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Ion-beam-induced transformation of diamond
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The ion-beam-induced transformation of insulating diamond to a conducting form of carbon is ex-

plored by performing measurements of the electrical conductivity of diamond subject to ion damage. A
wide range of implantation temperatures (150—690 K) with both Xe (320 keV) and C {100keV) ions are
employed. The dose dependence of the conductivity, R (D), is found to scale with the nuclear energy de-

posited in the irradiated volume, thus demonstrating that it is the density of collisionally induced defects
that governs the electrical conductivity. The data are analyzed in terms of a model that proposes that the
passage of an ion through the solid leaves in its wake conducting spheres of varying radii. The average
radius of these spheres is found to decrease from about 2.05 nm for irradiation at 150 K with 320-keV
Xe ions to zero for implantation at about 815 K. At-critical doses D„which depend on the implantation
temperature and the ion species, these spheres overlap to form a continuous conductive pathway
through the irradiated diamond. In some cases this transition is sharp enough to be well accounted for
by a simple percolation theory. Below D„R (D) displays complicated nonmonotonic behavior, which is

explained as being due to the competition of the contribution of different types of defects to the observed
electrical conductivity. Remarkable similarities between the conductivity induced in diamond and fused

quartz implanted with C ions under identical conditions are reported.

I. INTRODUCTION

Diamond is a metastable form of carbon in which each
carbon atom is tetrahedrally sp bonded to its four
nearest neighbors. This strong bonding is responsible for
the unique physical and chemical properties of diamond. '

The stable form of carbon at room temperature and pres-
sure is graphite; a layered material in which carbon
atoms are sp bonded in hexagonal sheets leaving delocal-
ized ~ electrons available for conduction. As a result
graphite is electrically conducting exhibiting very aniso-
tropic properties, whereas diamond is a wide band-gap
semiconductor.

Bridging between these two allotropes of carbon lie a
whole variety of carbon materials which include, among
others, amorphous sp bonded carbon (such as thermally
evaporated carbon), micropolycrystalline sp bonded
graphite (such as glassy carbon), and amorphous sp
bonded carbon (sometimes loosely referred to as amor-
phous diamond), which is structurally analogous to
amorphous Si and is formed during low-energy C ion
deposition.

Ion implantation is a process in which the energy de-
posited by the slowing down of the implanted ions into
the irradiated volume can be gradually increased by con-
trolling the ion dose. For covalently bonded solids high
dose ion implantation usually leads to amorphization;
however for diamond an additional level of complexity is
involved since the bonds broken by ion impact may rear-
range to form the more stable sp structure. Indeed it is
known that high dose implantation of diamond leads to
graphitization of the irradiated volume. The process by

which this occurs and the intermediate phases involved in
this transition are not yet understood. In addition, cer-
tain applications of the ion-beam-modi6ed material have
recently come to light. In these, use is made of the ability
to control the electrical conductivity and other physical
properties of the ion-damaged material. These applica-
tions include: the formation of conducting electrodes for
electrochemical uses; the formation of n-type layers for
p-n junctions and the production of infrared emitting
elements in diamond.

In the present work we explore the nature of the ion-
beam-induced transition between diamond and graphite
by performing measurements of the electrical conductivi-
ty of diamond subjected to ion damage using different ion
species, doses and implantation temperatures. Emphasis
is given to the dose regime in which the diamond lattice
is still intact and can be repaired by thermal annealing,
and to implantation temperatures at which the most pro-
nounced changes in the electrical conductivity take place.
These are particularly important for devising implanta-
tion schemes to achieve successful doping of diamond by
ion implantation. Furthermore, the results of the present
study regarding the stability of diamond under ion im-
pact may have important implications regarding the ion-
beam deposition of diamond 61ms.

Ion implantation in diamond has recently been re-
viewed. ' Thus, only those points essential to the under-
standing of the present work will be brieQy summarized
below. The main features of ion-beam-induced damage
of diamond has been studied by various techniques, all of
which show that diamond, when implanted with ions to
sufficiently high doses, undergoes distinct changes. Ruth-
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erford backscattering channeling and electron
di6'raction measurements show that as a result of ion-
beam-induced damage, diamond changes from a perfect
crystal to some disordered structure; electron paramag-
netic resonance (EPR) shows that many bonds are bro-
ken optically, the transparent diamond turns black and
new absorption lines appear. " Raman scattering shows
that as a result of high dose implantation, diamond can
either transform into amorphous carbon (sp ) or into mi-
cropolycrystalline graphite, depending on implantation
temperature Chemically, the inert diamond changes to
an etchable material and the electrical conductivity
changes from highly insulating to highly conducting with
a conductivity approaching that of graphite. ' For low
dose implantations, there is some data which suggests
that the diamond exhibits p-type conduction for room-
temperature implantations, but n-type for implantations
at elevated temperatures.

There exists a critical dose D, common to all of the
above observations below which it has been shown that
thermal annealing can restore the diamond to a form
close to its pristine state. However, for D &D, thermal
annealing leads to the conversion of the damaged dia-
mond layer to graphite, as is shown, for example, by the
susceptibility of the material to etching in hot acids. This
critical dose depends on ion mass and energy in a form

which has been shown to scale for a given implantation
temperature to the energy deposited in the irradiated
volume by the nuclear collision process. ' However it
should be noted that D, is very dependent on implanta-
tion temperature, T;; indeed for sufticiently high T; gra-
phitization can be completely avoided.

