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Transport of heavily boron-doped synthetic semiconductor diamond in the hopping regime
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We report electrical transport measurements of synthetic diamonds doped with boron about 100 ppm. The
resistivity has been measured in the temperature range 20–300 K by the van der Pauw method. We have also
investigated infrared absorption coefficient at room temperature. Furthermore, we have studied the effect of
P19 ion irradiations with 150 MeV which introduce donor defects and also the influence of the annealing after
the irradiation. The key features of the present measurement are as follows:~i! The observed temperature
dependence of resistivity shows characteristic features of the variable-range-hopping~VRH!. A crossover from
T21/4 behavior of Mott VRH to theT21/2 form of Efros VRH is found to occur at 100 K.~ii ! Below 50 K we
have observed the hard gapT21 form. The width of the hard gap is about 10 meV.~iii ! The experimental
results are quantitatively explained by the theory of VRH.~iv! The observed width of the optical hard gap is
equal to that of the hard gap obtained from resistivity.~v! The annealing effects appear only in the hard gap
region and do not appear in the variable-range-hopping region. This result leads to the speculation that the hard
gap is weakened by the lattice defects.
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I. INTRODUCTION

In 1952 Custers1 discovered that the natural diamon
show significant electrical conductivity at room temperatu
and transmit ultraviolet light~type II!. He called these very
rare p type semiconducting diamonds type IIb diamonds
which borons were major impurities with concentrations le
than 1 ppm. Today, the development of high-pressure s
thesis technique allows to grow large single diamond crys
and the chemical vapor deposition~CVD! makes it possible
to produce diamond films. Semiconducting diamond is
tentially one of the best materials for high-quality electron
devices. Despite the remarkable progress, the growing
doping technology of diamonds has not yet been establis
to the control process well enough it is for Si and oth
semiconductors of commercial use. This fact prohibits
wide application of semiconducting diamonds to electro
devices. Further, diamonds exist only asp type semiconduc-
tor with the only acceptor being boron.

In 1962 Wilson2 has measured the electrical conductiv
in the temperature range 88 to 293 K on boron-doped nat
and synthetic diamonds and obtained nearly 30 discrete
tivation energies ranging between 0.0029 and 0.087
These data are interpreted as evidence for impurity cond
PRB 610163-1829/2000/61~19!/12970~7!/$15.00
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tion or hopping transport, which is commonly observed
heavily doped and highly compensated semiconductor
low temperatures.3 The impurity conduction mechanism ha
been investigated by Mott.4 He has pointed out that in com
pensated semiconductor, impurity conduction is possible
direct transfer of carrier from an occupied site to an em
site of major impurity. In 1970 Williams, Lightowlers an
Collins5 made dc electrical conductivity measurement in t
temperature range from 80 to 450 K on boron-doped s
thetic semiconducting diamonds. Their results confirm t
the acceptor is responsible for the semiconducting prope
of synthetic semiconducting diamonds, and yield activat
energies of the order of 0.35 eV. Furthermore, they sh
that, for heavily doped synthetic diamonds, impurity condu
tion is the dominant conduction process at low temperatu

There are several hopping mechanisms depending on
temperature range, the magnitude of the overlap of the w
functions and the impurity bandwidth. The temperature
pendence of the hopping resistivityr is given by the hopping
formula:

r~T!5r0 expS Tm

T D m

, ~1-1!
12 970 ©2000 The American Physical Society
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whereT is the temperature andTm is a constant. In the cas
of nearest-neighbor hopping model~NNH!,6 where tunneling
occurs to the nearest accessible sites,m is unity correspond-
ing to simple activated behavior. At low temperatures, it
energetically favorable to hop over larger distances t
nearest neighbor~variable-range hopping, VRH!. In the case
of VRH predicted by Mott7 the exponent ism51/4. Mott has
predicted VRH of this form on the assumption that the d
sity of states~DOS! near the Fermi energy is constant~or a
slowly varying function of energy!. The Coulomb interaction
in this disordered system with strongly localized electro
states plays an important role. The long-range unscree
Coulomb repulsion between the electrons in localized st
reduces the single-particle DOS near the Fermi energy
zero temperature it is expected that the DOS is zero at
Fermi energy but it is finite at energies different from t
Fermi energy. This soft gap is called as Coulomb gap.8,9 The
depletion of single-particle excitations near the Fermi ene
certainly influences the transport properties of the sys
under considerations. This hopping mechanism is called
Efros-Shklovskii VRH ~Efros VRH!. The Coulomb gap
yields VRH with an exponentm5 1

