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We have observed the metal-insulator transition in single crystal, high-purity type-IIa diamond which has
been implanted at 77 K with boron ions in multiple steps and annealed at high temperatures between implants.
Electrical conductivity measurements made at temperatures in the range 1.5–300 K have shown that, for boron
concentrations below the critical concentrationnc which we estimate as 3.931021 cm−3, Efros-Shklovskii
hopping conduction occurs at sufficiently low temperatures. At the highest concentrations, just-metallic behav-
ior is found, with the low-temperature conductivity governed by the relationssTd=ss0d+bTm. The conduc-
tivity critical exponentm is estimated to be 1.7, with a fairly large uncertainty because of the limited number
of concentrations on the metallic side of the transition. The highm value found for this wide bandgap,
uncompensatedp-type system contrasts with the valuem< 1

2 reported forp-type Si and other uncompensated
semiconductors.
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INTRODUCTION

The metal-insulator(MI ) transition is an important topic
in condensed matter physics. A variety of systems have been
studied, with considerable emphasis on doped semiconduc-
tors such as silicon and germanium.1–5 Very little work re-
lated to the MI transition has been carried out on diamond.
Unlike the conventional semiconductors, impurities in dia-
mond are not hydrogenic,6 and this could affect the MI tran-
sition, making studies on diamond very interesting. Previous
work on heavily B-doped polycrystalline CVD diamond
films7 suggests that metallic conduction occurs for boron
concentrations of the order of 1021 cm−3. This is greater than
early estimates8 of the critical concentrationnc, which were
predicted to be around 231020 cm−3. Conductivity and Hall
effect measurements have been made on the Si:B system,9

which shows some similarities in electronic structure to
boron-doped diamond.(For Si:B, nc is 431018 cm−3.)

Diamond is a wide band-gap semiconductors5.4 eVd and
the boron acceptor centers are at 0.37 eV above the valence
band. Because of the relatively high energies involved, the
temperature range over which localization phenomena may
be expected to be observed is comparatively large. In the
present work, we have implanted sufficiently high boron
concentrations near the surface in a type-IIa natural diamond
in order to reach the MI transition in a controlled way. High
temperature annealing procedures have been utilized to re-
move damage produced in the implantation process and to
activate the boron dopant.

Very recently metallic samples of boron-doped diamond
have been prepared by Ekimovet al.10 using high-pressure,
high-temperature growth procedures. Measurements on these
samples show that the highly doped diamond becomes a
type-II superconductor with aTC around 4 K.

Diamonds are classified according to the types of defects
that they contain. Unlike type-I diamonds, the type-IIa dia-
monds contain no deep-lying nitrogen level centers detect-
able by single-phonon absorption in the infrared spectrum.

Nitrogen centers can act as compensating donors to the im-
planted boron acceptor centers.11 High purity type-IIa dia-
mond was used to avoid significant donor compensation due
to nitrogen defects.

In this paper, we report on the electrical conductivity, as a
function of implanted boron-ion concentration, on both the
insulating and just-metallic sides of the transition at tempera-
tures in the range 1.5–300 K. Analysis of the data has been
carried out using expressions for the electrical conductivity
which apply near the MI transition. Evidence for the occur-
rence of a MI transition in boron-implanted diamond is pre-
sented.

EXPERIMENTAL

A high purity, insulating type-IIa diamond specimen, con-
taining less than 1015 cm−3 of impurities, was used in this
study. The sample was cut and polished into a rectangular
shape of dimensions 8331

2 32 mm. Previous work has
shown that implanting with dosages of boron greater than
,731015 ions/cm2 leads to the formation of graphitic re-
gions in the implanted layer. To reach the higher level of
doping, a multiple low-energy cold-implantation-rapid-
annealing(CIRA) process12 was used to create a uniform
distribution of point defects. The electrical conductivity of
the surface layer was measured after each implant of a
boron-ion dose of 3.031015 +B11/cm2, spread over the en-
ergy range 30–130 keV. Following each implantation step,
the sample was annealed at 1200°C for ten minutes under
argon. Further conductivity measurements were made as a
function of annealing temperature in steps of 100°C from
1200°C to 1700°C. The results presented below refer to
samples annealed at 1700°C. The annealing details are dis-
cussed below and further details can be found elsewhere.13,14

The boron concentration was in the range 1.0–4.2
31021 cm−3, corresponding to dosages in the range
2.1–8.431016 cm−2, and was measured using secondary-ion
mass spectroscopy(SIMS) analysis.15,16The results of SIMS
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analysis on two samples are shown in Fig. 1. The thickness
of the implanted boron-ion layer was estimated both by
SIMS and theTRIM-92 computer simulation program17 to be
about 0.2mm. The average boron concentration is specified
as the total dose divided by this effective thickness. The total
implanted dose and SIMS agree closely at lower concentra-
tions and within 10% at concentrations abovenc. The differ-
ence can be attributed to ion-beam current fluctuations dur-
ing implantation and to the possible loss of some boron ions
to the surface or substrate during annealing.

