees well with their value of 1.5 eV
for the distance below the conduction band of the nitrogen
donor level before distortion.

The observation that there is a marked differance
between the thermal and low temperature optical ionization
energies deserves discussion. The Jahn-Teller distortion
experienced by the nitrogen centre 1s generally believed
to be large; estimates of the distortion energy range
from about 2.8 eV (from the prediction by apik and Pryce
(1957) that this reduction should be about four times the
height of the barrier to reorientation when the distortion
arises from the electrons coupling to a single T vibrational
mode) to about 5 eV (calculated by Messmer and Watkins .
(1973)) . The ionized donor is electronically non~degenerate
and will not suffer an asymmetric distortion. The Franck=-
Condon principle dictates that optical transitions take
place with no change in the lattice configuration; optical
ionization of the nitrogen centre therefore takes place
from the distorted confiliguration. In thermal transitions,
the lattice ccifiguration can change and transitions occur
at tne lowest accessible energy;which is the energy
~difference between the equilibrium lattice configurations
for the bound and ionized statés. A marked difference:
between the optical and thermal ionization energies of -he
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nitrogen donor is therefore to be expected. Stoneham (1974)
has pointed out that this difference should be at least as
much as the height of the barrier to reorientation, since
the centre could reorient through the symmetrical position.
The barrier height is about 0.7 eV and the difference
between the optical and thermal activation energies reported
in this thesis is about 0.55 eV, There is clearly a need
for further work to investigate this discrepancy. It is
possible that measurements of photoconductivity at liquid
helium temperatures might reveal a further increase in

the 2.2 eV photoconduction threshold.

A study of the photoconductivity of synthetic type Ib
diamonds as a function of the concentration of dispersed
nitrogen might also yield interesting results. The absorp-
tion spectra reported by Chrenko, Strong and Tuft (1971)
(see Fig. 2,3) show a low energy threshold at about 600 nm
(about 2 eV) for a Yellow diamond containing a relatively
large amount of dispersed nitrogen; this value is in good
| aggrement with the 2 eV room temperature photoconduction
threshold repcorted in this thesis. However, the absorption
threshold shown by Chrenko et al appears to have moved to
about 470 nm (2.65 eV) for a colourless diamond containing
far less nitrogen, which suggests the possibility that
the photoionization threshold might decrease with increasing
nitrogen concentration. The observations of Loubser, van
Ryneveld and du Preez (1965) indicate that nitrogen centres
become close enough for exchange interaction to be observed

18 12 ..
to 10 nitrogen atoms per

at concentrations of about 10
cm3, and the possibility that such an interaction might
cause a decrease in the photoionization threshold should

be investigated. The thermal ionization energy would have
to remain unaltered(or decrease by a smaller amount) if the
discrepancy discussed above is to be explained. However,
Sturge (l967) reports an enhancement of the strain due to

the Jahn-Teller effect at acceptors in silicon when theilr
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'

concentrations are high - which would cause an increase in
optical ionization energy.

The peak at 4.6 eV in the absorption spectrum of type
Ib diamond still remains unexplained. It is tempting to
attribute it to transitions from the nitrogen donor to the
conduction band minimum at the centre of the Brillouin
zone, which Roberts and Walker (1967) suggest to bhe about
7.3 eV above the valence band edge. This gives an energy
difference of about 1.8 eV between the conduction band minima.
If the nitrogen donor is 2.2 eV below the conduction band,
transitions to the central band edge minimum would occur
from about 4 eV onwaxrds, which is the position of the threshold
of the ultraviolet absorption peak. The decrease in photo-
conductivity in this region could be attributed to the lower
lifetime of free carriers at the surface than in the volume.
As the optical absorption increases, a greater proportion
of the carriers 18 excited at the surface, where recombi-
nation is more rapid than in the volume. For this reason
it ig common for photoconduction spectra to show a decrease
at energies greater than the intrinsic absorption edge
(Bube 1960 p230) and similar behaviour would be expected
for stronyg absbrption systems other than the absorption edge.
The observation of fine structure on this peak at 80K by
Dyer et al (1965) should be verified in synthetlc diamond
- 1t was observed in the spectra of natural Ib diamonds,
which does not clearly establish it as a characteristic of
dispersed nitrogen, since natural diamonds can be intermediate
in type. Structure is observed at the same positions on the
4 eV photoconduction threshold (Denham, Lightowlers and
Dean 1967) which is characteristic of type Ia diamond
(Vermeulen and'Nabarro 1967) .

The additional photoconduction which is observed in
natural type Ib diamonds after heating, and which can be
optically bleached, is probably associated with the Leivo
electron paramagnetic resonance centre, which is known to
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be present in at least two of the diamonds which were
studieéd (including sample B2 - see Figs. 4.11 and 4.12).

A similar enhancement of the optical absorption in natural
type Ib diamonds, accoumpanied by decreases in the e.p.r.
associated with both the single nitrogen and the Leivo
centre, have been interpreted hy Loubser (1973) in terms
of electron transfer between the single nitrogen and the
Leivo centre. A, chermal activation energy of 1.7 eV for
ionization of the single nitrogen was estimated by Loubser
(1973), in good agreerant with the results reported in this
thesis. The photcoconduction measurements reported here
indicate that the low energy limit for optical ionization
of the Leivo centre is 1.7 eV. A systematlc investigation
of optical absorption, photoconduction and electron para-
magnetic resonance in these diamonds would be rewarding.

5.3 Additional suggestions for further work

Much of the recent experimental work which has been
undertaken to investigate the properties of defects in
diamond has centred on optical techniques - especially
optical absorption and emission. The electrical properties
of diamond have been somewhat neglected - probably because
it is difficult (and sometimes impecssible) to make electrical
measurements on highly insulating samples. However, with
measuring equlpment and electrical insulation materials
which are now available, electrical measurements such as
the Hall effect, resistivity and thermoelectric effect are
experimentally feasible, especially at elevated temperatures.
For instance, it should be possible to measure the Hall
effect by conventional means in natural insulating diamond
from about 600K upwards. Redfield (1954) and Konorova and
Shevchenko (1967) have both reported that electron and hole

mobilities vary as T %7 in insulating diamond. Wedepohl
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2.8

(1957) found tha%# hole mobilities vary as T ; it would

be interesting to check on the temperature dependence of
the electron mobility. ‘

The thermoelectric effect has bheen shown to bhe a
useful means of identifying the <ign of the charge carriers
in insulating diamond at elevated temperatures. Interesting
extensions of this type of measurement are the photothermo-
electric effect and thermally stimulated thermoelecfric
effect, which can be used for carrier identification and,
in some cases, to obtain quantitative information such as
electron density and mobillty (Lawrence and Bube 1568;
Harper, Matthews and Bube 1970; Kwok and Bube 1973).

These techniques could probably be used to great advantage
in insulating diamond.

An interesting observation which has recently been
made is the existence of the NDLl band, as observed in
photoconduction, in several small type Ia gem sand diamonds
(see Fig. 5.1). These diamonds were among those selected
for an investigation of the counting properties of diamond
(Vermeulen 1965). Initial tests showed them to be poor
counters and they were not investigated any further. It
is estimated that they were subjected to a maximum irradia-
tion dose of 106 @lectrons per cm2 of energy 0.61 and 2.2
MeV. It is interesting to speculate whether this system
is present in some natural type Ia diamond, or whether it
was produced by the small radiation dose to which these
diamonds were subjected; normally, radiation doses of the
order of 10%7 electrons per cm2 are needed to induce

measurable radiation damage in diamond. Further investi-

gations of photoconductivity in this type of diamond are
required,
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