
PHYSICAL REVIEW B, VOLUME 64, 224110
Model for the defect-related electrical conductivity in ion-damaged diamond

E. Baskin,1,2 A. Reznik,1,2 D. Saada,1,2 Joan Adler,1 and R. Kalish1,2

1Department of Physics, Technion-IIT, Haifa 32000, Israel
2Solid State Institute, Technion-IIT, Haifa 32000, Israel
~Received 28 June 2001; published 21 November 2001!

Ion-damaged diamond, with a point-defect density smaller than a critical density of 1022 cm23, exhibits
defect-related electrical conductivity that follows an Arrhenius pattern. Subsequent to isochronal annealing, the
activation energies (eA) for this conductivity were found to increase from 0.35 to 1.15 eV as the annealing
temperature (Ta) increased from 200 °C to 1200 °C. We present a quantitative explanation for this substantial
increase that is based on the fact that when a vacancy in diamond is neutral, it has a deep localized state
occupied by an electron with higher-lying states, which may trap an additional electron, resulting in higher-
lying energylevelswithin the band gap. These states may form an energetically higher-lyingband ~the D2

band! in which electrical conduction may take place. The energy gap between the Fermi level and the mobility
edge of theD2 band is related to the observedeA . Since both the shift of the Fermi level and the width and
shape of theD2 band depend on the density of defects, the observedeA depends on the defect concentration,
i.e., the degree of defect annealing. This model can account for the experimentally observed variation ofeA

with Ta . It can also explain some of the measured large varieties of activation energies reported for diamond
ion-implanted with dopant atoms~which were previously interpreted as representing different energy states of
the dopants! as attributed to unannealed residual implantation-related defects. The present model should be
generally applicable for the description of electrical conduction in wide band-gap semiconductors with deep
defect levels inside the forbidden energy gap.

DOI: 10.1103/PhysRevB.64.224110 PACS number~s!: 61.72.2y, 66.30.Jt, 71.55.2i
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I. INTRODUCTION

The doping of diamond remains a complicated and pr
lematic issue in diamond technology. This is mainly due
the high formation energy of most potential dopant impu
ties, but is also related to native defects that may be ele
cally active.1 These issues are of particular relevance for
case of diamond doping by ion implantation, whe
implantation-related defects are inherently introduced i
the lattice. The ion energies commonly used for io
implantation doping are high enough to displace many c
bon atoms from their lattice site, thus creating many vac
cies and interstitials. Vacancies in diamond can
considered as amphoteric impurities~of either p or n type!
since their charge state depends on the position of the F
level.

In intrinsic type-IIa diamond the vacancies are predom
nantly in the neutral charge state, giving rise to the so-ca
GR1 absorption line.2 In semiconductingp-type B-doped
diamond~where the Fermi level lies about 0.37 eV above t
valence band! vacancies act as deep donors, increasing
compensation ratio. It was recently shown3 that vacancies
effectively compensate the boron acceptors inp-type dia-
mond, indicating that they preferentially exist in the positi
charge state (V1). The GR1 absorption due to neutral vaca
cies in irradiated B-doped diamond has been shown to
very weak as long as there are some boron acceptors un
pensated by vacancies.4 This supports the assumption th
vacancies are the compensating donors in diamond
nitrogen-containing, type-I diamond, for which the Fer
level lies about 1.7 eV below the conduction band, vacan
exist in both the neutral (V0) and negative (V2) charging
states. Reversible charge transfer betweenV0 and V2 was
0163-1829/2001/64~22!/224110~9!/$20.00 64 2241
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found to occur upon annealing.2 The effects of native defect
on the optical properties of different types of diamond ha
been extensively studied, and are reviewed in
literature.2,4

Recently, we have reported that native defects introdu
into type-IIa diamond by ion-induced damage give rise
thermally activated electrical conduction with a wide ran
of activation energies that depend on defect concentrati1

This conductivity is always characterized by extremely lo
mobilities, hence it cannot be used for most device appli
tions. However, it may be mistaken for real chemical dopin
especially during the search for new potential dopants,
which the expected activation energy is unknown.

In the present paper we present a model that describe
nature of the defect-related conductivity in ion-damaged d
mond and quantitatively explains the dependence of its a
vation energy on defect concentration. After a review of t
relevant experimental results in the next section, we will g
the theoretical background and predictions in Sec. III. In S
IV we will apply these ideas and presentab initio computa-
tions for the energetics involved in the formation of charg
vacancies in diamond. As will be summarized in our conc
sion the computations support the predictions and exp
mental results.