Two-point dc conductivity measurements were performed
in a Janis cryostat, equipped with a Lakeshore temperature
controller, using a Keithley model 617 programmable elec-
trometer. Sample temperatures in the range 1.5–300 K were
measured using a calibrated Lakeshore carbon glass ther-
mometer. The validity of the two-point measurements was
checked using four-point technique measurements on some
samples. Gold contacts of thickness 10mm, spaced 5.5 mm
apart, were evaporated onto the sample using a vacuum
deposition technique. Electrodes were attached by bonding
annealed copper leads with silver paint and baking at 100°C
in an oven.

For the conductivity measurements, small input voltages
s,1–10 Vd were used. TheI-V curves confirmed ohmic be-
havior.

RESULTS AND DISCUSSION

The role of annealing has proved to be important in con-
ductivity studies. We have found a dramatic increase in elec-
trical conductivity when samples were annealed at 1700°C,
compared to those obtained following annealing at lower
temperatures. This increase in the conductivity may be re-
lated to the removal(or agglomeration) of compensating va-
cancy centers formed at lower temperatures, or to the dimin-
ishing of disorder linked to vacancy related damage induced
in the implantation process.

Figure 2 shows the resistance for an implantation dose
corresponding to a concentration of 4.0531021 cm−3 follow-
ing annealing at five different temperatures. The low-

temperature resistance decreases by about two orders of
magnitude as the annealing temperature is raised from 1200
to 1700°C. It is not possible to anneal at temperatures higher
than 1700°C without graphitizing the diamond unless high-
pressure annealing techniques are used. These were not
available for the present experiments. It is not clear what
fraction of the implanted boron ions is activated following
annealing at 1700°C, although it is likely to be high. Hall
effect measurements, which were made on some samples,
confirmed the presence of hole carriers but did not provide a
reliable estimate of the carrier concentration because of the
decrease in the number of implanted boron atoms very close
to the surface. Lower carrier density regions make the largest
contributions to the measured Hall voltage. This prevents
measurement of the average concentration using this method.

The variation in boron concentration over theplateaure-
gion of the implanted layer, taken together with the uncer-
tainty in the degree of activation, leads to significant varia-
tions in local activated boron concentrations in the implanted
layer. In spite of this the main features of the MI transition in
this system can be explored using temperature dependent
conductivity measurements. The value of the critical concen-
trationnc is somewhat uncertain but it is not possible to give
a quantitative estimate of the uncertainty.

INSULATING PHASE

In an insulating phase at sufficiently low temperatures,
transport between the distinct localized states in doped semi-
conductors is described by the well-known hopping law
expression1,2

FIG. 1. SIMS results for two boron-ion dosages, showing the
boron concentration in diamond versus the depth. The effective
thickness of the conducting layer is taken as 0.2mm.

FIG. 2. Electrical resistanceR versus temperatureT for a boron-
implanted diamond sample following annealing in argon at tem-
peratures in the range 1200 to 1700°C. The boron concentration in
the implanted surface layer is 4.0531021 cm−3.
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ssTd = smexps− fT0/Tgmd, s1d

wheresm is a weakly temperature-dependent factor,T0 is the
characteristic temperature which scales inversely with the lo-
calization lengthj, and m is the hopping exponent. The
variable-range hopping(VRH) regime may be classified as
Mott sm= 1

4
d or Efros-Shklovskii(ES) sm= 1

2
d, depending on

the behavior of the single-particle density of states at the
Fermi energy as the temperature is lowered.

Figure 3 shows a plot of the temperature dependence of
the resistanceR for implantation dosages in the range 2.1
31016 cm−2 to 7.531016 cm−2. In Fig. 4, the conductivitys
is plotted versusT−1/2 and this shows linear regions at suffi-
ciently low temperatures for the more insulating samples.
This is consistent with ES VRH hopping.