The most striking manifestation of ion-induced damage
in diamond is the change in electrical resistivity R as a
function of ion dose, D. The R vs D dependence was
studied by Vavilov et al. for Ar-implanted diamond and
later by Kalish et a/. ' for Sb, by Prins ' for C, and by
Prawer, Ho6'man, and Kalish for C and Xe implanta-
tions. ' The features common to all these studies are that
several distinct regions in the behavior of R as a function
of dose can be identified. For example, included in Fig. 1

is the R vs D curve for diamond implanted at room tem-
perature with 100 keV C ions, which is typical of the re-
sults obtained using other ions for room-temperature im-
plantations. For D & D

&
the resistivity decreases, but for

D& & D &D, the resistivity increases with increasing ion
dose. For D=D, a sharp drop in R is observed. At
higher doses the resistivity saturates at a value compara-
ble to that of polycrystalline graphite, and displays metal-
liclike conduction. ' It has been found that D, corre-
sponds to an energy deposition per target atom of about 1

eV/ target atom and D, to a value of about 5 eV/target
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FIG. 1. Resistance of diamond as a function
of dose for 100 keV C and 320 keV Xe implan-
tations. The implantation temperature is indi-
cated in the figure. The arrows identify the
doses at which overlap between conducting
zones occurs (see text). For the implantation
with 100 keV C at 295 K, in addition to the
critical dose D„a minimum in the R vs D
curve occurs for a dose D j, which is also ob-
served for implantation with 320 keV Xe.
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atom' for a wide variety of room-temperature implanta-
tion conditions. The above values of D, and D, are only
valid for room-temperature implantations and change
with implantation temperature ( T; ).

Of the above features in the dose dependence of the
resistivity, the value of saturation resistivity (R, ) at high
ion doses has been the most studied. It was found ' '
that the implantation temperature T; strongly affects R, .
R, exhibits a maximum for liquid-nitrogen implantations,
but drops sharply by up to five orders of magnitude
around room temperature and reaches a minimum at
T; =500 K. For very hot implantations (T; =1200 K),
R, rises again to values comparable to those of nonim-
planted diamond. Another feature of the final state of
heavily implanted diamond is a pronounced swelling of
the implanted region. This phenomenon, too, displays a
sharp dependence on implantation temperature, decreas-
ing linearly with increasing T; until at T; )700 K no fur-
ther swelling is observable. ' Many of the above observa-
tions have been explained by Prins to be due to the
different mobilities of vacancies and interstitials in dia-
mond, with interstitials starting to diffuse at about 300 K
while vacancies only become mobile at about 800 K.

The dose regime in the vicinity of D, in which R
changes rapidly as a function of dose has also been stud-
ied. For T, =300 K the conductivity in this dose regime
is hopping in nature. Kalish et a/. ' investigated the pos-
sibility that the sharp drop in the resistivity could be ex-
plained in terms of a percolation transition between con-
ducting islands produced by the impinging ions, but
found that the R vs D dependence for T; =300 K was not
sharp enough to be consistent with such a simple percola-
tion model. Instead, a model involving the gradual
amorphization of the implanted region as a whole was
proposed. By contrast, recent work using electron spec-
troscopies on 1 keV Ar irradiated diamond' and other
recent channeling, swelling, and electrical conductivity
data' has suggested that the amorphization is a very sud-
den process and that at D, the diamond collapses to an
amorphous, but still highly insulating form similar in its
properties to amorphous diamond. The conclusion
which can be drawn from this previous work is that only
at doses exceeding those required for amorphization does
the a-sp structure transform to an a-sp state which is
electrically conducting.

Hence, while progress has been made in understanding
the ion-beam-induced transformation of insulating dia-
mond to some conductive form of carbon due to ion-
induced damage, much remains to be elucidated. In the
present work, we address the transformation of diamond
under the inAuence of an ion beam by measuring the ion-
beam-induced changes in the electrical conductivity. We
cover the entire dose range in which changes in R occur,
extending the range previously investigated to include
both low and very high doses and examining different im-
plantation temperature regimes in which different defects
are expected to be mobile. By performing R vs D mea-
surements at various implantation temperatures for both
light (C) and heavy (Xe) implants, and by supplementing
them by measurements of the temperature dependence of

the resistivity (R vs T) insight into the ion-beam-induced
transformation is gained.

II. EXPERIMENTAL DETAILS

Type IIa diamonds of dimension 3X3X0.25 mm
(sourced from Drukker Corporation) were used in the
present experiments. Two Molybdenum strip contacts of
approximate dimensions 1X2 mm and of thickness 300
nm were e-beam evaporated onto the diamond at 200 C,
leaving a gap of about 1 mm. The contacts thus obtained
were Ohmic over the range of voltages used in the mea-
surements. Pressure metal contacts were applied to the
Mo pads. The assembly was mounted on a variable tem-
perature target holder using thermally conducting grease
to ensure good thermal contact. The sample temperature
was monitored by a thermocouple.

A triple aperture system as described elsewhere was
employed to monitor the ion current, thus avoiding the
interference of the various electrical leads connected to
the sample in the determination of the ion dose. The ion
beam homogeneously irradiated the gap between the con-
tacts as well as the contacts themselves, using current
densities below 2 pA/cm in order to minimize beam
heating effects. A Keithley 619 Electrometer capable of
measuring resistances up to 2X10' Q was used. All
electrical measurements were performed in situ in the im-
plantation chamber at the temperature of the implanta-
tion. In most cases the upper bound on the resistance
measurements prior to implantation was limited instru-
mentally, although for some measurements, surface con-
tamination sometimes resulted in a preimplantation resis-
tance of about 1X10"Q. For implantations performed
at 690 K, the upper bound was due to leakage through
the diamond itself which was about 1 X 10' Q.

Implantation of C at 100 keV (R +DR = 130+22 nm)
and Xe at 320 keV (RzkhR~ =56+9 nm), where R and
4R& are the range and straggling, respectively, of the in-
cident ion were performed at 150, 295, 490, and 690 K.
Following each implantation dose a stabilization time of
about 5 min was allowed before taking the resistance
measurement. In order to determine the mechanism of
electrical conduction post implantation R vs T measure-
ments were performed in vacuum covering the tempera-
ture range 100—300 K for some selected samples.

III. RESULTS

The resistance versus dose for the Xe and C implanta-
tions performed at the specified temperatures are shown
in Fig. 1. The similarity in the functional dependence for
Xe and C implants for the same temperature should be
noted.