II. EXPERIMENT

We have recently investigated1 thermally driven changes
in the activation energy of the electrical conductivity in typ
IIa diamond damaged by C-ion implantation to doses be
the critical damage level (NC) of 1022vacancies/cm3.5 In
particular, we followed the temperature dependence of
electrical resistivity of diamond, damaged to the total co
©2001 The American Physical Society10-1
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centration of vacancies of 831021cm23 ~i.e., belowNC! and
subjected to annealing at temperatures (Ta) increasing from
room temperature to 1200 °C. The measured temperature
pendencies of the electrical resistivity,r, determined in the
experiment are plotted in Fig. 1. From this figure it can
seen that when the data are plotted as logr vs 1/T, they
follow a linear dependence, indicating a thermally activa
behavior of the conductivity. Moreover the activation ener
of the conductivity increases with increasingTa , i.e., with
decreasing defect concentration. Activation energies rang
from 0.35 up to 1.15 eV for annealing temperatures 200 °
1200 °C were deduced, as shown in Fig. 2. We have a
found that no Hall effect could be measured, even for
more conductive samples, at any temperature~up to 500 °C!,
presumably because of the very low carrier mobility.

III. THEORETICAL BACKGROUND AND PREDICTIONS

The above-described experimental results are unusua
sofar as the measured activation energies span an extre

FIG. 1. Temperature dependencies of the logarithm of the re
tivity, r, of slightly damaged diamond after annealing atTa as a
function of 1/T2. The linear dependencies demonstrate the act
tion behavior of the conductivity. The increase in slope of the lin
for increasingTa is indicative of a gradual increase in activatio
energy upon annealing.~See Ref. 1.!

FIG. 2. Activation energy of the conductivity as extracted fro
the slopes of lines in Fig. 1, plotted as a function of anneal
temperature. The dotted line is drawn to guide the eye.
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wide range. We now present an explanation for this obse
tion within the theory of impurity band conduction. We sta
by briefly reviewing those aspects of this theory that a
relevant to the present model. For simplicity, we will co
sider electron conduction, however, the same picture sho
also be applicable for the case of hole conduction, as will
discussed below.

The temperature dependencies of the conductivity
semiconductors are given quite generally by the followi
expression:6

s~T!5s1 expS 2
e1

kTD1s2 expS 2
e2

kTD1s3 expS 2
e3

kTD ,

~3.1!

wheres1 ,s2 ,s3 are nearly independent ofT and e1 ,e2 ,e3
are activation energies associated with three different c
duction mechanisms. The first term represents band con
tion, with e1 being of the order of the donor ionization en
ergy, ED . The second term, which is connected wi
conductivity in a defect-related band, will be the subject
extensive discussion below. The third term represents h
ping conduction~denoted by HC! between nearest-neighbo
donors, which dominates at low temperature and is due
phonon-assisted electron or hole hops from occupied to
occupied sites within the band gap. This can only occu
some neighboring vacant sites, such as those resulting f
compensation, are available. This conduction has a cha
teristic activation energye3 , which is small compared toe1 .
The electron mobility characteristic for this conductio
mechanism is very low due to the localization of the ele
trons and their motion by tunneling between sites.

Neither band conduction nor HC appear to be suitable
describing the experimentally observed conductivity for t
following reasons:

1. Hopping conductivity is unlikely in the case of dam
aged diamond because the rather high activation ener
found here cannot be accounted for theoretically. Accord
to Ref. 6, the maximum activation energies for hopping co
ductivity for low compensated semiconductors~when the
compensation ratio K5NA /ND!1! are given by
0.99e2ND

1/3/x whereNA is the concentration of acceptors,ND

that of donors, andx is the dielectric constant of the materia
This yields a maximal activation energy of about 0.5 e
even for the highest defect concentrationND of 8
31021cm23. This value is much lower than most of the a
tivation energies experimentally found in damaged diamo

2. According to the theory of hopping conductivity th
activation energy has todecreasewith decreasing defect con
centration, in contrast to the experimentally observed
crease.

3. It is implausible to explain the observed dependence
the activation energies on annealing temperature~i.e., on re-
sidual defect concentration! in terms of free-carrier conduc
tivity in the conduction band due to the extremely low carr
mobilities found experimentally.
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MODEL FOR THE DEFECT-RELATED ELECTRICAL . . . PHYSICAL REVIEW B 64 224110
Thus an alternative explanation for the experimentally
served electrical properties of ion-damaged diamond ha
be found. We now present one in terms of conduction in
D2 band,6,7 presumably due to negatively charged dono
which leads to the second term in the expression fors(T)
given above.

The D2-band conductivity is attributed to the motion o
electrons over singly occupied neutral donorsD0. If the do-
nor level is deep enough, such a defect can trap an additi
~extra! electron, forming theD2 center. Electron transpor
under certain conditions~very low compensation! may occur
due to electron activation from an occupied donor to
nearest-neighboring occupied donor and movement in
D2 band. It should be noted that the model described her
also valid for the case of hole conduction due to hole acti
tion from a neutral acceptorA0 ~i.e., occupied with a hole! to
a nearby occupied acceptor, forming anA1 center. We as-
sume the conduction to be by electrons on donor states, h
ever, as will be discussed below, the experimental results
the conductivity in damaged diamond alone cannot discri
nate between hole or electron conduction, and the propo
model applies to both.