Hill and Jonscher18 and Zabrodskii and Zinov’eva19 have
suggested a method in which thessTd ranges of Mott and ES
VRH can be identified, and the hopping exponent deter-
mined. Their procedure involves plotting the logarithmic de-
rivative of the conductivity as a function of temperature.
From Eq.(1) it follows that

W=
d ln s

d ln T
= smT0

mdT−m. s2d

The advantage of this method is that no functional depen-
dence is assumed beforehand, and the hopping exponent can
be obtained directly from the slopes of the logW versus
log T plots, as shown in Fig. 5. This approach also permits
the determination of the parameterT0 in Eq. (1) from the
intercepts in these plots.

It becomes increasingly difficult to extractT0 values from
the conductivity data asn approachesnc. The W versusT
plots develop a region of positive slope, with a maximum

occurring at finite temperatures. This feature becomes most
pronounced close tonc, as shown in Fig. 5. Similar behavior
has been observed in a number of heavily doped semicon-
ductors and Castner20 has suggested that thermal excitation

FIG. 3. The boron-ion implanted diamond sample resistanceR,
for various dosages, versus the temperatureT in a semilog plot. The
dosages are in units of 1016 cm−2.

FIG. 4. The lower boron concentration conductivity data for
implanted diamond plotted as the conductivitys versusT−1/2. The
linear form obtained at lower temperatures is consistent with hop-
ping conduction for nonmetallic samples with boron concentrations
less than the MI critical concentration, estimated as 3.9
31021 cm−3. The dosages are in units of 1016 cm−2.

FIG. 5. Logarithmic derivative,W [defined in Eq.(2)], of the
diamond conductivity versusT for boron concentrations in the
range 1–231021 cm−3. The change in slope from1

4 to 1
2 as the

temperature decreases corresponds to a change from high-T Mott
hopping to low-T Efros-Shklovskii hopping. Inset:W versusT, for
n=3.931021 cm−3, showing the maximum discussed in the text.
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of carriers to the mobility edge is responsible for this phe-
nomenon. In this concentration range, it is desirable to make
conductivity measurements at lower temperatures in order to
obtain reliable values forT0. Temperatures below 1.5 K were
not available for the present work.

The ES characteristic temperatureT0 for hopping conduc-
tion in systems where Coulomb gap effects are important is
given by2

T0 =
2.8e2

4pkB«0«rj
, s3d

with «r the relative permittivity andj the localization length.
The behavior of«r andj with concentration forn approach-
ing nc from the insulating side may be expressed in terms of
critical exponents as «r =«r0s1−n/ncd−z and j=j0s1
−n/ncd−n. With these forms, Eq.(3) becomes

T0 =
2.8e2

4pkB«0«r0j0
s1 − n/ncdd = T0

*s1 − n/ncdd, s4d

with d=z+n. The Coulomb gap widthDCG collapses asn
tends towardsnc corresponding to the divergence of«r andj.
The Mott hopping law is obeyed unlessT is sufficiently low
so thatkBT,DCG. The value ofT0 for n!nc may be esti-
mated using Eq.(3), with «r =5.7, andj=0.3 nm as the ef-
fective Bohr radius of the boron center in diamond.21 This
gives T0

* =2.73104 K s2.3 eVd, which is much larger than
values obtained for many doped semiconductors such as
Si:B.9

Figure 6 shows a plot ofT0, obtained from the lowT
conductivity data, versusn. The T0 values were obtained
from the intercepts in Fig. 5, using Eq.(2) with m=1/2, and
from the slopes in Fig. 4, using Eq.(1). The inset shows a

plot of T0 versus s1−n/ncd, with nc estimated as 3.9
31021 cm−3. The curve is a fit of Eq.(4), and the fitting
constants areT0

* =2.03104 K and d=4.4. ThisT0
* value is

comparable with the value of 2.73104 K calculated above.
The apparent change in slope from the predicted form of Eq.
(4), observed in the inset asn→nc, is expected asT0 be-
comes smaller. These data give at best an upper bound toT0.
In order to obtain more reliable values forT0, lower tempera-
tures are required. This feature has also been observed in
other systems, such as Si:P.20,22

Castner20 notes that«r ,j2 close to the MI transition, and
henced=z+n,3n. The resultd=4.4 from Fig. 6 therefore
implies a localization length exponentn=1.5. This value is
close to the conductivity critical exponentm=1.7, deter-
mined in the next section. Wegner23 scaling suggests that in
three dimensionsn=m.

A conductivity crossover from Mott to ES hopping is
found at relatively high temperatures24 and a brief account of
an analysis of these results, using a scaling method, has been
given elsewhere.25–27An alternative scaling method has been
suggested by Möbius.28 This method works quite well with
our data, consistent with ES hopping being the primary
transport mechanism on the insulating side of the MI transi-
tion.