2 instead of 1
4. But an

assumption of a parabolic single-particle DOS to calcul
the transport behavior has been questioned by a numbe
authors. Particularly, Pollak10 criticizes that Efros VRH is
derived from a one-particle DOS, which cannot be used
evaluate transport properties of interacting particles. Mo
over, Efros VRH is concerned primarily with non-interactin
hopping excitations of single particles. Pollak has argued
the low-energy excitations of the system cannot be descr
by non-interacting one-electron hopping and that the inc
sion of many-electron effects generally leads to further
duction of the DOS near the Fermi energy where there
effectively no states within a narrow range of energy.11,12

This gap is called as hard gap. One possible manifestatio
a hard gap is that upon lowering temperature, the resisti
shows a crossover from the form given by VRH to an ac
vated formm51 associated with transitions across the h
gap. There is recent experimental evidence that a cross
occurs in some materials at very low temperatures to
new regime where the resistivity depends more strongly
the temperature with an exponentm larger thanm5 1

2 . A
crossover with decreasing temperature to simply activa
conduction (m51) has been found in an
Cd0.91Mn0.09Te:In,13 ion-implanted Si:P, B,14 ion-implanted
Si:As15 and insulating Si:B~Ref. 16! samples. In these insu
lating Si:B samples the activation energy is about 0.03 m
so that it is possible to observe the resistivity of activa
form for temperatures below about 1 K.

Experimentally, there still remains the controversies c
cerning Coulomb gap. Namely, there are two classes
crossovers from MottT21/4 VRH to T2g VRH with the ex-
ponentg considerably greater than12. In the first case, the
exponentg firmly tends to 1. In the second case of cros
overs, the exponent of the resistivity smoothly increa
from the Mott value of14 to values, which, although greate
than 1

2, are still small than 1. If we can present such expe
mental data in the liquid nitrogen temperature region that
resistivity follows the MottT21/4 VRH law at first and then
the EfrosT21/2 law, before changing to the activatedT21

behavior at lower temperatures, these experimental res
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should yield more information to settle the controversies.
Massarani, Bourgoin, and Chrenko17 has pointed out, a semi
conducting diamond represents in principle an ideal sys
for studying hopping conduction in crystalline material. D
to the high energy level of the boron acceptor levelEA ~0.35
eV above the valence band!, the conduction in the valenc
band becomes negligible at relatively high temperature~20-
300 K!. Hence, the hopping conduction can be studied i
very large temperature range up to 200 K. Furthermore,
ron concentrations as high as 100 ppm induce a large h
gap width to be about 10 meV so that the crossover fr
VRH to the simply activated conduction with decreasi
temperature should be observed around 50 K. In this pa
we report our measurement results, which demonstrate
low-temperature resistivity below 50 K of boron-doped d
monds exhibits simply activated behavior. We have also p
formed 150 MeV P19 irradiations, which introduce dono
defects~i.e., new compensating centers!, in order to study the
variations of conductivity with changes in donor concent
tion.

II. EXPERIMENTAL METHOD

The samples examined are boron-doped systhetic
monds grown by Sumitomo Denko Co. Ltd. The crystal s
is 3.033.030.3 mm3, with the plane surface of~100! crys-
tallographic planes. These diamonds contain boron, wh
concentration is about 100 ppm. Details on the determina
of boron concentration by means of x-ray diffraction meth
can be found elsewhere.18 The samples are placed in
liquid-herium cryostat equipped with a temperature stabili
in the temperature range 20–300 K. The specimens are fi
by the use of the holder described in Fig. 1. The resistivity
measured by using the van der Pauw method. The sam
holder has been designed in order to allow both good ther
contact with helium exchange tube of the cryostat and g
electrical insulation, so that each diamond is mounted o
BN plate. The BN plate is chemical stable at low tempe
tures and a good electrical insulator and also a good ther
conductor. Throughout the experiments, the temperature
the diamonds is measured by using AuFe-Chromel ther
couple. Four electrical pressure contacts, consisting
0.1-mm diameter tungsten wires etched to a fine point,
arranged on the surface of the diamond. Furthermore, to
prove good electrical contact between tungsten wire and
specimen the In sheet is inserted to achieve an ohmic c
tact.