The model ofD2 centers, for shallow hydrogenlike de
fects, has been successfully applied to explain the result
some experiments related to impurity conduction, lumin
cence spectra, photoconduction, etc.7 It has also been applie
more recently to explain experimental results on hopp
magnetoresistance.8 Nishimura9 discussed the conduction i
antimony-doped Ge with small compensation in terms of
D2-band conduction in which the activation energy is giv
by the energy gap between the Fermi level and the bottom
the D2 band.

In Secs. III A and III B below we describe, in gener
terms, the essentials of the model, while in Sec. IV we c
sider the suitability of this conduction mechanism to quan
tatively describe the experimentally observed conductiv
for the case of lightly damaged diamond.

A. Activation energy for DÀ-band conduction

We use below well-measured quantities such as the
ization energiesE2 andE0 of negative and neutral charge
defects rather than quantum-mechanical energies of var
many-electron states. The formulas of the statistics of mu
valent centers10 may be written as

N25
g2

g0 N0 expS E22EF

kT D . ~3.2!

HereN2 andN0 are the densities of the negatively charg
and neutral defects, respectively, andg2 andg0 are degen-
eracy factors of these charge states. The Fermi energyEF is
measured with respect to the bottom of the conduction b
EC so thatEF.0 for EF located belowEC . Note that the
above expression does not depend on the possibility of
scribing the energetic structure of any defect in a o
electron way, nevertheless, the above expression is simil
that which describes the occupation number of one-elec
states with energyE2 and with density of statesN ~given by
22411
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N5g2/g0N0!. This is the reason why we are using the on
particle description for the states under consideration. T
energyE2 differs from E0 due to the Coulomb repulsion
between the two electrons, the exchange interaction of
two electrons, and the lattice distortion caused by the ad
tional electron. Usually6–8 the difference betweenE0 andE2

is called the correlation energyU5E02E2 ~see Fig. 3 for a
schematic representation of these quantities!.

We will now discuss in detail the caseU.0 that corre-
sponds to the electronic states of a vacancy in diamond. N
that the expression forN2 reflects the specifics of thes
states, namely, that states with binding energyE2 do not
initially exist in the band, but appear only on those dono
that were previously in the neutral state. The activation
ergy of theE2 state ise25EF2E2, and thereforee2 de-
pends on donor concentration just as doE2 and/orEF . We
now consider these dependencies in detail. First, the bind
energyE2 depends on impurity concentration through t
quantum-mechanical broadening, caused by the overla
the wave function ofE2 states at neighboring donors
thereby leading to the formation of aD2 band ofdelocalized
states. This broadening has been accurately calculated6 for
the case in which the defects are regularly ordered~i.e., on a
diamondlike sublattice!, yielding a shift of the bottom of the
band from the position of theE2 level of an isolated defec
by 4Y, whereY is the overlap integral and the factor 4 is du
to the number of nearest neighbors in the diamond latt
Since the one-electron state with energyE2 is a localized
state created by a neutral impurity centerD0, the overlap
integral is given by

Y5E2aN1/3expS 2
1

aN1/3D , ~3.3!

wherea is the localization radius of the state with bindin
energyE2. For the physically realistic case in which th
defects are randomly arranged in the lattice, the above h
for high concentrations whenNa3.0.02. It is obvious that
for low concentrations6 ~whereaN1/3,1!, the decrease ine2
is very small due to the exponential dependence ofY on N,
and thus has to be taken into account only for the high
donor concentrations.

FIG. 3. Schematic drawing of the energy states for a neu
donor (D0) and a negatively charged donor (D2). The ionization
energiesE0 and E2 of D0 and D2 states, respectively, and th
correlation energyU are indicated with arrows. The energy of ac
vation of theD2 state,e2 , is also shown.
0-3
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Second, the position of the Fermi level is determined
the neutrality condition. If the compensation,K, is so small
that

K!expS 2
uE0,22EFu

kT D , ~3.4!

the presence of ionized defects due to compensation ca
neglected. In this case the neutrality condition isN25N1 ,
andN1 is, according to Ref. 10,

N15
g1

g0 N0 expS EF2E0

kT D . ~3.5!

Hereg1 is the degeneracy factor of positively charged don
states. The position of the Fermi level does not depend
defect concentration and is given by

EF5
1

2 FE01E22kT lnS g1

g2D G , ~3.6!

or @neglecting the termkT ln(g1/g2)#

EF5E02
U

2
. ~3.7!

This ideal case of zero compensation and theD2 band of
delocalized states was investigated by Nishimura.9 In this
case the activation energy is expressed by

e25
U

2
24Y. ~3.8!

