PHYSICAL REVIEW B, VOLUME 64, 224110

Model for the defect-related electrical conductivity in ion-damaged diamond
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lon-damaged diamond, with a point-defect density smaller than a critical density?sn0®, exhibits
defect-related electrical conductivity that follows an Arrhenius pattern. Subsequent to isochronal annealing, the
activation energiese(,) for this conductivity were found to increase from 0.35 to 1.15 eV as the annealing
temperature T,) 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 higherdiygnd (the D~
band in which electrical conduction may take place. The energy gap between the Fermi level and the mobility
edge of theD ™~ band is related to the observegd. Since both the shift of the Fermi level and the width and
shape of théd ™ band depend on the density of defects, the obseegedkpends on the defect concentration,
i.e., the degree of defect annealing. This model can account for the experimentally observed variation of
with T,. It can also explain some of the measured large varieties of activation energies reported for diamond
ion-implanted with dopant atonsvhich were previously interpreted as representing different energy states of
the dopantsas 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.
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I. INTRODUCTION found to occur upon annealifgthe effects of native defects

on the optical properties of different types of diamond have

The doping of diamond remains a complicated and probbeen extensively studied, and are reviewed in the
lematic issue in diamond technology. This is mainly due toliterature*

the high formation energy of most potential dopant impuri- Recently, we have reported that native defects introduced

ties, but is also related to native defects that may be electrinto type-lla diamond by ion-induced damage give rise to

cally active! These issues are of particular relevance for thehermally activated electrical conduction with a wide range

case of diamond doping by ion implantation, whereOf activation energies that depend on defect concentration.

implantation-related defects are inherently introduced intol'his conductivity is always characterized by extremely low
the lattice. The ion energies commonly used for ion-mobilities, hence it cannot be used for most device applica-
imp|antati0n dopmg are h|gh enough to disp|ace many CartiOﬂS. However, it may be mistaken for real chemical doping,
bon atoms from their lattice site, thus creating many vacanespecially during the search for new potential dopants, for
cies and interstitials. Vacancies in diamond can beawhich the expected activation energy is unknown.

considered as amphoteric impuritiésf eitherp or n type) In the present paper we present a model that describes the
since their charge state depends on the position of the Fermipture of the defect-related conductivity in ion-damaged dia-
level. mond and quantitatively explains the dependence of its acti-

In intrinsic type-lla diamond the vacancies are predomi-vation energy on defect concentration. After a review of the
nantly in the neutral charge state, giving rise to the so-calledielevant experimental results in the next section, we will give
GR1 absorption liné.In semiconductingp-type B-doped the theoretical background and predictions in Sec. lll. In Sec.
diamond(where the Fermi level lies about 0.37 eV above thelV we will apply these ideas and preseatt initio computa-
valence bangdvacancies act as deep donors, increasing tthﬂS for the energetics involved in the formation of charged
Compensation ratio. It was recenﬂy showthat vacancies vacancies in diamond. As will be summarized in our conclu-
effectively compensate the boron acceptorspitype dia- sion the computations support the predictions and experi-
mond, indicating that they preferentially exist in the positivemental results.
charge state\(*). The GR1 absorption due to neutral vacan-
cies in irradiated B-doped diamond has been shown to be Il EXPERIMENT
very weak as long as there are some boron acceptors uncom-
pensated by vacanciésThis supports the assumption that ~We have recently investigatethermally driven changes
vacancies are the compensating donors in diamond. Im the activation energy of the electrical conductivity in type-
nitrogen-containing, type-lI diamond, for which the Fermilla diamond damaged by C-ion implantation to doses below
level lies about 1.7 eV below the conduction band, vacanciethe critical damage levelNc) of 10%?vacancies/cm® In
exist in both the neutral\(°) and negative {~) charging particular, we followed the temperature dependence of the
states. Reversible charge transfer betw&@rand V™~ was  electrical resistivity of diamond, damaged to the total con-
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T(C) wide range. We now present an explanation for this observa-
400 300 200 100 , - ; . X
: : : : tion within the theory of impurity band conduction. We start
, N X by briefly reviewing those aspects of this theory that are
10°F y relevant to the present model. For simplicity, we will con-
» + . sider electron conduction, however, the same picture should
Tio'k < .7 o P also be applicable for the case of hole conduction, as will be
s /oj o .
é <, . O TR E'u_ - discussed below. _ o
=L R o T The temperature dependencies of the conductivity in
07 . . . . .
'1105- X o Aéﬁfiﬁ b= T 00T semiconductors are given quite generally by the following
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FIG. 1. Temperature dependencies of the logarithm of the resis- 3D
tivity, p, of slightly damaged diamond after annealingTatas a .
function of 17T. The linear dependencies demonstrate the activalVNereo1,07,05 are nearly independent dfand ey, €;, €3
tion behavior of the conductivity. The increase in slope of the linesare activation energies associated with three different con-
for increasingT, is indicative of a gradual increase in activation duction mechanisms. The first term represents band conduc-
energy upon annealingSee Ref. J. tion, with e; being of the order of the donor ionization en-