Figure 2 shows the R vs T data for diamond implanted
at 150 K with 8 X 10' C/cm plotted as log(R) vs
(1/T)'~ . The data when plotted in this way exhibit a
linear dependence (with a correlation coefficient from a
linear least-squares fit to the data of 0.998) indicating that
the conduction mechanism follows the variable-range-
hopping formula
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dislodge atoms. The process is statistical in nature and is
well reproduced by TRIM, a computer code which is
based on Monte Carlo simulations. The TRIM code fol-
lows the trajectory of each impinging ion and of the tar-
get atoms displaced as a result of high momentum
transfer collisions. Figures 3(A) and 3(B) show typical
cascades resulting from the passage of a single 100 keV C
ion and a single 320 keV Xe ion, respectively, slowing
down in diamond. Statistics on many such randomly
selected ion trajectories yields average values for the ion
range and for the distribution of the various kinds of de-
fects. It is important to stress that TRIM does not take
into account dynamic annealing, defect diffusion, or the
effects of the gradual accumulation of damage. Thus
while TRIM can be successfully used to predict ion range
and depth distributions of defects, care must be taken in
extracting absolute defect concentrations from it. Indeed

FIG. 2. Resistance versus temperature plotted as R vs T
for diamond irradiated at 150 K with 8X10' C/cm at 100
keV. 100 k

R ( T)=R o exp( To /T )
'

where To =16k /k&N(E+), kz is Boltzmann's constant,
A, is the radius of the localized wave function, and N(EF )

is the density of states at the Fermi level. The same
data when plotted as log(R) vs (1/T) do not follow a
linear dependence. Similar behavior is observed for a
sample irradiated with 2X 10' Xe/cm at 150 K. From
the slope of the least-squares straight line fit to the data
shown in Fig. 2 the value of To(c)=(5+0.3) X10 K.
For the Xe-irradiated sample, To(Xe) = (1.4+0. 1)X 10
K.

Clearly, a measurement of To alone is not sufficient to
determine both N(E~) and A, . In the discussion that fol-
lows it will be shown that A, may be determined from an
analysis of the R vs D data and hence the above values of
To may be used to estimate the density of states at the
Fermi level for the implanted diamond.
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IV. DISCUSSION

In the present work the ion species used were deli-
berately chosen so as to exclude doping effects on the ob-
served conductivity; Xe being a large heavy inert gas
atom and C being nonalien to the diamond matrix. It
should be borne in mind, however, that it has been
shown that heavy dose implantation of carbon into in-
sulating matrices such as Si02 eventually gives rise to
electrical conductivity due to formation of a heavily
doped C layer.

Since the dominant effect that must be considered to
account for the present data is ion-beam-induced damage,
we briefly summarize below the relevant aspects of ion
damage in solids. The process which is primarily respon-
sible for inAicting damage to the matrix during the slow-
ing down of energetic ions in a solid is nuclear collisions;
i.e., close encounter Coulombic interactions which

os )

CA

0
Q)

CC

FICx. 3. Collision cascade following the penetration into dia-
mond of (A) a single 100 keV C ion; and (B) a single 320 keV Xe
ion, as calculated by the Monte Carlo computer code TRIM (Ref.
23).
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TRIM almost always overestimates the defect concentra-
tion; with the best agreement expected for low-
temperature implantations where most diffusion process-
es are suppressed. From Fig. 3 it is evident that the pas-
sage of each ion through the solid leaves a track of dam-
age surrounding its trajectory. Along this track clusters
of displaced atoms appear whenever high recoil energies
have been given to host atoms. Hence, a good approxi-
mation of the damage around each ion track would be a
distribution of damaged spheres of different radii. A
more crude approximation which takes into account the
average over many ions assumes the ion track to be sur-
rounded by homogeneously distributed damage which is
cylindrical in shape. Assuming that a cylinder of damage
surrounds each ion track, TRIM can be modified to pro-
vide an estimate of the concentration of defects as a func-
tion of distance from the primary ion track at any given
depth from the surface. From such distributions, cov-
ering the entire region from the surface to the end of
range of the ion, a root-mean-squared average radius r,„
defined as

r,„=[Xp, r 2/Xp, ]'~. (2)

can be calculated at any depth. Here p,. is the density of
vacancies or interstitials created at a distance r, from the
ion track. The results of the average radius versus depth
for both vacancies and interstitials are shown in Fig. 4 for
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FIG. 4. The average radius of the damage cascade surround-
ing each ion track as a function of depth below the surface for
(A) 100 keV C irradiation; and (B) 320 keV Xe irradiation as
calculated by TRIM. The radius at each depth is estimated from
the calculated distributions according to Eq. (2) (see text).

Q=nE/[(R +DR )X1.76X10 ] eV/ion/cm (3)

where E is the ion energy in eV, R and AR are the
range and straggling, respectively, of the incident ion and
1.76X10 atoms/cm is the atomic density of diamond.
By substituting into Eq. (3) values for n, R and hR as
calculated by TRIM (Ref. 23) we obtain

Qx. /Qc =17 5 . (4)

the irradiations with 100 keV C [Fig. 4(A) and 320 keV
Xe [Fig. 4(B)]. In the absence of defect mobility, ballistic
considerations dictate that vacancies will be more con-
centrated towards the center of the cascade whereas in-
terstitials will tend to be concentrated further out from
the center. Figure 4 rejects this, with a larger average
radius for interstitials than for vacancies.

For the particular case of diamond, the damage centers
(whether vacancies, interstitials, dangling bonds or defect
clusters) can, in principle, act as electrically conducting
sites. At low temperatures, where the damage is "frozen
in" and bond rearrangement is unlikely, the simple pic-
ture provided above is probably adequate. However, at
sufBciently high temperatures vacancies and interstitials
can diffuse and either annihilate, disappear at the surface
or agglomerate. Local bond rearrangement is also likely
to occur. For the particular case of diamond, the ag-
glomeration of defects and bond rearrangements may ei-
ther result in graphitic or amorphous (sp or sp bonded)
zones. The experimentally observed conductivity will
thus depend on both the nature of the conducting centers
and on their connectivity. For isolated conducting
centers the electrical conductivity has been shown to be
governed by hopping, ' ' while for the case of graphitic
islands when at such a concentration that connectivity is
reached, metallic conduction typical of graphite is ob-
served. '

The data of the present work as summarized in Fig. 1

can be understood in light of the above, i.e., (i) the
differences in defect densities and distributions between
those due to a heavy (Xe) and a light (C) implant and (ii)
the ability of the defects to either annihilate or to form
centers of different conductivities, as determined by the
implantation temperature. Examination of Fig. 1 reveals
that the functional dependence of R on dose is remark-
ably similar for Xe and C implants for the same implan-
tation temperature, with the only difference being that
the curves for C are displaced in dose by a factor of about
20 as compared to Xe. For the 690 K implants the simi-
larity is not as obvious, mainly because the dose for the C
implantations did not reach the high values required to
observe the final drop in the resistivity evident for the Xe
case.