It should be noted that while the dependence ofe2 on donor
concentration is well described by the above expression,
absolute values of the activation energies calculated acc
ing to this formula are more than twice as large as the m
sured value.9 For the more realistic case, in whichKÞ0, the
position of the Fermi level will depend on defect concent
tion, hence, a correction to this expression should be in
duced.

When K@exp(2uE0,22EFu/kT) the number of defects
ionized by compensation (2KND) is higher than the numbe
of thermally ionized ones. Hence, the Fermi level will
located near the donor level. The position ofEF depends on
the concentration of major impurities~defects! according to

2EF1E050.99
e2ND

1/3

x
. ~3.9!

This holds for temperatures and compensation that match
requirement

1@K.expS 20.99
e2ND

1/3

xkT D , ~3.10!

which are compatible with the conditions of the present
periment.

Summarizing the above leads to the final equation for
activation energye2 and its dependence on donor concent
tion, ND ,
22411
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e25S E020.99
e2ND

1/3

x D 2E2

24E2~Na3!1/3exp@2~Na3!21/3#. ~3.11!

@Note that this expression is approximated by Eq.~3.8! above
in the ideal case as studied in Ref. 9.# Here and below,N
5ND(12K) within an accuracy ofg2/g0. The expression
@Eq. ~3.11!# can be rewritten as

e25U24E2~Na3!1/3exp@2~Na3!1/3#20.99
e2ND

1/3

x
~3.12!

using the concept of correlation energy.
It is obvious that the activation energye2 depends on

donor concentration andincreasesasND decreases. Indeed,
asND decreases, the Fermi level moves toward the levelE0,
theD2 band shrinks, ande2 increases. The various energies
involved in the above discussion are schematically illustra
on the left side of Fig. 4.

In order to be able to evaluate the values ofe2 for a wide
range of defect concentrations, as encountered in the pre
experiment, we have to bridge between the two extre
cases, which can be calculated explicitly, namely, the cas
reasonably high concentrations, which we have descri
above and that of low concentrations. The second cas
low defect concentrations can be dealt with in classical te
since classical long-range potential fluctuations domina
These fluctuations will destroy the delocalization. In th
limit e2 is related to defect concentration by

e25U2ep~ND ,K !20.99
e2ND

1/3

x
. ~3.13!

This expression differs from the expression fore2 given in
Eq. ~3.12! in that the band of extended states~with a width of
8Y! does not exist. Instead of the 4Y, a percolation thresh-
old, ep , in the classical potential determines the minimu
activation energy required to give rise to the hoppi
conduction.11 As the potential has a typical energetic scale
e2ND

1/3/x the most general expression forep is given by

ep5 f ~K !
e2ND

1/3

x
. ~3.14!

The explicit form of f (K) is known for the case of very
low compensation (K,1024) and is given by6,11 f (K)
50.3K1/4. In this case the corrections toEF due to the long-
range fluctuations are negligible as they are of the orde
e2ND

1/3K1/2/x and, hence, much less thanep for K!1.
Since the overlap integralY decreases exponentially a

ND decreases andep only decreases as some power ofND ,
the following interpolation formula can be written:

e25U24E2~Na3!1/3exp@2~Na3!1/3#

2
e2ND

1/3

x
~0.9910.3K1/4!. ~3.15!
0-4
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FIG. 4. Bands of localized states induced b
neutral vacancies. On the left the major impuri
is an acceptor,EA is the acceptor’s hole binding
energy, and all acceptors are ionized sinceNA

!NV . EC8 is the mobility edge ~percolation
threshold! in the D2 band. Electrons occupy al
states belowEF . On the right the major impurity
is a donor,ED is the donor’s electron binding
energy, and all donors are ionized sinceND

!NV . EV8 is the percolation threshold in theA1

band. Holes occupy all states aboveEF .
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Although one could expect that this expression only ho
for very small values ofK, comparison with the results of th
numerical computations of the dependenciesep(K) and
EF(K) on K for any compensationK ~Ref. 6! shows that the
above approximate expression yields rather accurate re
~deviating by no more than 10%! even forK values as large
as 0.5.~The numerical computations6 were performed for
0,K,1 in connection with modeling of the impurity ban
and with investigation of concentration dependence of a
vation energy fore1 conductivity.!