Important quantities in the variable range conduction
theory are the ratioRhop/j, whereRhop is the mean hopping
distance, andDhop the mean hopping energy difference be-
tween localized impurity sites. In the ES VRH case, we
have20

Rhop,ESsTd
j

=
1

4
ST0

T
D1/2

s5d

and

Dhop,ESsTd =
1

2
kBTST0

T
D1/2

. s6d

The validity of the ES VRH expressions depends on the
conditionRhopsTd /j.1. Using values forT0 extracted from
the low temperature ES region shows that, in this range, the
condition RhopsTd.j is well satisfied. Furthermore,Dhop,ES

.kBT, as may be expected.
The ES density of states near the Fermi level in three

dimensions may be written as29

gsE − EFd = S38p2«r
3«0

3

25e6 DsE − EFd = g0 · sE − EFd. s7d

Taking the dielectric constant«r =5.7 for diamond gives
for the tunneling exponentas=1/jd in SI units as20

a =
kBT0

10.5
spg0d1/3 = 4.83 104 T0. s8d

Using Eq.(5) gives

Rhop,ES= 5.23 10−6sT0Td−1/2. s9d

T0 becomes small close tonc, as may be seen from Fig. 6.
In this range, at low temperatures, it is possible thatRhop,ES
, t, where t is the doped layer thickness of,0.2 mm. A

FIG. 6. The ES characteristic temperatureT0, as a function of
the boron concentrationn, in nonmetallic diamond samples. TheT0

values were obtained from Figs. 5ssd and 4shd, respectively. It
becomes increasingly difficult to extract reliable values ofT0 from
the data asn→nc. Inset: Logarithmic plot ofT0 versuss1−n/ncd,
with nc taken as 3.931021 cm−3.
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dimensional crossover may occur but we have not obtained
clear evidence for this.

METALLIC PHASE

We now report on three samples implanted to total con-
centrations 3.931021 cm−3 (sample A), 4.0531021 cm−3

(sample B), and 4.231021 cm−3 (sample C). The conductiv-
ity of these samples is shown in Fig. 7. In order to obtain
ss0d, we use the expression

ssTd = ss0d + bTm s10d

and extrapolate to zero temperature. The second term in Eq.
(10) is due to quantum corrections to the conductivity related
to the electron-electron interaction and has been studied in
detail in metallic systems.1 Many workers have chosenm
=1/2. However, according to the Al’tshuler-Aronov
expression,30 close to the transition the exponentm should be
1/3. A value ofm=1/3 wasfound in Ga:As and in neutron-
transmutation-doped Ge:Ga.31

Figure 8(a) showsss0d versusn for implantation dosages
which are close to the MI transition. The values forss0d
were obtained by extrapolation using Eq.(10) . Justification
for usingm=1/3 isindicated in Fig. 8(b), which showsssTd
plotted againstT1/2 andT1/3 for the sample with boron con-
centration 3.931021 cm−3. It can be seen that the experimen-
tal data for sample A agree with theT1/3 form rather than
T1/2. A crossover fromT1/3 in the vicinity of the transition to
T1/2 with increasing boron concentration is observed, in
agreement with theoretical predictions.

Sample A appears to be very close to the MI transition,
suggestingnc<3.931021 cm−3, consistent with theT0 ver-
susn plot. The plot ofss0d versusn, shown in Fig. 8(a), then
gives the critical exponentm by fitting the scaling relation

ss0d = s0Sn − nc

nc
Dm

. s11d

We obtainm<1.7, with a large uncertainty because of the
small number of points involved and the large extrapolation
used in obtainingss0d.

Alternative procedures for analyzing conductivity data in
the vicinity of nc have been proposed by Watanabeet al.31

and Shlimaket al.32 The Watanabeet al.method allows for a
change inm in Eq. (10) from 1/2 to 1/3 asnc is approached
from the metallic side and is based on the Al’tshuler and
Aronov30 calculation, which gives

ssTd = ss0d + cS T

ssTd
D1/2

, s12d

wherec is a temperature-insensitive constant involving the
density of states at the Fermi level. Asss0d tends to zero, Eq.
(12) predicts thatssTd is proportional toT1/3. Figure 9 shows
a plot ofs versussT/sd1/2 for the three samples A, B, and C.
From this plot, A appears to be just-insulating and B metal-
lic. This implies that nc is in the range 3.9–4.05
31021 cm−3. Note that, in the case of C, the plot tends to
linear form only at the lowest temperatures, while for A and
B the points lie on straight lines over a larger range.