The scaling of the R vs D curves for the Xe and C
cases can be explained in terms of the average nuclear en-

ergy deposited by the ion beam in the irradiated volume.
For a given ion species and energy, TRIM (Ref. 23) pro-
vides the fraction of energy lost by nuclear collisions (n)
as we11 as the length of the track along which this loss
occurs. The energy density (Q) deposited per ion in nu-
clear collisions is given by
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This means that the passage of a 320 keV Xe ion de-
posits on average 17.5 times more energy in the irradiat-
ed volume by nuclear processes than does the passage of
a 100 keV C ion. Therefore the density of defects in a
given volume is predicted to also be 17.5 times greater for
the same number of impinging Xe ions than for C ions.
Hence the above approach predicts that in order to
achieve the same density of defects, and thus the same
effect on the electrical conductivity, a dose 17.5 times
higher for C than for Xe will be required. Indeed this
factor calculated on the basis of TR.IM is in good agree-
ment with the experimental factor of 20 estimated above
from the scaling of the data, thus proving that it is indeed
the volume density of defects introduced by the ion
which is responsible for the ion-beam-induced conduc-
tivity in diamond, irrespective of the ion species. It is im-
portant to note that the same scaling factor holds for all
implantation temperatures employed.

%'e now turn to a possible microscopic model to ex-
plain the ion-beam-induced conductivity in diamond and
its dependence on temperature. We assume that the pas-
sage of each ion through the solid leaves in its wake a
"trail" of damaged spheres of average radius r (see Fig.
3). When the density of these spheres reaches a sufficient
concentration, a connective pathway ra~ay be formed be-
tween them giving rise to a sharp decrease in the mea-
sured resistivity as is observed in the data at D, (see Fig.
1). Following the approach of Ref. 17 the critical dose
D, should be related to r by

r = [(0.135 X (R +hR ) I /D, )
'r3

Hence, by knowing D„average radii of the spheres can
be calculated. The doses D, used to calculate r are indi-
cated by arrows in Fig. 1 for all implantation tempera-
tures employed and for both Xe and C implantations.
(For the C implantation at T, =690 K, D, has been es-
timated to be 1.3X 10' C/cm based on scaling the data
for the Xe implantation). In Fig. 5, radii r extracted from
the data by the use of Eq. (5) for Xe and C implantations
are plotted as a function of implantation temperature.
The fact that D, is somewhat uncertain for the 150 K Xe
implantation is rejected in the large error bar in the de-
duced value of r. Clearly r diminishes with increasing
temperature, signifying the shrinkage of the conducting
regions due to dynamic annealing (i.e., annealing during
the passage of the ion through the solid).

Morehead and Crowder have proposed a model for
the formation of amorphous silicon under ion bombard-
ment which may be applied to the present results. The
model proposes that as the ion passes through the solid
the thermal spike (lasting about 10 ' s) surrounding the
ion track leaves in its wake highly disordered regions
with many broken bonds. Morehead and Crowder
developed the theory for cylindrically shaped damaged
regions around each ion track, but also considered
spheres of damages which is the approach we will follow
here. The damaged regions are assumed to be spheres of
radius ro. After the passage of the ion, the displaced
atoms are assumed to relax to form a stable phase in a
time ~=10 s. During this time ~ vacancies and inter-
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FIG. 5. The radius of the damage spheres as a function of
implantation temperature for 100 keV C and 320 keV Xe irradi-
ations. The solid lines are fits of the data to the equation
r(T) =ro[1—8 exp( —U/kii T)] with ra=1.01 nm, U=O 12.
eV, and B=5.40 for 100 keV C implantations and ro =2.04 nm,
U=0. 10 eV, and B=4.24 for 320 keV Xe irradiations. Extra-
polation of the fits for both Xe and C implantations to high tem-
peratures predicts that the radius of the damage spheres should
shrink to zero for an implantation temperature of about 815 K.
Extrapolation to low temperatures predicts that the radius of
the damage spheres at 0 K should be 1.01 and 2.04 nm for C and
Xe implantations, respectively.

where ro is the radius of the conducting sphere in the ab-
sence of defect diffusion (i.e., for T, =0 K), U=Edz/2
where Edf is the activation energy for defect diffusion, k~
is Boltzman's constant and B is a constant which depends
on the stopping power of the incident ion, the diffusion
time ~, the number of target atoms/cm, and the dis-
placement energy.

The solid lines in Fig. 5 are least-squares 6ts of the data
to Eq. 6 obtained by varying the parameters rz, U, and B.
For 100 keV C implantations the fitted values of I"0, U,
and B are 1.01 nm, 0.12 eV, and 5.40, respectively, while

stitials can recombine in an outer sheath of thickness 5r
surrounding the ion core, leaving a stable amorphous
sphere of radius (ro —5r). The magnitude of or depends
primarily on the implantation temperature. At low tem-
peratures, when the diffusion of defects is inhibited,
6r=0, and the radius of the sphere is as determined by
ballistic considerations. The model also predicts the ex-
istence of a temperature T for which 5r=ro, i.e., the
whole of the sphere is annealed and no amorphous zone
is created. Experimentally, this is the implantation tem-
perature at or above which Si cannot be amorphized no
matter how high the dose.