B. Transport in the D band

It is clear from the above that the number of electrons
theD2 band is small at reasonable temperatures compare
the number of empty places in theD0 band sincee2.e3 @
e35e2ND

1/3(0.9920.3K1/4)/x ~Ref. 6!#. Nevertheless, the
conduction throughout theD2 band can be favored ove
hopping between empty states in theD0 band if the states in
the D2 band are delocalized.7 This holds for6 ep,Y, Na3

.0.02, andNa0
3,0.02 ~a0 is the localization radius of the

E0 state!. These limitations are rather strict and are satisfi
only in a limited range of defect concentrations,NM , near
the Mott transition pointNMa0

350.02.7 However it can be
shown12 that carriers in theD2 band have substantiall
higher mobility than when hopping over empty states in
D0 band, even when localized. The reason for this effect
lattice distortion in the vicinity of a defect.13 If Di

2 andD j
2

are two distinct states in theD2 band, then the transition
rates within theD2 band~i.e., Di

21D j
0>Di

01D j
2! can ex-

ceed those that govern the conduction in theD0 band~i.e.,
Di

11D j
0>Di

01D j
1! because of differences in the local di

tortion ~lattice relaxation! around differently charged
defects.12 This effect was not taken into account in previo
studies of thee2 conductivity7–9 where only shallow levels
were considered. It is thus conceivable that despite
smaller number of electrons in theD2 band than in theD0

band, at a given temperature~decreasing exponentially asT
22411
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decreases!, electron hopping in theD2 band can exceed th
D0-hopping conductivity. Furthermore, at a given tempe
ture, conduction with theD2 band can win the competition
with conduction in the conduction band, which has a larg
mobility but a substantially lower electron concentratio
sincee1.e2 .

IV. APPLICABILITY OF THE DÀ-CONDUCTION
MECHANISM TO DAMAGED DIAMOND

We now proceed to demonstrate that the concepts
sented above can account for the observed electrical con
tivity in ion-damaged diamond and its peculiar depende
on defect concentration~annealing!. In particular, we have to
show that the dominant defect can bind an extra electron~or
hole! and that the creation of aD2 ~or an A1! center is
plausible in damaged diamond. We also have to show tha
states under consideration lie within the forbidden gap, a
hence the conduction mechanism described above is a
cable. Our model is based on the following assumptions
theoretical arguments:

1. We assume that C-ion implantation to doses below
critical dose creates defects similar to those due to elec
and proton irradiation, i.e., mainly single vacancies will
preferentially formed. This assumption is based on our p
vious study3 showing that the effect of proton irradiation o
the electrical properties of semiconducting diamond is qu
similar to that caused by electron irradiation, despite the f
that protons are 2000 times heavier than electrons. Hea
ion bombardment~like bombardment with C ions, which is
12 times heavier than with protons! will, most probably, lead
to the appearance of the same type of point defects, altho
the creation of other complex defects is also possible. A si
lar conclusion was also reached by Prins14 for the case of
oxygen-implanted diamond.

2. We show, theoretically, that vacancies, which can,
principle, exist in diamond in several charge states, are
0-5
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BASKIN, REZNIK, SAADA, ADLER, AND KALISH PHYSICAL REVIEW B 64 224110
dominantly present in undamaged type-IIa diamond in
neutral state.

3. We show that the neutral vacancy (V0) in diamond can
bind an additional electron or hole~depending on the posi
tion of the Fermi level!, thus forming a negatively or posi
tively charged vacancy~V2 or V1! with binding energies
lying within the forbidden gap.

A. The charge states of vacancies
in damaged type-IIa diamond

As presented above, the proposed conduction mecha
in ion-damaged diamond is that of electron~hole! motion in
theD2 (A1) band. In order to be able to apply this model
explain the experimental conductivity data for damaged d
mond, it is imperative to estimate the probabilities of obta
ing the required vacancy states and to evaluate the energ
involved in their formation. To this end, we have perform
first-principles ab initio computations based on densit
functional theory15 as described below.

Nonlocal norm-conserving pseudopotentials were c
structed using the Troullier-Martins16 procedure, and were
implemented in the fully separable form of Kleinman a
Bylander.17 With this choice of pseudopotentials, a kineti
energy cutoff of up to 50 Ry leads to excellent converge
with respect to the plane-wave basis.

Supercells of 128 atoms in a diamond structure were u
and the specialk point proposed by Makov, Shah, an
Payne18 has been employed. No symmetry was assumed
the atomic relaxation. Both local-density approximation19

and generalized-gradient approximation20 were used for the
exchange-correlation functionals. Similar results were
tained with these two approximations, using the same fu
tional for the pseudopotential generation and the plane-w
calculations. The code used isFHI98MD ~Ref. 21! from the
Fritz Haber Institute. The formation energy,Ef , of a vacancy
in charge stateq can be calculated from

Ef~q,EF!5EN21
tot ~q!2

N21

N
Ebulk

tot 1qEF , ~4.1!

whereEN21
tot (q) andEbulk

tot are the total energy of the samp
with N21 atoms (N5128) and a vacancy in charge stateq
and the total energy of the bulk supercell containingN atoms
of carbon, respectively.EF is the Fermi level, measured wit
respect to the valence-band maximum. The correction to
top of the valence band was introduced for each cha
state,22,23 and was found to be very small compared to t
formation energies calculated here. In Fig. 5 we show
formation energies of a vacancy in diamond in its vario
charged states~V11, V1, V0, V2, andV22! as a function
of the Fermi level, calculated from Eq.~4.1!.