In order to know the compensation effect, we have p
formed 150 MeV P19 irradiation, which introduce donor de
fects ~i.e., new compensating centers!, in order to study the

FIG. 1. The schematic diagram of the holder.
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12 972 PRB 61TOSHIMARO SATOet al.
variations of conductivity in the hopping range with chang
in donor concentration and to verify that these variations
be accounted for the hopping mechanism. Specimens h
been irradiated with 150 MeV P19 ions up to the influence o
about 1014 ions/cm2 using the Tandem accelerator at JAER
The temperature of the specimen during ion irradiation
kept at 20 K. The electrical conductivity before and after t
irradiation has been measured.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The probability that a carrier hops from an occupied s
to an unoccupied site, separated by a distanceR, depends on
the overlap of the wave function of the two sites and on
dispersion« in energy of the associated localized states. T
probability is given by

P5nphexpS 22aR2
«

kBTD , ~3.1!

where nph is a factor depending on the phonon frequen
a21 is the localization length characterizing the extension
space of the wave functions, and« is the energy difference
between the two localized states.

In the case where«/kBT!2aR, P is maximum forR
minimum: the carriers hop from one site to the neare
neighboring site@nearest-neighbor hopping regime~NNH!#.6

Then the conductivity, occurring through thermally activat
hops, is characterized by a constant activation energy«:

s5s0 expS 2
«

kBTD . ~3.2!

The activation energy« is interpreted as being the energ
necessary for the carrier to surmount the Coulomb poten
which exists between the occupied and the unoccupied s
The Bohr radius of the ground state of the doping impurity
small when a hydrogen model for the hole-bound of the
ron impurity is assumed, that isaB53.00 Å. In this expres-
sion we use the relative dielectric constantk of diamond to
be 5.66.19 In the previous paper we have determined
boron concentration contained in our specimen to be ab
100 ppm by means of the x-diffraction method.18 We can
estimate the doped boron concentration per unit volume.
mass density of diamond isrD53.514 g/cm3 ~Ref. 20! and
the volume per unit mol isVmol53.415 cm3. Noticing the
number of atoms per unit mol is equal to Avogadro num
(NA56.022531023/mol), the boron concentration per un
volume of the specimen containing 100 ppm boron is eq
to nB51.7631019/cm3. As the boron concentration in
creases, the wave functions of adjacent impurity cen
overlap to yield a metallic conduction. The impurity conce
trationnc at which the finite overlap of the wave functions
adjacent centers occurs is given by

nc5
3

4p
aB

23 5 8.8531021cm23. ~3.3!

By comparingnB with nc the impurity concentrations as hig
as 100 ppm do not result in a metallic conduction. Such h
concentration induces a large impurity bandwidth, cor
sponding to a large spread in the energy of the locali
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states of the impurity centers, which makes it possible
observe the transition between the two hopping regimes
relatively high temperature: hopping through neare
neighbor centers~NNH! and hopping through moderate di
tant impurity centers~VRH!. The distance between the boro
impurity is given by

r B2B5S 3

4pnB
D 1/3

523.8 Å, ~3.4!

so that the magnitude of Coulomb interaction between
defects is as follows

w5
e2

kr B2B
5107 meV. ~3.5!

Following to Massarani17 we assume that the impurity band
width is caused by the Coulomb interaction between
nearest-neighbor boron impurities. Hence, for the boron c
centration of 1.7631019cm23 the impurity bandwidth be-
comesw5107 meV. The energy difference between the tw
localized states«, which corresponds to the interaction e
ergy of electron with the hole left behind, is equal tow
5107 meV, so thatw/kBT at T5300 K is given by

w

kBT
54.13. ~3.6!

On the other hand, by assuming the localization lengtha21

to be equal to the Bohr radius we have the following result

2aR5
2r B2B

aB
515.9. ~3.7!