ergy, Ep. The second term, which is connected with

centration of vacancies oP810° cm 2 (i.e., belowNc) and  conductivity in a defect-related band, will be the subject of
subjected to annealing at temperatur€g)(increasing from  extensive discussion below. The third term represents hop-
room temperature to 1200 °C. The measured temperature dging conductiondenoted by HE between nearest-neighbor
pendencies of the electrical resistivigy, determined in the  gonors, which dominates at low temperature and is due to
experiment are plotted in Fig. 1. From this figure it can bephonon-assisted electron or hole hops from occupied to un-
seen that when the data are plotted asplog 17T, they  gceypied sites within the band gap. This can only occur if

. . O dsome neighboring vacant sites, such as those resulting from
behavior of the conductivity. Moreover the activation energycompensation, are available. This conduction has a charac-

of the cpnductlwty mcreases_Wlth |n_cre'c_15|ﬁ'g, €., with . teristic activation energys, which is small compared te, .

decreasing defect concentration. Activation energies rangingne electron mobility characteristic for this conduction

flrgg]o?g SWZF:JO d]éjl?cgzi/ fg;agﬁfvign% tle:rinpezrat/ljlreesh;\?g E;:S_mechanism is very low due to the localization of the elec-
’ 9. <. fons and their motion by tunneling between sites.

fr;)u?d thr?é nc:iVHaII fnﬁ?Ct COtUI(:] bte nr?earsL(lred{ eg/ggofgr the Neither band conduction nor HC appear to be suitable for
ore conductive sampies, at any temperatupeto ' describing the experimentally observed conductivity for the

presumably because of the very low carrier mobility. following reasons:

Ill. THEORETICAL BACKGROUND AND PREDICTIONS . A . .
1. Hopping conductivity is unlikely in the case of dam-
The above-described experimental results are unusual, irged diamond because the rather high activation energies
sofar as the measured activation energies span an extremdbund here cannot be accounted for theoretically. According

to Ref. 6, the maximum activation energies for hopping con-

121 X ductivity for low compensated semiconductawhen the
111 compensation ratio K=N,/Np<1) are given by
< 10] ¢ 0.9%?N¥% y whereN, is the concentration of acceptohéy
L 09r ) that of donors, ang is the dielectric constant of the material.
5 08l X This yields a maximal activation energy of about 0.5 eV,
% 07k ) / even for the highest defect concentratiad, of 8
S o6l % X 107 cm™3. This value is much lower than most of the ac-
3 o5l x , tivation energies experimentally found in damaged diamond.
T gal . spe N 2. According to the theory of hopping conductivity the
0.3 K activati_on energy has tecreasavith de_creasing defect con-
ool 0 centration, in contrast to the experimentally observed in-
0 200 400 600 800 1000 1200 crease.
annealing temperature (C) 3. It is implausible to explain the observed dependence of

the activation energies on annealing temperatuee, on re-
FIG. 2. Activation energy of the conductivity as extracted from Sidual defect concentratipiin terms of free-carrier conduc-
the slopes of lines in Fig. 1, plotted as a function of annealingtivity in the conduction band due to the extremely low carrier
temperature. The dotted line is drawn to guide the eye. mobilities found experimentally.