As can be seen from Fig. 5, for intrinsic diamond~with
the Fermi level in midgap! the most abundant charge state
the V0 state. For slightlyn-type diamond, as is expected
be the case for all natural diamonds~even well-selected type
IIa! due to the unavoidable nitrogen contamination~with a
deep donor level at 1.7 eV below the conduction-band ed!,
22411
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the Fermi level will lie above the midgap. In this case,V0

andV2 are expected to be the most abundant charge state
the vacancy.

The energy required to change the charge on a vaca
from q1 to q2 @E(q1 /q2)# is the value of the Fermi energ
where the formation energies of the two charge states,q1 and
q2 , become equal. From the crossing points of the appro
ate lines in Fig. 5 we find thatE(1/0)51.9 andE(0/2)
53.05 eV1EV , whereEV is the top of the valence band
The correlation energy~U! associated with the appearance
a negatively charged vacancyV2 is given by the difference
between the corresponding ionization energies, i.e.,U
51.15 eV. Justification for this statement is given in the A
pendix.

From Fig. 5 one can conclude that the ground state
different charge states are located within the gap of diamo
as required by our theoretical model~see above!. Moreover,
it was proven in Ref. 24, by a configuration interaction i
cluding a model with many-body effects, that the excit
states of a vacancy in diamond are also located within
band gap.

It has to be mentioned that calculations similar to ou
have been carried out by Bernholcet al.25 with far smaller
samples of only 16 and 32 atoms. The formation energy
the neutral vacancy in diamond was found in Ref. 25 to
7.2 eV, in good agreement with the 6.9 eV found in t
present work. A value ofU50.6 eV was found by these
authors,25 which is rather small compared to the value ofU
~1.15 eV! found here. To investigate the reason for this lar
discrepancy and to see if it has to do with the substanti
smaller sample used in Ref. 25, we have recalculatedU with
a supercell of 64 atoms, and a 23232 Monkhorst-Packk
point.26 These calculations yielded a value ofU50.85 eV
showing thatU converges to higher values when larg
samples are used in the computations. Further proof for
is found in a recent paper27 in which the convergence o
first-principles supercell calculations as a function of the s
sample has been demonstrated, for the case of a vacan
Si. According to Ref. 27 the calculated values for the cor
lation energies in Si coincide with the experimentally me

FIG. 5. Formation energies for a vacancy in slightly damag
diamond at different charge states as a function of the Fermi le
EF , measured with respect to the top of the valence bandEV .
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sured values. This is in spite of the fact that the abso
positions of the ionization levels do not coincide with expe
mental ones even for the largest supercell used in these
culations. Hence, this supports the value ofU51.15 eV
found here, for the case of the vacancy in diamond.

B. Hole and electron conduction analogy

As shown in the Appendix a vacancy in diamond is
amphoteric defect. Whether it will act as a donor or an
ceptor depends on the presence and type of compens
impurities. If the majorimpurities are acceptors~for ex-
ample, due to accidental boron!, the Fermi level will be lo-
cated in the upper half of theV0 band and neutral vacancie
will act as neutral donors, while when negatively charg
they will act asD2 centers, as described above in Sec. I

The complementary picture in which thecompensating
impurities are donors ~e.g., nitrogen! can be described in a
similar way. Now the Fermi level is located in the lower pa
of the V2 band with most of the band empty of electron
i.e., filled with holes. These holes have binding energyEG
2E2 ~see the Appendix!. In this case a neutral vacancyV0 is
analogous to a neutral acceptorA0 for which the nonbonding
hole is attracted to the nuclear charge. A positively char
vacancyV1 is analogous to anA1 center and has an add
tional hole. This hole is localized by the potential of a neut
defect A0 with binding energyEG2E0 and EG2E0,EG
2E2, sinceE02E2[U.0. The e2 conduction is associ
ated with the motion of holes over theE0 states. These hole
are activated from emptyE2 states to the mobility edge in
theA1 band. The situation is described in Fig. 4. On the l
side, the case when the compensating impurity is an acce
is shown and on the right side, the case of compensation
to donors is demonstrated.

C. Comparison with experiment

The present data, which are sensitive only to the ener
ics related to transitions between different charge state
the vacancies, cannot distinguish between the above two
tures. Both, however, yield an activation energy for electri
conductivity in damaged diamond thatincreasesas the num-
ber of defectsdecreases.