Hence,«/kBT is not negligible compared to 2aR even atT
5300 K. When«/kBT is not negligible compared to 2aR,
that occurs at low temperature or for large hopping ener
the hopping probability is maximum when 2aR1«/kBT is
minimum. The hopping distanceR and the hopping energy«
are related to each other by the three-dimensional~3D! nor-
malization equation of the one particle DOSg(«) expression

4p

3
R3E

0

e

g~«!d«51, ~3.8!

where« is the one-particle energy measured from the Fe
energyEF . This is called variable-range hopping~VRH!. On
the assumption that the DOSg(E) near the Fermi energy is
constantgF , Mott7 has predicted VRH form for the resistiv
ity of 3D systems;

r5r0 expF S T1/4

T D 1/4G . ~3.9!

In this caseT1/45ba3/kBgF whereb55.7. The Mott law,
Eq. ~3.9!, has been more rigorously confirmed by Amb
gaokar, Halperin, and Langer21 by use of a percolation
method and dimensionless constantb to be approximately 16
is estimated. But there exists a considerable discrepanc
regards the values of the coefficientb; 1.5 given by Mott,22

24/p57.6 given by Mott23 and 22.8 given by Skal and
Shklovskii.24
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The theory of VRH has been developed assuming a c
stant DOS in a region extending to severalkBT around the
Fermi level. This is justified when the temperature range
which the VRH mechanism is operative is small, or when
states are uniformly distributed. The DOS at the Fermi le
gF is then estimated as being the ratio

gF5
nB

w
51.6431020cm23 eV21. ~3.10!

A semilogarithmic plot versusT21/4 is shown in Fig. 2,
which suggests that the VRH mechanism may be valid
this system above 100 K. Equation~3.9! is fitted in Fig. 2 to
the experimental data usingT1/4 as a variable parameter. Th
value ofT1/4 obtained by the fitting is

~T1/4!
1/4546 K1/4. ~3.11!

The theoretical value ofT1/4 is given as

~T1/4!
1/45S 5.7a3

kBgF
D 1/4

562.2 K1/4. ~3.12!

For the Mott theory to be valid, the electron must ‘‘hop
a mean distanceR̄hop,Mott that is greater than the neares
neighbor impurity separation and considerably greater t
the localization lengtha21. The mean hopping distanc
R̄hop,Mott can be derived directly from Mott’s arguments a
will play important roles shortly in determining criteria. A
100 K the hopping distance has been estimated to be

R̄hop,Mott5S 1

a D S 9

8pb D 1/4S T1/4

T D 1/4

529.6 Å ~3.13!

This mean hopping distance is nearly equal to the aver
distance between the boron impurityr B-B523.8 Å.
Schirmacher25 has suggested that the most common hops
cur either directly between the initial and final sites or in
rectly via a third additional site.

Subsequent work has demonstrated that long-range C
lomb interactions cause a depletion of single-particle sta
near the Fermi energy. By considering one-electron tra
tions, Eflos9 found a parabolic ‘‘Coulomb gap’’ of the para

FIG. 2. Resistivityr versusT21/4. The solid line shows the fit to
the T21/4 law.
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bolic form «25uE2EFu2. The following parabolic form of
the DOS in the immediate vicinity ofEF is given;

g~«!5g0«2 ~3.14!

with

g05S 3

p D S k3

e6 D , ~3.15!

where k is the dielectric constant ande is the elementary
charge. Efros9 calculated the constant by a mean-fie
method. The Coulomb gap is called a ‘‘soft gap’’ becau
the density of states goes smoothly to zero with a parab
dependence. The width of the gapD is given by the follow-
ing equation as

D5S gF

g0
D 1/2

. ~3.16!

Since long-range dissociation of electrons from holes co
energy in the presence of a gap, it is natural to expect tha
gap will impede dc conductivity. Assuming that the condu
tivity is determined by the single-particle DOS, Efros h
shown that a parabolic gap yields VRH with an expone1

2

instead of1
4, that is

r5r0 expF S T1/2

T D 1/2G ~3.17!

with

T1/25
e2ba

kBk
, ~3.18!