If we replace the amorphous spheres considered in Ref.
27 by conducting spheres of graphitelike material, the
Morehead and Crowder model can be directly applied to
the present data. The model predicts that the radius of
the conducting sphere as a function of implantation tem-
perature should be given by

r(T)=ra[1 —8 exp( —U/k~T)],
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the respective values for the 320 keV Xe implantations
are 2.04 nm, 0.10 eV and 4.24. Although the number of
data points is small, it is clear that Eq. (6) does provide an
excellent description of the functional form of r(T). In
particular, the fits for both the Xe and C implantations
provide an estimate for the activation energy for defect
diffusion of about 0.2 eV. This value is small as com-
pared to the measured activation energy for C interstitial
diffusion in diamond of 1.3 eV. However, most previ-
ous work has measured the activation energy for post-
irradiation annealing, whereas Edf is a measure of the ac-
tivation energy for diffusion during the thermal spike.
Thus, the reason for the low value of Edf obtained here
must be the well-known phenomenon of radiation-
enhanced diffusion. For example, for the case of C in-
terstitial diffusion in ion-irradiated glassy carbon„ the ac-
tivation energy for post-implantation annealing was mea-
sured to be 0.6 eV, whereas a value of only 0.1 eV for the
activation energy was obtained in this material for dy-
namic annealing during the implantation.

The extrapolation of the fits to the data yields for the
zero radius intercept an implantation temperature of 804
K for C and 820 K for Xe irnplantations, respectively,
i.e., at an implantation temperature of about 815 K the
damage introduced by the passage of the ions is annealed
during the time ~ so that no identifiable damage region is
left behind. This estimate of 815 K as the temperature at
which the radius of the damage track shrinks to zero is in
reasonable agreement with the temperature at which the
swelling which accompanies ion beam irradiation was
found to diminish to zero. ' A temperature of about 800
K is also the temperature at which vacancies are thought
to become mobile (interstitials being mobile already at
around 300 K). It is therefore reasonable to conclude
that for T; & 815 K instantaneous recombination of
interstitial-vacancy pairs or their disappearance by some
other diffusive process occurs, thus inhibiting the forma-
tion of stable defects. Based on the above, the tempera-
ture of 815 K should also be the minimum temperature at
which high dose implantation into diamond will not re-
sult in graphitization or amorphization. For the special
case of high dose C implantation into diamond, this
should be the minimum temperature at which diamond
growth can be expected. Indeed it has been shown by
Freeman, Temple, and Guard and Nelson et al. ' that
heavy dose carbon ion implantation into diamond held at
high temperature results in diamond growth.

As mentioned above TRIM should be most applicable
for low-temperature implantations where defect diffusion
is minimized. Extrapolation of the radii of Fig. 5 to 0 K
should give a value for the maximum average radius ro of
the damage spheres when dynamic annealing effects are
at a rninimurn. From the fits to the data in Fig. 5, these
radii are found to be 2.04 nm for Xe and 1.01 nm for C
implantations. These values should be compared with
the radii obtained from the TRIM calculations shown in
Fig. 4 which are about 1.4 nm for 320 keV Xe irradia-
tions and vary from 0.9 nm at the surface to about 1.2 nrn
towards the end of range for 100 keV C irradiations. The
agreement of the measured values of the radii with those
calculated by TRIM is very satisfactory, especially when it

is recalled that the TRIM calculations are based on a cy-
lindrical model for the damage cascade, which is clearly
an oversimplification. The measured values of ro are also
in reasonable agreement with those measured for ion in-
duced cascades in other materials. In particular, a ra-
dius of about 2 nm is consistent with the size of the hil-
locks formed as a result of single ion impacts in highly
oriented pyrolytic graphite. In that case scanning tun-
neling microscopy (STM) revealed hillocks on the surface
of average radius 2.3 nrn for 50 keV Ar irradiation and
2.6 nm for 150 keV Xe irradiation. For diamond im-
planted with 120 MeV Kr ions, STM revealed craters of
average radius 1.5 nm, which is also consistent with the
values obtained here, despite the much larger energy of
the incident Kr ions as compared to the Xe and C ions
used in the present work.

For the implantations performed at 150 K, for which
negligible instantaneous annealing is expected, the mea-
surements of the temperature dependence of the conduc-
tivity and the above deduced values for the size of the
conducting spheres can be used to provide an estimate for
the density of states at the Fermi level N (Ez) for heavily
irradiated diamond. By using the values of To obtained
from the plots in Fig. 2, and the relationship

N(E~ ) = 16K, /k~ To,

where kz is Boltzmann's constant and A, is the radius of
the localized wave function, N(E~) can be calculated.
By assuming that each conducting sphere serves as one
center for hopping conduction so that k = the radius of
the conducting spheres as determined by Eq. (5), one ob-
tains N(E&) =2X 10' states/eV/cm for diamond irradi-
ated with 2X 10' Xe/cm and N(EF ) =4X 10'
states/eV/cm for irradiation with 8 X 10' C/cm . These
values are low by comparison with the atomic density of
diamond, but are quite consistent with the results of ob-
tained by Hauser et al. ' In Ref. 19 this low concentra-
tion of conducting centers was used to explain why dia-
mond can retain most of its hardness despite very large
increases in its conductivity, since only a small percen-
tage of diamond bonds are converted into sp conducting
sites even in heavily damaged diamond. These considera-
tions raise the question how many conducting centers are
created per incident C or Xe ion; a question which will be
addressed below.

It should be noted that the sharpness of the drop at D„
is the greatest for 490 K implantations and in particular
that it is sharper than for 295 K implantations. Data of
R (D) for 320 keV Sb implanted into diamond at room
temperature (which are very similar to the 300 K Xe im-
plantation data shown here) have been analyzed in Ref.
17 using a percolation approach. Assuming a simple
model of percolation between highly conducting spheres
dispersed in an insulating matrix one would expect the
resistance to vary with dose as'

R =R, X[1—(2/3) '
j

where R, is the saturation resistance at high doses (which
in this model is the resistance of the individual conduct-
ing spheres) and D, is the critical dose for the onset of the
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conductivity. For D &D„ the spheres do not percolate
SOR=~.

In Fig. 6, the resistance of the diamond is plotted as a
function of ion dose close to D, for Xe implantation at
295 and at 490 K, together with the theoretical predic-
tion according to Eq. (8). The simple theory employed in
Ref. 17 assumes percolation between spheres with sharply
defined boundaries, i.e., being highly conducting inside
the sphere and nonconducting outside. Indeed, from the
agreement between the data for 490 K Xe implantation
and the behavior predicted by Eq. (8) [Fig. 6(B)], the sit-
uation for the 490 K implantations approaches this con-
dition.