Figure 6 shows the dependence ofe2 on vacancy concen
tration (NV) as calculated according to Eq.~3.15!. ~We have
used the relations and valuesND[NV , N5NV(12K), and
E251.9 eV, and the number of compensating impurities
NK51016cm3. The results are almost independent of the
act value ofE2 since variations inE2 are compensated b
small variations ofa.! Two parameters that enter into th
numerical calculations, namely, the initial number of vaca
cies (Ninit) prior to annealing and the localization radiusa
are not known accurately. It is reasonable to assume a v
of Ninit that is close to that predicted by the transport of io
in matter ~TRIM! ~Ref. 28! for the damaging implantation
Figure 6 shows the results of calculations using Eq.~3.15!
with NV5831021vacancies/cm3 for several possible value
of a. It is obvious from the figures that the activation ener
starts at a very high value and decreases monotonically
22411
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increasing defect concentration covering a wide range of
ergies ranging from about 1.15 eV for low vacancy conce
trations to about 0.3 eV~depending on the values used in th
calculations! for high concentration of defects. Thus the e
perimentally observed trend is very well reproduced by
proposed model.

V. CONCLUSIONS

By invoking conduction in an energy band formed b
negatively charged vacancies~the D2 band!, we have ex-
plained the very large variation in activation energies, m
sured for diamond damaged by carbon-ion implantation
lowing annealing at different temperatures~ranging from
0.35 eV for as-implanted to 1.15 eV for diamond annealed
1200 °C!. The energies required for exciting electrons in
this band depend on its position and width relative to
Fermi level, which, in turn, was shown to depend on t
density of defects, i.e., the degree of annealing of the d
mond.

Good agreement with the experimental results was
tained. Transport experiments such as those described
are independent of the exact location of the levels involv
within the gap. Onlydifferencesin energies can be observe
but the conductivity type~whether due to hopping of holes o
electrons! cannot be determined experimentally.

It is important to note that there is nothing specific in t
present model that makes it applicable only to the case
damaged diamond, i.e., the peculiarity of diamond, with
metastable sp3 bonding with respect to the stable sp2 bonding
and their extremely different electronic properties, is not
volved in the present model. Hence, this model should a
apply to conduction in other damaged wide band-gap se
conductors if they have defects~vacancies! in different
charge states located within the gap among which electro
hole hopping can take place. The conduction in other da
aged wide band-gap materials, such as GaN, AlN, SiC, S2,
or even ternary wide band-gap semiconductors, may t
also be described by the present model.

FIG. 6. The dependence of activation energye2 on vacancy
concentrationNV calculated as functions ofNinit for several values
of a. See the text following Eq.~3.15! for more details.
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The case of binary wide band-gap semiconductors m
however, be more complicated than the present case
monoelemental wide band-gap semiconductor~diamond! due
to the larger variety of possible point defects~related to an-
ions and cat-ions!. Nevertheless, the general principle i
voked here, namely, that of hopping of carriers between
ferently charged native defects, could also hold for th
materials. The existence of defect-related electrical cond
tivity and the dependence of its activation energies on de
concentration in materials other then diamond has not
been observed, to the best of our knowledge, hence it aw
verification by future experiments.
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APPENDIX

Here we show that vacancies in diamond can hav
charge,q, that is of either positive or negative type. Th
Appendix uses notation developed in Sec. IV A above.
definition,10,13 the ~hole/electron! ionization energyE(q/q
61) of a defect is equal to the difference of total energies
the system in the final state of chargeq61 and the initial
state of chargeq. If the electron-ionization energyE(q/q
11) and the hole ionization energyE(q/q21) are less than
the forbidden gap,EG , the defect in theq2 charge state is
an amphoteric one.

It follows from Eq. ~4.1! that the ionized energyE(q/q
61) for a system ofN21 atoms and one defect is given b
the expressionE(q/q61)5EN21

tot (q61)2EN21
tot (q). It is con-

nected toEf(q,Ef) ~the formation energy of defects in dif
ferent charge states! at a given value of the chemical pote
tial, EF , by the expression

E~q/q61!5Ef~q61,EF!2Ef~q,EF!2~6EF!. ~A1!

SinceEF is measured with respect to the top of the valen
band, this expression gives the value of the hole ioniza
nd

J

te

a
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energyE(q/q21). The electron-ionization energy is equ
to EG1E(q/q11).

Let us now consider several cases in more detail. I
more convenient to use values of the Fermi energy where
formation energies of the two charge statesq and q11 ~or
q21! become equal. Here,E(q/q21)5EF and E(q/q
11)52EF . These values are determined by the cross
points of appropriate lines in the plot of formation energy
a function of Fermi energy~see Fig. 5!. Specifically, the
electron-ionization energy,E05EG1E(0/1), since E0 is
defined by the transition of an electron from a neutral v
cancy to the conduction band:V0→V11e. Thus, the neutral
vacancyV0 is a simple donorD0 with an electron binding
energy ofE053.6 eV. The hole ionization energyE(0/2) is
defined by the transitionV0→V21h. Thus the neutral va-
cancyV0 is a simple acceptorA0 with hole binding energy
E(0/2)53.05 eV. Since according to our calculationsE0

andE(0/2) are less thanEG , a neutral vacancy in diamond
is an amphoteric defect.