224110-2



MODEL FOR THE DEFECT-RELATED ELECTRICA. .. PHYSICAL REVIEW B 64 224110

Thus an alternative explanation for the experimentally ob- Conduction band
served electrical properties of ion-damaged diamond has to -
. . Y E
be found. We now present one in terms of conduction in the o
D~ band®’ presumably due to negatively charged donors, E° ¢ €
which leads to the second term in the expressionoffr) N I_J_______f_ <« E
given above. h 4 D’

The D -band conductivity is attributed to the motion of
electrons over singly occupied neutral donB® If the do-
nor level is deep enough, such a defect can trap an additional Valence band
(extra electron, forming theD = center. Electron transport
under certain conditionery low compensationmay occur 5 ! oral
due to electron activation from an occupied donor to adonor @°) and a negatively charged dondp (). The ionization
nearest-neighboring occupied donor and movement in thgnergiesE andE - of D _andD states, respectively, and th?
D~ band. It should be noted that the model described here i%or.relat'on energy) are indicated with arrows. The energy of acti-
also valid for the case of hole conduction due to hole activa¥2"°" of theD™ state,e,, is also shown.
tion from a neutral acceptd® (i.e., occupied with a ho)eo om0 o )
a nearby occupied acceptor, forming Afi center. We as- N=9 /g"N"). This is the reason why we are using the one-
sume the conduction to be by electrons on donor states, hovp.artlde deS(.:rlptlon for the states under COﬂSlderatlon.. The
ever, as will be discussed below, the experimental results ofnergyE~ differs from E° due to the Coulomb repulsion
the conductivity in damaged diamond alone cannot discrimiP€tween the two electrons, the exchange interaction of the
model applies to both. tional electron. Usualfy ® the difference betwee® andE -

The model ofD~ centers, for shallow hydrogenlike de- is called the correlation enerdy=E°~E~ (see Fig. 3 fora
fects, has been successfully applied to explain the results §chematic representation of these quaniities
some experiments related to impurity conduction, lumines- We will now discuss in detail the cad¢>0 that corre-
cence Spectra, photoconduction, étthas also been app“ed SpondS to the electronic states of a Vacancy in diamond. Note
more recently to explain experimental results on hoppinghat the expression foN™ reflects the specifics of these
magnetoresistanéeNishimurd discussed the conduction in States, namely, that states with binding enefgy do not
antimony-doped Ge with small compensation in terms of thehitially exist in the band, but appear only on those donors
D ~-band conduction in which the activation energy is giventhat were previously in the neutral state. The activation en-

by the energy gap between the Fermi level and the bottom d¢#rgy of theE™ state ise,=Er—E"~, and thereforee, de-
theD ™~ band. pends on donor concentration just askEo and/orEg. We

In Secs. IIIA and Il B below we describe, in general Now consider these dependencies in detail. First, the binding
terms, the essentials of the model, while in Sec. IV we conenergyE™ depends on impurity concentration through the
sider the suitability of this conduction mechanism to quanti-quantum-mechanical broadening, caused by the overlap of
tatively describe the experimentally observed conductivitythe wave function ofE™ states at neighboring donors,
for the case of lightly damaged diamond. thereby leading to the formation ofx~ band ofdelocalized
states. This broadening has been accurately calclléted
the case in which the defects are regularly orddied, on a
diamondlike sublattice yielding a shift of the bottom of the

We use below well-measured quantities such as the iorband from the position of thE ™~ level of an isolated defect
ization energie€~ andE° of negative and neutral charged by 4Y, whereY is the overlap integral and the factor 4 is due
defects rather than quantum-mechanical energies of various the number of nearest neighbors in the diamond lattice.
many-electron states. The formulas of the statistics of multiSince the one-electron state with eneifgly is a localized
valent centerd may be written as state created by a neutral impurity cen@?, the overlap

integral is given by

FIG. 3. Schematic drawing of the energy states for a neutral

A. Activation energy for D™ -band conduction

- g_ 0 E™— EF

N~ = o N exy{ T ) (3.2 L
Y=EaN1’3eX[<——1,§), (3.3

HereN~ andN° are the densities of the negatively charged aN

and neutral defects, respectively, agd andg° are degen-

eracy factors of these charge states. The Fermi erieggg ~ wherea is the localization radius of the state with binding

measured with respect to the bottom of the conduction bandnergyE~. For the physically realistic case in which the

Ec so thatEg>0 for E located belowE.. Note that the defects are randomly arranged in the lattice, the above holds

above expression does not depend on the possibility of dder high concentrations wheNa®>0.02. It is obvious that

scribing the energetic structure of any defect in a onefor low concentratiorfs(whereaN'?< 1), the decrease is,

electron way, nevertheless, the above expression is similar ie very small due to the exponential dependencg oh N,

that which describes the occupation number of one-electroand thus has to be taken into account only for the highest

states with energfz~ and with density of state (given by ~ donor concentrations.
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Second, the position of the Fermi level is determined by 2NL3
the neutrality condition. If the compensatidf, is so small e,=| E°—0.99 X ) =
that