where the coefficientb is equal to 2.8 according to
Shklovskii26 or b50.57 according to Adkins.27 Thus, there
exists a discrepancy as regards the value ofb. On deriving
Eq. ~3.17! it is assumed that there are primarily no
interacting hopping excitations of single particles. A on
particle DOS and its use to calculate the transport beha
has been questioned by a number of authors as pointed o
the Introduction. A parabolic gap in DOS at the Fermi lev
is undoubtedly recognized in many comput
simulation.28–31 The Efros law is certainly observed in var
ous materials. Massey and Lee also reported a direct ob
vation of the parabolic gap in boron-doped silicon by tunn
ing spectroscopy.32,33 However, EfrosT21/2 are still under
discussions. But in this paper we obey Efros VRH model.
Fig. 3 we show a semilogarithmic plot of the resistivity ve
sus asT21/2, which suggest that Efros VRH mechanism m
be valid in this system between 50 and 100 K. The dc el
trical resistivites lnr fall on straight lines over a consider
able range of temperature, showing them5 1

2 behavior ex-
pected from the Coulomb gap model. Equation~3.17! is
fitted in Fig. 3 to the experimental data. The value
(T1/2)

1/2 obtained by the fitting is as follows

~T1/2!
1/2592.9 K1/2. ~3.19!

On the other hand, the theoretical value is given as follo

~T1/2!
1/25166 K1/2. ~3.20!

The theoretical value is about two times larger than
experimental value. We must notice that the above consi
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12 974 PRB 61TOSHIMARO SATOet al.
ation does not take into account the ‘‘weakening’’
‘‘smearing’’ of the gap due to finite-temperature effects.
the temperature is raised above zero, ‘‘thermal smearing’
the Fermi surface will increase the DOS in the gap from z
at EF to a finite value, which is stated by Mott and Kaveh34

to be of the order ofkBT/w2r B2B
3 , wherew is the band width

andr B2B is the distance between neighboring impurity sit
Shlimak et al.35 refer to this effect as the ‘‘temperature
induced smearing of the Coulomb gap.’’ His measureme
of the VRH conductivity on samples of ion-implanted Si:A
show that the integrated DOS in the optimal band in
vicinity of the Fermi level increases with increasing tempe
ture. Sartestani, Schreicher, and Vojta30 have investigated the
Coulomb gap at finite temperature by means of a Mo
Carlo method and found that the Coulomb gap is filled w
increasing temperature. If the DOS in the vicinity of th
Fermi level increases with increasing temperature, the ap
ent half-width of the Coulomb gapD decreases with increas
ing temperature so that apparent (T1/2)

1/2'D1/3 also de-
creases with increasing temperature. On the other h
Perez-Carridoet al.36 studied by computer simulation the e
fects of Coulomb interactions on the conductivity by cons
ering the many-electron configurations of the system and
tained the characteristic temperatureT1/2, which is a factor
of 10 smaller than Efros prediction. In our experime
T1/2(experiment)/T1/2~Efros!50.31.

Davies11 and Chiconet al.12 studied the consequences
stabilizing the ground state against certain many-elec
transitions, obtaining hard gaps~i.e., gaps stronger than para
bolic! in the DOS. The hard gaps are produced by the e
tence of a relatively large density of compact low-ener
one-electron excitations. Such compact electron-hole p
requires only a small energy to move the electron from o
site to the other. The separated electron-hole pairs gene
electric dipole moments. This polarization releases a re
ation energy which lowers the total energy of the excitati
This effect makes DOS a stronger function of energyE near
EF , that is many-electron transitions in stabilization of t
ground state result in stronger~exponential! functional de-
pendence of DOS onE ~so called as hard gap!. The stronger
dependence is confined to a rather narrow regime aro
EF . In the hard gap there are effectively no states withi

FIG. 3. Resistivityr versusT21/2. The solid line shows the fit to
the T21/2 law.
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narrow but finite range of energy,EH , with EH'D/5 where
D is the Coulomb gap. One possible manifestation of a h
gap is, upon lowering temperature, the appearance of a cr
over from a resistivity given by VRH to an activated for
associated with transitions across the hard gap,

r5r0 expS EH

T D . ~3.21!

Such a crossover is opposite to the most common cross
from nearest-neighbor hopping to VRH with decreasing te
perature. There is recent experimental evidence that a cr
over occurs in some materials at very low temperature t
new regime where the resistivity depends on the tempera
with an exponent equal to 1.