FIG. 7. The conductivity of three boron-implanted diamond
samples, indicating metallic-type behavior, versusT.

FIG. 8. (a) The estimatedT=0 K conductivity, obtained by ex-
trapolation, as a function of boron concentration, for the three high-
est doped diamond samples. The MI critical concentration is deter-
mined asnc<3.931021 cm−3. The curve is based on Eq.(11) . (b)
Conductivity of sample A versusTm for m=1/2 andm=1/3. The
valuem=1/3 provides a superior linear plot of the data. The expo-
nentm=1/3 ispredicted by the Al’tshuler-Aronov expression(Ref.
28) for just-metallic systems.
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Shlimak et al.32 have suggested thatnc and m can be
obtained without having to extrapolate the conductivity data
to zero temperature, provided the slopes of thes versusT
curves are the same. For the curves to be parallel,b andm in
Eq. (10) should be the same for differentn values. Using this
approach, to findnc and m, the relation DssT*d=snsT*d
−snC

sT*d is applied at any fairly low temperatureT* . It is
claimed that the results obtained form are quite precise and
insensitive to the choice of the temperatureT* and small
variations innc. These claims have been questioned by Sa-
rachik and Bogdanovich,33 who find that the Shlimak method
should be used with caution for Si:B and that extrapolation
to T=0 K is preferable.

The Shlimak method produces an exponent ofm,1.8
using the lowest temperature data. This is consistent with the
estimate obtained by extrapolation of the conductivity plots,
as described above, and suggests that the Shlimak method
may be applicable in diamond.

To characterize the MI transition, Shlimaket al.32 have
introduced a parameterx, given by

x =
RsT1

*d
RsT2

*d
ST1

*

T2
* D1/3

, s13d

with RsTi
*d andTi

* si =1,2d lying in the region where Eq.(11)
is obeyed. Samples withx.1 demonstrate metallic conduc-
tivity, those withx,1 insulating behavior, whilex=1 corre-
sponds tonc.

The T1/3 dependence shows that we can place some reli-
ance on Eq.(13) and use it fornc determination. Accord-
ingly, we estimate x<1 corresponds tonc=s3.9±0.5d
31021 cm−3, consistent with the previously quoted values.

Using the Mott lawnc
1/3·aB

* =0.25, the value obtained for
nc implies that the mean radius of the boron centers is not

much greater than the lattice spacing of diamond. It is likely
that an impurity band is formed at high boron concentrations
but further work is needed to confirm this.

The value of the critical exponent is higher than found in
many other uncompensated semiconductors, such as Si:P,
for which m= 1

2 has been reported. Our results suggest that
boron doped diamond is in a different universality class to
other doped semiconductors, such as silicon and germanium.

We have not found evidence for a superconducting tran-
sition in our implanted samples. This may be due to the
boron concentrations not being sufficiently high or because
of residual lattice defects which remain after annealing at
1700°C. In the recent discovery of superconductivity in
high-pressure, high-temperature synthesized boron-doped
diamond,10 boron concentrations approaching 4.9
31021 cm−3 were achieved. It should be possible to achieve
these concentrations using implantation methods but it may
be necessary to anneal the implanted diamond at high pres-
sures and at temperatures exceeding 1700°C to remove re-
sidual defects.

CONCLUSION

Using low-temperature electrical conductivity measure-
ments, we have observed the MI transition in surface layers
of a heavily ion-implanted natural diamond of high purity.
Ion implantation was carried out in multiple steps at low
temperature, with annealing between steps and final anneal-
ing at 1700°C.

The critical concentrationnc is estimated to be 3.9
31021 cm−3 and the conductivity critical exponentm<1.7.
There is some uncertainty in thenc value as the fraction of
implanted boron ions which is activated is not known, al-
though it is expected to be high following the high-
temperature annealing. The concentration of boron ions is
somewhat dependent on depth below the diamond surface, as
revealed by SIMS analysis, even though efforts were made in
the implantation process to achieve a homogeneous distribu-
tion.

On the metallic side of the transition, the electrical con-
ductivity follows aTm law at low temperatures, in agreement
with recent work on other semiconductors. For just-metallic
samplesm=1/3, tending tom=1/2 athigher concentrations.
For n,nc, variable range hopping conduction is observed,
with a crossover from Efros-Shklovskii to Mott hopping oc-
curring as the temperature is raised.
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FIG. 9. Electrical conductivitys versussT/sd1/2, as given in
Eq. (12) in the text, for boron-implanted diamond with boron con-
centrations close to the MI critical concentration.
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