Furthermore, the electron-ionization energy of a ne
tively charged vacancy is defined by the transitionV2→V0

1e and E25EG1E(2/0). In other words, a negatively
charged vacancyV2 is an analog of aD2 center with the
electron binding energyE252.45 eV, with respect to such
transition. The transitionV1→V01h is suitable for ioniza-
tion of the hole held by an empty stateE0, i.e., a positively
charged vacancyV1: E(1/0)5EG2E0. From this point
of view a positively charged vacancyV1 is an acceptorlike
centerA1 and EG2E051.9 eV is the binding energy of a
hole.

To check the accuracy of these estimates it is possibl
calculateE(q/q61) for some other suitable values of th
Fermi energy. For example, if the position ofEF coincides
with EV ,

E~q/q61!5Ef~q61,0!2Ef~q,0!. ~A2!

We can obtain the values ofEf(1,0), Ef(0,0), and
Ef(2,0) with the help of Fig. 5:Ef(1,0)55, Ef(0,0)
56.9, andEf(2,0)59.9 eV. The resulting ionized energie
are given by the following expressions:EG2E25Ef(2,0)
2Ef(0,0)53.0 eV and EG2E05Ef(0,0)2Ef(1,0)
51.9 eV. These values coincide with the values calcula
previously to within an accuracy of 0.1 eV.
45

in
1See, for example, A. Reznik, V. Richter, and R. Kalish, Diamo
Relat. Mater.7, 317 ~1998!.

2G. Davies, S. C. Lawson, A. T. Collins, A. Mainwood, and S.
Sharp, Phys. Rev. B46, 13 157~1992!.

3A. Reznik, S. Uzan-Saguy, and R. Kalish, Diamond Relat. Ma
9, 1051~2000!.

4A. T. Collins, Diamond Relat. Mater.9, 417 ~2000!.
5C. Uzan-Saguy, C. Cytermann, R. Brener, V. Richter, M. Shaan

and R. Kalish, Appl. Phys. Lett.67, 1194~1995!.
6B. I. Shklovskii and A. L. Efros,Electronic Properties of Doped
.

r.

n,

Semiconductors, Springer Series in Solid-State Sciences, Vol.
~Springer-Verlag, Berlin, 1984!.

7E. M. Gershenson, A. P. Melnikov, and R. I. Rabinovich,
Electron-Electron Interactions in Disordered Systems, edited by
A. L. Efros and M. Pollak~North-Holland, Amsterdam, 1985!.

8N. V. Agrinskaya and V. I. Kozub, Solid State Commun.108, 355
~1998!.

9H. Nishimura, Phys. Rev. A138, A815 ~1965!.
10J. S. Blakemore,Semiconductor Statistics~Dover, New York,

1987!.
0-8



idi

r

.

ys.

MODEL FOR THE DEFECT-RELATED ELECTRICAL . . . PHYSICAL REVIEW B 64 224110
11A. L. Efros, B. I. Shklovsii, and I. Y. Yanchev, Phys. Status Sol
B 50, 45 ~1972!.

12E. Baskin and M. Entin~private communication!.
13G. Watkins, in Deep Centers in Semiconductors, edited by S.

Pantelides~Gordon and Breach, New York, 1986!, p. 147.
14J. F. Prins, Diamond Relat. Mater.9, 1275~2000!.
15P. Hohenberg and W. Kohn, Phys. Rev.136, B864 ~1964!; W.

Kohn and L. J. Sham, Phys. Rev. A140, 1133~1965!.
16N. Troullier and J. L. Martins, Phys. Rev. B43, 1993~1991!.
17L. Kleinman and D. M. Bylander, Phys. Rev. Lett.48, 1425

~1982!.
18G. Makov, R. Shah, and M. C. Payne, Phys. Rev. B53, 15 513

~1996!.
19J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
22411
20J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,
3865 ~1996!.

21M. Fuchs and M. Scheffler, Comput. Phys. Commun.119, 67
~1999!.

22A. Garcia and J. E. Northrup, Phys. Rev. Lett.74, 1131~1995!.
23T. Mattila and A. Zunger, Phys. Rev. B58, 1367~1998!.
24A. Mainwood and A. M. Stoneham, J. Phys.: Condens. Matte9,

2453 ~1997!.
25J. Bernholc, A. Antonelli, T. M. Del Sole, Y. Bar-Yam, and S. T

Pantelides, Phys. Rev. Lett.61, 2689~1988!.
26H. J. Monkhorst and J. D. Pack, Phys. Rev. B13, 5188~1976!.
27M. Jpuska, S. Poykko, M. Pesola, and R. M. Nieminen, Ph

Rev. B58, 1318~1998!.
28J. Zeigler, J. P. Biersack, and U. Littmark,The Stopping and

Range of Ions in Solids~Pergamon, New York, 1985!.
0-9