—4E-(Na®>)¥exg —(Na®) 3.  (3.1)

|E®” —Eg|
K<exp< N KT ' (3.4 _[Note that this expression lis approximated by 6098 above
o . in the ideal case as studied in Ref] 8lere and belowN
the presence of ionized defects due to compensation can ben (1K) within an accuracy ofy /g°. The expression
neglected. In this case the neutrality conditioNis=N", [Eq. (3.1D] can be rewritten as
andN™* is, according to Ref. 10,

2NJ|5/3

* E.—E° 11— AFE— (N a3)1/3 N a3 U3
N+:2_0Noexp( FkT ) 35 e,=U—4E~ (Na3)YBexd — (Na®)1?]-0.99

+ "
Hereg™ is the degeneracy factor of positively charged donorusing the concept of correlation energy.

states. The position of the Fermi level does not depend on It is obvious that the activation energs, depends on

defect concentration and is given by donor concentration anidicreasesas N decreasesindeed,
asNp decreases, the Fermi level moves toward the |80l

(3.12

4
Eng E°+E - kTIn(g—_) , (3.6) theD™ band shrinks, and, increasesThe various energies
9 involved in the above discussion are schematically illustrated
or [neglecting the ternk TIn(g*/g™)] on the left side of Fig. 4.
In order to be able to evaluate the valuesgfor a wide
o Y range of defect concentrations, as encountered in the present
Er=E T o (3.7 experiment, we have to bridge between the two extreme

cases, which can be calculated explicitly, namely, the case of

This ideal case of zero Compensation andBheband of reasonably hlgh concentrations, which we have described

delocalized states was investigated by Nishintuta.this ~ above and that of low concentrations. The second case of
case the activation energy is expressed by low defect concentrations can be dealt with in classical terms

since classical long-range potential fluctuations dominate.
These fluctuations will destroy the delocalization. In this

€275 4Y. B8 Jimit €, is related to defect concentration by
It should be noted that while the dependence0bn donor e’NY?
concentration is well described by the above expression, the e2=U—¢€,(Np ,K)—0-99T- (3.13

absolute values of the activation energies calculated accord-

ing to this formula are more than twice as large as the meafhis expression differs from the expression fgrgiven in

sured valué.For the more realistic case, in whith+ 0, the Eq.(3.12 in that the band of extended statesth a width of

position of the Fermi level will depend on defect concentra-8Y) does not exist. Instead of ther4 a percolation thresh-

tion, hence, a correction to this expression should be introgld, €y, in the classical potential determines the minimum

duced. activation energy required to give rise to the hopping
When K>exp(—|E® —Eg|/kT) the number of defects conductiont! As the potential has a typical energetic scale of

ionized by compensation ENp) is higher than the number eZNéB/X the most general expression fey is given by
of thermally ionized ones. Hence, the Fermi level will be

located near the donor level. The positionEf depends on ezNé’g’
the concentration of major impuritiggefect$ according to €p,=T(K) Y (3.19
2N1/3
—Eg+E%=0.99 Cl (3.9 The explicit form off(K) is known for the case of very
X low compensation K<10 %) and is given b§! f(K)
This holds for temperatures and compensation that match the 0-3*. In this case the corrections E- due to the long-
requirement range fluctuations are negligible as they are of the order of
e’Ng*K %y and, hence, much less thap for K<1.
ezNé’3 Since the overlap integral decreases exponentially as
1>K>GXI{ —0.99 KT ) (310  Np decreases and, only decreases as some poweryf,

the following interpolation formula can be written:
which are compatible with the conditions of the present ex-

periment. e,=U—4E~ (Na®)YPexg — (Na®)'?
Summarizing the above leads to the final equation for the 2\ L3
. . . _ e
fi\ggvi;uon energy, and its dependence on donor concentra _ D (0.99+ 0.3 14 (3.15
1l D
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E. E.