However, as was found in Ref. 17, for the implantation
at 295 K, Eq. (8) predicts a decease in R at D, which is
much sharper than that actually observed. For implanta-
tions below room temperature, it is likely that the boun-
daries of the damage spheres are less well defined being
more conducting in the center and less towards the edges
where the defect density tapers oK Such a tapering is
reasonable in view of the fact that ballistic considerations
dictate that the "core" of the sphere should be rich in va-
cancies whereas the periphery would be expected to be
rich in interstitials, as is indeed borne out by the TRIM
calculations shown in Fig. 4. For room-temperature im-
plantations vacancies are almost completely immobile,
while interstitials are able to di6'use at least to some de-
gree. In this case, one may expect a high concentration
of vacancies at the center of the damage sphere, with an
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FIG. 6. Resistance of diamond as a function of ion dose for
320 keV Xe implantations performed at 295 K (A) and 490 K
(B). The solid line is the theoretically expected dependence de-
scribed by Eq. (8} assuming a simple model of percolation be-
tween conducting spheres. It is clear that for implantation at
295 K the transition is too gradual to be accounted for by this
simple model. However, for implantation at 490 K the dose
dependence of the resistance is close to that expected by a sim-
ple percolative transition.

interstitial concentration being more spread out towards
the periphery of the sphere. As a consequence, the per-
colative transition should be more gradual than that pre-
dicted by a simple "conducting/insulating" theory. On
the other hand, for elevated temperature implantations
()470 K) point-defect diffusion is possible, resulting in
both a shrinkage of the size of the conducting centers and
in the sharpening of their boundaries. The shrinkage of
the spheres with increasing T,. is experimentally verified
by the data and its shown in Fig. 5, while the proposition
that the spheres sharpen for elevated T; finds support in
the sharpness of the R (D) drop around the critical dose
D'

We now turn to discuss the variation of the high dose
saturation resistivities R, as a function of implantation
temperatures. Very low saturation values are found for
the case of 470 K implantations for both C and Xe and
for Xe implanted diamond at 690 K. However, in light
of the scaling between Xe and C described above, low sat-
uration values will almost certainly be reached also for
the 690 K C implantations at doses, however, higher than
those employed here. These saturation values are close to
the resistivity of graphite and reAect the high internal
conductivity of each one of the conducting spheres. As
the implantation temperature is increased the damage
spheres, which have a tapered density of defects for low
implantation temperatures, partially anneal and partially
graphitize, thus contracting to spheres of smaller radii
with graphitic conductivity. This trend does not contin-
ue indefinitely because, as indicated above, complete in-
stantaneous annealing inhibits the formation of conduct-
ing spheres at implantation temperatures in excess of
about 815 K. Above this temperature ion-beam irradia-
tion leaves the implanted material highly insulating at
any dose, the material being predominantly diamond,
however containing a high number of extended defects, in
accord with the findings of Refs. 31 and 36.

At low implantation temperatures the minimum resis-
tivities even at high doses are rather high. In this case
overlap of the damage spheres does occur at sufFiciently
high doses but the internal conductivity of the damage
spheres themselves is not as high as it is in the case of the
high temperature implantations. Data of the resistivity
of diamond implanted to a given (fixed) high dose as a
function of implantation temperature have been unpub-
lished by Sato and Iwaki' and Prins. In the case of Ref.
8 a minimum in R, is reported to occur for C implanta-
tions at about 500 K for a C dose of about 1 X 10' C/cm,
and that for implantations at higher temperatures, R,
rises due to the e6'ects of dynamic annealing. The as-
sumption is that this dose is sufIIicient to see the satura-
tion of the resistivity. However, the data of the present
work (see Fig. 1) shows that if higher doses or heavier
ions are employed, the same final very low R, can be ob-
tained for both 490 and 690 K implantations. The value
of R, in these cases is comparable to that expected from
polycrystalline graphite, thus suggesting that for implan-
tation temperatures exceeding about 470 K, the conduct-
ing spheres are graphitic in nature.

In the dose range below D„a peculiar nonmonotonic
behavior is observed (see Fig. 1) which is particularly
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X=PXD/W, '
(10)

where W=R +DR is the thickness of the implanted re-
gion (in cm) and p is a numerical factor equal to the num-
ber of hopping centers created by each incident ion. By
combining Eqs. (9) and (10) it is evident that for hopping
conduction a plot of log(R) vs D '~ should yield a
straight line.

In Fig. 7, the portion of the data of Fig. 1 for D &D,
are plotted as logio (R) vs D '~ for 100 keV/C implan-
tations at 470 K. In Fig. 8 a similar plot is provided for
320 keV Xe implantations at 490 K. From the plots it is
clear that the hopping picture as described by Eq. (9) well
describes both the Xe and C data over about a decade of
dose in the dose regime well below D, . However, as was
pointed out in Ref. 17 the simple hopping model de-
scribed by Eq. (9) is expected to break down at high
enough concentrations where variable range hopping
takes over.

We now estimate the number of conducting centers
cuneated by each impinging C or Xe ion. If one makes the
reasonable assumption that A, in Eq. !9) (which is the
characteristic dimension of the localized hopping center)

striking for 300 K C implantations, but is also evident for
higher implantation temperatures. For 300 K implanta-
tions a minimum is recorded at dose D, (see Fig. 1). For
implantations at 470 K this minimum becomes very shal-
low approaching a plateau and it moves up in dose. Such
a minimum is not noticeable for the cold implantations;
however we speculate that it may have been observed
were it not for the limitations of the measurements of the
high resistances involved. For implantations at 690 K
the functional form of R vs D is even more complicated
displaying multiple plateaus not previously observed.

The material transformations which lead to this pecu-
liar behavior of the R (D) data are difficult to explain.
However it should be noted that EPR measurements on
diamond implanted with 350 keV Sb ions at room tem-
perature' have also shown nonmonotonic trends exhibit-
ing a local maximum in the EPR signal and linewidth at
a dose close to D, .