FIG. 4. Bands of localized states induced by
neutral vacancies. On the left the major impurity

E(E/O, E(0r-) is an acceptor, is the acceptor’s hole binding
c energy, and all acceptors are ionized siri¢g
Er <Ny. E{ is the mobility edge (percolation
threshold in the D~ band. Electrons occupy all
Er states belovEg . On the right the major impurity
E(0/+) E, is a donor,Ep is the donor’s electron binding
E(0/+) energy, and all donors are ionized sinbg,
<Ny . Ey is the percolation threshold in th&"
band. Holes occupy all states abduge.
e E(+/++) BB
lo.. e & @ _©° 9 . ___
E, IEA E, |

Although one could expect that this expression only holdsdecreases electron hopping in th® ~ band can exceed the
for very small values oK, comparison with the results of the D°-hopping conductivity. Furthermore, at a given tempera-
numerical computations of the dependenciggK) and ture, conduction with thé®~ band can win the competition
Er(K) onK for any compensatioK (Ref. 6 shows that the with conduction in the conduction band, which has a larger
above approximate expression yields rather accurate resultsobility but a substantially lower electron concentration,
(deviating by no more than 10Pgven forK values as large sincee;>e,.
as 0.5.(The numerical computatiohsvere performed for
0<K<1 in connection with modeling of the impurity band
and with investigation of concentration dependence of acti- IV. APPLICABILITY OF THE D~-CONDUCTION
vation energy fore; conductivity) MECHANISM TO DAMAGED DIAMOND

We now proceed to demonstrate that the concepts pre-
B. Transport in the D band sented above can account for the observed electrical conduc-
It is clear from the above that the number of electrons infiVity in ion-damaged diamond and its peculiar dependence

theD ~ band is small at reasonable temperatures compared ! defect concentratiof@nnealing. In particular, we have to
the number of empty places in thz° band sincee,> e; [ show that the dominant defect can bind an extra eledimon

_ 2N 13 1/4 hole) and that the creation of ®~ (or an A") center is
SN0 030 (R 81 Nererlelos, e e n camagan o e o et show
hopping between empty states in tB& band if the states in states under consu_lleratlon lie \.N'thm the _forbldden 9ap, ano_l
the D~ band are delocalizedThis holds fof e.<Y, Na® hence the conduc_tlon mechanism desc_nbed above_ is appli-
~0.02, andNag°;<0.02 (a, is the localization rgdius of the cable. Our model is based on the following assumptions and

L . .. theoretical arguments:
EC state. These limitations are rather strict and are SatISerC} 9

only in a “m'tefq range of desfect co;1centrat|om€_s,,,, » near 1. We assume that C-ion implantation to doses below the
the Moztt transmon pomﬂ\lMaoz_O.OZ. However it can _be critical dose creates defects similar to those due to electron
showrt? that carriers in theD ™ band have substantially proton irradiation, i.e., mainly single vacancies will be
h|gher mobility than when hopping over empty states in they eferentially formed. This assumption is based on our pre-
D" band, even when localized. The reason for this effect is Jjoys stud§ showing that the effect of proton irradiation on
lattice distortion in the vicinity of a defect.If Di” andD;  the electrical properties of semiconducting diamond is quite
are two distinct states in thB~ band, then the transition gsjmijlar to that caused by electron irradiation, despite the fact
rates within theD ~ band(i.e., D; +D=D{+D;’) can ex-  that protons are 2000 times heavier than electrons. Heavier-
ceed those that govern the conduction in Bi¢band(i.e.,  jon bombardmentlike bombardment with C ions, which is
D" + D?z DY+ DJ*) because of differences in the local dis- 12 times heavier than with protonaill, most probably, lead
tortion (lattice relaxation around differently charged to the appearance of the same type of point defects, although
defects*? This effect was not taken into account in previousthe creation of other complex defects is also possible. A simi-
studies of thee, conductivity = where only shallow levels lar conclusion was also reached by PHhfor the case of
were considered. It is thus conceivable that despite thexygen-implanted diamond.

smaller number of electrons in thi2~ band than in thé° 2. We show, theoretically, that vacancies, which can, in
band, at a given temperatuéecreasing exponentially &  principle, exist in diamond in several charge states, are pre-
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dominantly present in undamaged type-lla diamond in the 14 - - . g . .
neutral state. g

3. We show that the neutral vacandy®j in diamond can 12
bind an additional electron or holglepending on the posi-
tion of the Fermi level thus forming a negatively or posi-
tively charged vacancyV~ or V') with binding energies
lying within the forbidden gap.

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

Formation energy (eV)
[e]

As presented above, the proposed conduction mechanism ,
in ion-damaged diamond is that of electr@mle) motion in 0 ' 1 2 3 4
theD~ (A™) band. In order to be able to apply this model to Fermi level (eV)
explain the experimental conductivity data for damaged dia-
mond, it is imperative to estimate the probabilities of obtain- FIG. 5. Formation energies for a vacancy in slightly damaged
ing the required vacancy states and to evaluate the energetidemond at different charge states as a function of the Fermi level
involved in their formation. To this end, we have performedEg, measured with respect to the top of the valence apd
first-principles ab initio computations based on density-
functional theory® as described below. the Fermi level will lie above the midgap. In this casé,
Nonlocal norm-conserving pseudopotentials were conandV ™ are expected to be the most abundant charge states of
structed using the Troullier-Martité procedure, and were the vacancy.
implemented in the fully separable form of Kleinman and  The energy required to change the charge on a vacancy
Bylander!’ With this choice of pseudopotentials, a kinetic- from g to g, [E(q;/d,)] is the value of the Fermi energy
energy cutoff of up to 50 Ry leads to excellent convergencevhere the formation energies of the two charge stateand
with respect to the plane-wave basis. d,, become equal. From the crossing points of the appropri-
Supercells of 128 atoms in a diamond structure were useéte lines in Fig. 5 we find thaE(+/0)=1.9 andE(0/-)
and the speciak point proposed by Makov, Shah, and =3 05e\%E,, whereE, is the top of the valence band.
Payne® has been employed. No symmetry was assumed fothe correlation energgl) associated with the appearance of
the atomic relaxation. Both local-density approximatfon g negatively charged vacan®¥ is given by the difference
and generalized-gradient approximaffomere used for the petween the corresponding ionization energies, ilé.,
exchange-correlation functionals. Similar results were ob—1 15eV. Justification for this statement is given in the Ap-
tained with these two approximations, using the same funcpendix.
tional fqr the pseudopotential generation and the plane-wave grgm Fig. 5 one can conclude that the ground states at
calculations. The code used #siiosMD (Ref. 21) from the  gifferent charge states are located within the gap of diamond,
Fritz Haber Institute. The formation ener@/,, of avacancy gg required by our theoretical modske abovie Moreover,
in charge state can be calculated from it was proven in Ref. 24, by a configuration interaction in-
cluding a model with many-body effects, that the excited
N—1 states of a vacancy in diamond are also located within the
E'(q,Br) =ENL1(0) - —y—EmtaBe, (41 band gap.
It has to be mentioned that calculations similar to ours
have been carried out by Bernhadt al?® with far smaller
whereEY" ;(q) andES), are the total energy of the sample samples of only 16 and 32 atoms. The formation energy of
with N—1 atoms N=128) and a vacancy in charge stgte the neutral vacancy in diamond was found in Ref. 25 to be
and the total energy of the bulk supercell contairihgtoms 7.2 eV, in good agreement with the 6.9 eV found in the
of carbon, respectivel is the Fermi level, measured with present work. A value oU=0.6eV was found by these
respect to the valence-band maximum. The correction to theuthors?®> which is rather small compared to the valuelbf
top of the valence band was introduced for each chargél.15 e\j found here. To investigate the reason for this large
state??>?3 and was found to be very small compared to thediscrepancy and to see if it has to do with the substantially
formation energies calculated here. In Fig. 5 we show themaller sample used in Ref. 25, we have recalculbtedth
formation energies of a vacancy in diamond in its variousa supercell of 64 atoms, and ax2Xx 2 Monkhorst-Packk
charged stateg/**, V*, V°, V7, andV~ ") as a function point?® These calculations yielded a value bf=0.85eV
of the Fermi level, calculated from E®.1). showing thatU converges to higher values when larger
As can be seen from Fig. 5, for intrinsic diamofwlith ~ samples are used in the computations. Further proof for this
the Fermi level in midgapthe most abundant charge state isis found in a recent papgrin which the convergence of
the VO state. For slightlyn-type diamond, as is expected to first-principles supercell calculations as a function of the size
be the case for all natural diamon@wven well-selected type- sample has been demonstrated, for the case of a vacancy in
lla) due to the unavoidable nitrogen contaminatigvith a  Si. According to Ref. 27 the calculated values for the corre-
deep donor level at 1.7 eV below the conduction-band gdgelation energies in Si coincide with the experimentally mea-
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sured values. This is in spite of the fact that the absolute 1.4