We begin our discussion of this dose regime with refer-
ence to the implantations at 490 K, for which it is clear
[see Fig. 6(B)] that a simple model of percolation between
conducting spheres holds reasonably weil. At doses well
below D„one may expect that nearest-neighbor hopping
should occur between these conducting spheres. For
nearest-neighbor hopping conduction the resistance R is
primarily governed by the tunneling probability between
a pair of states separated by a typical distance of the or-
der of X '~, which is the average distance between hop-
ping centers whose volume concentration is N. The ex-
pected functional dependence' is

R exp(yX '
A, '), (9)

where y is a numerical coefficient of the order of unity,
and the parameter A, is the characteristic dimension of a
localized state on a hopping center. For conducting
centers introduced by ion implantation, X would be ex-
pected to be proportional to the ion dose D (in ions/cm )

at least for low doses, i.e.,

DosE (c/crn )

5 x 10 1 x 10
I I

5 x 10
I

10

IJJ

1 010

10'

10
1.0 1.5

a I s

2.0
(nosE) '/'

2.5
x1O '

FIG-. 7. The resistance of diamond as a function of dose for
implantation with 100 keV C ions at 470 K {see Fig. 1), replot-
ted as log~p{R) vs D

10

OOSE (Xe/cm )

4 x 10 1 x 10
I I

4x 10

10

C3

10'

LLI

10'

1 0 I I ~ I I ~ I I I I I I I s I ~

2 3 4 5

(DosE) '/'

FIG. 8. The resistance of diamond as a function of dose for
implantation with 320 keV Xe ions at 490 K {see Fig. 1},replot-
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is equal to the radius of the conducting spheres, A, can be
estimated from Fig. 5 to be 0.7 and 1.3 nm for C and Xe
implantations, respectively, at 490 K. From Eqs. (9) and
(10) the number of conducting spheres created per in-
cident ion P should be given at

P= WX(SA, )

where S.is the slope of the fit to the ln(R) vs D
curves, and where we have assumed y = 1.

By extracting the slope 5 from Figs. 7 and 8, and by
using 8'= 150 and 65 nm for C and Xe implantations, re-
spectively, we obtain P(C) =0.6 and P(Xe) =0.9. Thus,
according to this analysis, the number of conducting
spheres created per incident ion is extremely low. This is
a remarkable result since one may have expected many
knock on carbon interstitial and vacancies to be created
in the collision cascade as the impinging ions passes
through the solid. For example, TRIM (Ref. 23) predicts
that about 100 carbon vacancies are created per incident
100 keV C ion, whereas about 1000 such vacancies are
created for each impinging Xe ion. However, it must be
borne in mind that these vacancies and interstitials may
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cluster and hence the number of clusters will be less than
the number of vacancies. In addition, as pointed out
above, TRIM does not take into account dynamic anneal-
ing. Clearly for the case of the 490 K implantations such
annealing is very important, leaving, as deduced from the
above discussion, only one conducting center on average
per incident ion. At first glance it may also appear
strange that the Xe ion does not create a greater number
of spheres per incident ion than for C implantations,
given that D, for Xe is about a factor of 20 less than for
C implantations. However, a closer investigation reveals
that the factor of 20 can be accounted for by the fact that
the spheres created by the Xe implantation are on aver-
age about twice the radius of the spheres created by the C
implantation and thus 8 times the volume. In addition
these spheres are confined to a thickness of about 65 nm
as compared to a thickness of about 150 nm for the C im-
plantations. Thus, despite the fact that on average only
about one sphere is created per incident ion for both C
and Xe irradiations, the spheres touch and percolation
occurs at a much lower dose for Xe than for C implanta-
tions because (i) the spheres are larger and (ii) the spheres
are concentrated in a smaller volume.

The above approach assumes a unique radius for the
damage spheres (which is a function of implantation tem-
perature and ion species). Clearly this is an over-
simplification as one might expect a distribution of sizes
of the damage spheres around each ion track due to the
statistical nature of the collision cascade. Indeed this is
found to be the case in the TRIM calculations, the results
shown in Figs. 3 and 4 being the average of the calcula-
tions for many collision cascades. The onset of hopping
and percolation depend, in principal, on the volume of
transformed material and this volume is heavily dominat-
ed by the largest spheres which are created in the col-
lision cascade. Thus, the conclusion that there is only
about one sphere created per incident ion strictly relates
to spheres of the largest radius, and does not take into ac-
count the possibility that spheres of smaller radius may
also be created at the same time. The analysis used above
cannot determine the distribution of sphere radii; for this
TEM and/or atomic force microscopy investigations are
required. However, it is clear that the percolation and
hopping will be dominated by the largest sized spheres,
and this serves as a justification for neglecting the possi-
ble contribution of smaller spheres to the phase transfor-
IIlat1OIl.

The situation for implantation at 150 and 295, and 690
K is more complicated, and cannot be explained by
recourse to the very simple model proposed above. First-
ly, the changes in R vs D are not su%ciently sharp to be
explained by simple pcI'colat1oIl; thcrcfoIc oIlc is foIccd
to conclude that the spheres are not spatially well defined
and may well be "graded" in their conductivity. Second-
ly, Eqs. (9) and (10) do not well describe the data for im-
plantation at 150 and 295 K, although the data for the
690 K implantations for low doses can be analyzed in a
similar fashion to the 490 K data and with a similar re-
sult; viz. , the number of conducting centers per incident
ion is of the order of unity. Thirdly, the data for 295 K
implantations shows nonmonotonic behavior which is not
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FIG. 9. Comparison of the dose dependence of diamond and
fused quartz for 100 keV C implantation. The implantation
temperatures are shown in the figure. Note that for low-
temperature irradiations the dose dependence for fused quartz
and diamond are very similar, and that the onset of conductivity
occurs at the same critical dose.

compatible with the simple hopping/percolation model
proposed above.