positions of the ionization levels do not coincide with experi- r
mental ones even for the largest supercell used in these cal- 12 . =
culations. Hence, this supports the value WE1.15eV " 0- # W
found here, for the case of the vacancy in diamond. | X O Wy,
a=3.6A % ong
S 08f o a=3A no® g
B. Hole and electron conduction analogy % 0.6 _ a=2.5A - : oo
As shown in the Appendix a vacancy in diamond is an M a=22 DO .,v'v
amphoteric defect. Whether it will act as a donor or an ac- 0.4+ ::;A B "y
ceptor depends on the presence and type of compensating o a6A x u
impurities. If the majorimpurities are acceptors(for ex- “l A .
ample, due to accidental borgrihe Fermi level will be lo- 0.0 kst K8
cated in the upper half of thé® band and neutral vacancies 10 107  10® 10" 10® 10 10®

will act as neutral donors, while when negatively charged
they will act asD ™~ centers, as described above in Sec. Ill.
The complementary picture in which tr@mpensating FIG. 6. The dependence of activation energyon vacancy

impurities are donors (e.g., _nitrog(_am can be described in @ concentratiorN, calculated as functions o, for several values
similar way. Now the Fermi level is located in the lower part of 5. See the text following Eq(3.15 for more details.

of the V™ band with most of the band empty of electrons,

i.e., filled with holes. These holes have binding eneffigy  increasing defect concentration covering a wide range of en-
—E~ (see the Appendix In this case a neutral vacane) is  ergies ranging from about 1.15 eV for low vacancy concen-
analogous to a neutral accepdt for which the nonbonding  trations to about 0.3 e¥tepending on the values used in the
hole is attracted to the nuclear charge. A positively chargedalculations for high concentration of defects. Thus the ex-

vacancyV" is analogous to ai " center and has an addi- perimentally observed trend is very well reproduced by the
tional hole. This hole is localized by the potential of a neutralproposed model.

defect A° with binding energyEg—E° and Eq—E°<Eg
—E~, sinceE°—E " =U>0. The e, conduction is associ-
ated with the motion of holes over tii states. These holes
are activated from emptiz~ states to the mobility edge in By invoking conduction in an energy band formed by
theA™ band. The situation is described in Fig. 4. On the leftnegatively charged vacanci¢the D~ band, we have ex-
side, the case when the compensating impurity is an acceptgtained the very large variation in activation energies, mea-
is shown and on the right side, the case of compensation dusired for diamond damaged by carbon-ion implantation fol-
to donors is demonstrated. lowing annealing at different temperaturésnging from
0.35 eV for as-implanted to 1.15 eV for diamond annealed at
1200°Q. The energies required for exciting electrons into
this band depend on its position and width relative to the
The present data, which are sensitive only to the energeFermi level, which, in turn, was shown to depend on the
ics related to transitions between different charge states afensity of defects, i.e., the degree of annealing of the dia-
the vacancies, cannot distinguish between the above two pignond.
tures. Both, however, yield an activation energy for electrical Good agreement with the experimental results was ob-
conductivity in damaged diamond thatreasesas the num-  tained. Transport experiments such as those described here
ber of defectslecreases are independent of the exact location of the levels involved
Figure 6 shows the dependenceegfon vacancy concen- within the gap. Onlydifferencesn energies can be observed,
tration (Ny) as calculated according to E@.15. (We have  but the conductivity typéwhether due to hopping of holes or
used the relations and valubl,=N,,, N=N(1-K), and electron$ cannot be determined experimentally.
E~=1.9eV, and the number of compensating impurities is It is important to note that there is nothing specific in the
Nk =10"cm®. The results are almost independent of the expresent model that makes it applicable only to the case of
act value ofE™ since variations irE”~ are compensated by damaged diamond, i.e., the peculiarity of diamond, with its
small variations ofa.) Two parameters that enter into the metastable sphonding with respect to the stable?spnding
numerical calculations, namely, the initial number of vacan-and their extremely different electronic properties, is not in-
cies (N;,y) prior to annealing and the localization radias volved in the present model. Hence, this model should also
are not known accurately. It is reasonable to assume a valugpply to conduction in other damaged wide band-gap semi-
of N;, that is close to that predicted by the transport of ionsconductors if they have defect&acancieys in different
in matter (TRIM) (Ref. 28 for the damaging implantation. charge states located within the gap among which electron or
Figure 6 shows the results of calculations using E415 hole hopping can take place. The conduction in other dam-
with Ny, =8x 10?*vacancies/crhfor several possible values aged wide band-gap materials, such as GaN, AIN, SiC,,SiO
of a. It is obvious from the figures that the activation energyor even ternary wide band-gap semiconductors, may thus
starts at a very high value and decreases monotonically withlso be described by the present model.