It is clear that a minimum such as that observed in the
R vs D data most clearly for 295 K implantations at D I

(see Fig. 1) must be the result of two opposing processes;
one leading to an increase in electrical conductivity with
increasing dose and another to its decrease with the ob-
served conductivity being the net result of these two com-
peting processes. As mentioned previously, nonmonoton-
ic behavior is also observed in the ESR measurements'
which show a local maximum in the spin density and
linewidth at D1. We note that this very unusual non-
monotonic behavior appears to be unique to diamond and
diamonds 61ms' and does not occur for other forms of
carbon. At present the processes responsible for this
behavior remain unclear and are under further investiga-
tion.

In closing we wish to point out an interesting observa-
tion regarding the comparison of the present data to the
results of similar measurements on C implanted fused
quartz. The above discussion on the defect-induced
conductivity in diamond was based on the notion that
conducting centers created by the damage cascade em-
bedded in a matrix of insulating diamond are responsible
for the observed conductivity. In principle„ this system
may be analogous to the case in which C atoms are im-
planted into an insulating medium such as Si02, provided
that it can be established that the conductivity in the in-
sulator is due the presence of the C atoms and not to
ion-beam-induced damage. This is the case for 100 keV
C implantation into fused quartz for which it has been
shown for both room temperature and 470 K implanta-
tions that the conductivity depends only on the presence
of the implanted C atoms in the matrix and not on the
ion beam damage. It is therefore reasonable to try and
compare the R vs D data for C implanted fused quartz
and damaged diamond, since in both cases it is the pres-
ence of dislodged (in the case of diamond) or implanted
(in the case of fused quartz) C atoms in an insulating ma-
trix which gives rise to the observed conductivity.

In Fig. 9 the results of the change in resistivity with in-
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creasing ion dose for room-temperature implantation of
C into SiOz (from Ref. 25) are overlaid with the data for
150 K C implantation into diamond (from Fig. 1). The
diamond and fused quartz resistivities shown are remark-
ably similar in both absolute values as well as in their
functional dependence on C ion dose. This is once
again extraordinary in view of the fact that every C ion
impinging onto diamond is expected to knock many hun-
dreds of C atoms out from their lattice positions in the
collision cascade, each potentially contributing to the
conductivity. As this "multiplication" of liberated C
atoms and their contribution to the conductivity does not
occur in Si02 it is most unexpected that the same conduc-
tivity is generated for a given C ion dose in quartz as is
obtained in diamond. However, the results are consistent
with the observation of a low value for X(E~)=4X 10'
states/eV/cm for these low-temperature C implantations
into diamond for which presumably only a small fraction
of the broken bonds are electrically active.

One possibility to account for the above observation
would be the near complete annihilation of the vacancy
interstitial pairs created by the damage cascade so that
on average only one conducting center is created per in-
cident C ion as we have shown to be the case for 490 K
implantations. However, as discussed above, this simple
picture does not hold for lower temperature implanta-
tions where defect mobilities are low. In this case we
have shown that the conduction mechanism in damaged
diamond is complicated and depends on the interplay be-
tween defects which may display different kinds of con-
ductivity. Notwithstanding the above difficulties in inter-
pretation, the similarity between the two cases shown in
Fig. 9 is striking.

V. SUMMARY

The changes in electrical conductivity of diamond,
damaged by either carbon or xenon ion implantation
have been studied. In contrast to previous work which
has addressed only selected regions in ion dose, or im-
plantations at a single target temperature, the present
work covers the complete range of ion doses over which
changes in the resistance are observed from 1X10'
ions/cm at which ion-beam-induced conductivity can
first be observed, up to the highest dose (lx10'
ions/cm ) at which saturation of the conductivity occurs.

By comparing the results of the electrical resistance as
a function of dose R (D) for Xe and C implantations and
for a range of implantation temperatures from 150 up to
690 K, it was possible to propose a model for the ion-
beam-induced transformation of diamond, based on a
consideration of the damage produced around each ion
track and the dependence of this damage on implantation
temperature. The main points of this model are

(i) For low implantation temperatures, clusters of point
defects are formed around each ion track, between which
hopping conduction occurs.

(ii) At higher implantation temperatures, these clusters
either disappear or shrink to a smaller average radius due
to dynamic annealing. At low doses nearest-neighbor
hopping occurs between these spheres, but at a critical

dose, percolation occurs to form a conductive pathway
with graphitelike conductivity. The dynamic annealing is
very efticient with, on average, only one conducting
sphere remaining for effective conduction per incident C
or Xe ion.

(iii) The temperature dependence of the radius of the
conducting spheres is well described by the Morehead
and Crowder approach which assumes that annealing
takes place in a sheath surrounding the damage sphere,
and that the thickness of the sheath increases with in-
creasing implantation temperature. The fit of this model
to the data predicts the complete disappearance of the
conducting spheres due to instantaneous annealing for
implantation temperatures exceeding 815 K. Under these
conditions, graphitization of the diamond will never
occur regardless of the ion dose. The model also predicts
an activation energy for defect (probably interstitial)
diffusion during ion irradiation of about 0.2 eV.

(iv) For intermediate implantation temperatures, the
low dose regime displays a minimum in the R (D) curves.
The origin of this nonmonotonic behavior is not known
at present, although it may be due to a competition be-
tween two processes such as, for example, the production
of p-type conductivity due to point defects competing
with n-type conductivity which occurs when these defects
agglomerate at higher doses. One other possibility, is
that the competition may be between the contribution to
the conductivity due to the presence of isolated point de-
fects and the effective removal of electrically active states
in the band gap when these points defects agglomerate
into more complex defect structures at higher doses.

(v) The R (D) data are remarkably similar for both Xe
and C implantations, with the only difference being that
the doses required to produce a given conductivity are a
factor of 20 higher for C than Xe implantations. On a
macroscopic level this factor is explained by the fact that
the density of nuclear energy deposited per incident ion is
about 20 times higher for Xe than C implantations, thus
demonstrating that it is the density of collisionally in-
duced defects which governs the electrical conductivity
in ion-damaged diamond. On a microscopic level the fac-
tor of 20 can be explained by the fact that the volume of
conducting spheres formed around each ion track is
about eight times larger for Xe than C implantations and
that these spheres are packed into a layer which is about
half the thickness for Xe and C implantations due to the
shorter range of the Xe as compared to the C ions used in
ihe irradiations.
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