N (vac/cm®)

V. CONCLUSIONS

C. Comparison with experiment
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The case of binary wide band-gap semiconductors maynergyE(q/q—1). The electron-ionization energy is equal
however, be more complicated than the present case of ta Eg+E(g/q+1).
monoelemental wide band-gap semicondu@tigamond due Let us now consider several cases in more detail. It is
to the larger variety of possible point defectslated to an- more convenient to use values of the Fermi energy where the
ions and cat-ions Nevertheless, the general principle in- formation energies of the two charge stateandq+1 (or
voked here, namely, that of hopping of carriers between difg—1) become equal. HereE(g/q—1)=Er and E(g/q
ferently charged native defects, could also hold for theser1)=—E.. These values are determined by the crossing
materials. The existence of defect-related electrical condugoints of appropriate lines in the plot of formation energy as
tivity and the dependence of its activation energies on defec function of Fermi energysee Fig. 5. Specifically, the
concentration in materials other then diamond has not yeglectron-ionization energyE®=Eg+E(0/+), since E? is
been observed, to the best of our knowledge, hence it awaitgefined by the transition of an electron from a neutral va-

verification by future experiments. cancy to the conduction band®—V* +e. Thus, the neutral
vacancyV® is a simple donoD® with an electron binding
ACKNOWLEDGMENTS energy ofE°=3.6 eV. The hole ionization enerdy(0/—) is

defined by the transitioN®—V~+h. Thus the neutral va-
cancyV? is a simple acceptoA® with hole binding energy
E(0/—)=3.05eV. Since according to our calculatioES
andE(0/—) are less thafk g, a neutral vacancy in diamond
é? an amphoteric defect

Furthermore, the electron-ionization energy of a nega-
ely charged vacancy is defined by the transition— V°
+e and E"=Eg+E(—/0). In other words, a negatively
charged vacancy ™ is an analog of @~ center with the
electron binding energlg~ =2.45 eV, with respect to such a

Here we ShOW that Vacancies in diamond can have Hansition. The tranSitiON+—>V0+h iS Suitable for ioniza'
charge,q, that is of either positive or negative type. This tion of the hole held by an empty sta, i.e., a positively
Appendix uses notation developed in Sec. IV A above. Bycharged vacancy™: E(+/0)=Eg—E°. From this point
definition1%13 the (hole/electron ionization energyE(q/q  Of view a positively charged vacandy” is an acceptorlike
+1) of a defect is equal to the difference of total energies ofenterA”™ and Eq—E%=1.9eV is the binding energy of a
the system in the final state of chargec1 and the initial  hole. _ o _
state of chargay. If the electron-ionization energg(q/q To check the accuracy of these estimates it is possible to
+1) and the hole ionization enerds(q/q—1) are less than calculateE(q/q=1) for some other suitable values of the
the forbidden gapEg, the defect in thej— charge state is Fermi energy. For example, if the position Bf coincides
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Absorption. Discussions with Dr. C. Uzan-Saguy, Dr. V.
Richter, and Dr. M. Entin are greatly appreciated. The com
putations were made on the computers of the Computation
Physics Group at the Technion and we acknowledge suppoﬁ/
of the U.S.-Israel Binational Science Foundation.

APPENDIX

an amphoteric one. with Ey,
It follows from Eq. (4.1) that the ionized energf(qg/q
+1) for a system oN—1 atoms and one defect is given by E(q/q+1)=Ef(q=1,0—E'(q,0). (A2)

tot

the expressiofE(q/q+1)=ER" ,(q+1)—ER" ,(q). It is con-

nected toE’(q,E;) (the formation energy of defects in dif- \We can obtain the values off(+,0), Ef(0,0), and

ferent charge statgat a given value of the chemical poten- Ef(—,0) with the help of Fig. 5:Ef(+,0)=5, E(0,0)

tial, Er, by the expression =6.9, andEf(—,0)=9.9eV. The resulting ionized energies

o o B are given by the following expressionEg—E~=Ef(—,0)

E(Q/qil)—E (qilaEF) E (anF) (tEF)- (Al) _Ef(0,0):3.0eV and EG_EO:Ef(O,O)_ Ef(+,0)

SinceEr is measured with respect to the top of the valence=1.9 eV. These values coincide with the values calculated

band, this expression gives the value of the hole ionizatiompreviously to within an accuracy of 0.1 eV.
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