We may estimate the Coulomb gap as follows

D5S gF

g0
D 1/2

5Fp3 gFe6

k3 G1/2

5616kB50.053 eV. ~3.22!

Hence, as a result of assuming the parabolic Coulomb
the width of the Coulomb gap is nearly equal to 53 meV a
this value is equal to half of the impurity bandwidth. Th
energy width of hard gap is determined from

EH5
D

5
510.6 meV. ~3.23!

A semilogarithmic plot versusT21 is shown in Fig. 4. As
shown in the figure the present work demonstrates the cr
over from an exp(T1/2/T)1/2 to an exp(EH /T) in the boron-
doped diamond, as the temperature is reduced below 5
Equation~3.21! is fitted in Fig. 4 to the experimental data
The value ofEH511 meV is obtained. The resistivity of ou
samples is consistent with simply activated conduction.
note that nearest-neighbor hopping, which has a similar t
perature dependence, generally entails large energy, c
pared with 11 meV found for the sample. Moreover, Mo
VRH and Efros VRH is observed at higher temperatur
ruling out the possibility that the activated conduction fou
at lower temperature is due to nearest-neighbor hopping

We attribute the simply activated conduction in boro
doped diamond below 50 K to the presence of a gap in
DOS near the Fermi energy. In order to obtain more defin
information about the hard gap, we investigates roo
temperature infrared absorption coefficient of the boro
doped diamond. The optical absorption is measured in
range 20 meV-1 eV. By assuming the allowed direct tran
tion the optical gapEH is obtained by extrapolating a plot o
the square of the absorption intensityA2 againsthv and using
the relation:A2'(hn2EH). This relation is shown Fig. 5. In
this figure the straight line represents the case of the op
hard gap to be about 11 meV. At room temperature the C
lomb gap does not completely disappeared due to the sm
ing.

Furthermore, we have performed phosphorus~P! ion irra-
diation on synthetic boron-doped diamonds and studied
effects of P ion radiation on electrical conductivity. Figure
shows the behavior of the resistivity as a function of P do
at 20 K. Below Fmin50.62531014 ions/cm2 the resistivity
decreases from 167Vm value down to 100Vm for Fmin
dose. This peculiar non-monotonic behavior has been fo
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by other groups.37,38 They reported that there appeared thr
distinct regions: for low implantation dose, the resistiv
falls to a shallow minimum as shown byFmin in Fig. 6, it
then increases to a maximum to which theFmax in Fig. 6
nearly corresponds, and the resistivity falls sharply from
maximum. In the low-dose regime, isolated point defects
responsible for the drop of the resistivity. With increas
implantation dose, which covers the region where the re
tivity rises, partial ion-induced graphitization takes plac
For dose around the resistivity maximum intense graphit
tion sets in.

The temperature dependence of electrical conductivity
B-doped diamond of 3.8031014 ions/cm2 implantation dose
has been measured in the range 20–300 K. The resistivit
the specimen after the irradiation of 3.8031014 ions/cm2 is
nearly equal to that of the specimen before the irradiation
20 K. The results are shown in Fig. 7. Under this implan
tion the graphitization is estimated to begin. The influence
the annealing appears only in the lowest temperature re
and does not appear in the variable range hopping regi
This result leads to the following speculation that the h
gap itself may be disturbed by the annealing and its wi
reduces to 9.9 meV after 4 months. In the hard gap nea
electrons capable of low-energy excitation become imp
tant. The low-energy excitations are transitions to nearby

FIG. 4. Resistivityr versusT21. The data has been fit with
simple activation conduction.

FIG. 5. Absorption spectrum of boron-doped diamond.A2 ver-
sushn. The data has been fit withA25(hg2EH) where optical
gapEH511 meV.
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cant sites. Such compact electron-hole pairs are likely to
influenced by the surrounding state, so that the resistivity
hard gap region may be affected by the annealing. On
other hand, in Mott VRH and Efros VRH the hopping ran
is comparatively large so that the influence of the surrou
ing state appears only weakly. Therefore, the annealing
fect does not appear in VRH ranges. According to this spe
lation defects seem to act to weaken the hard gap. As poi
out in the Introduction, experimental studies show that t
classes of crossovers from MottT21/4 VRH to theT2v VRH
with the exponentn considerably greater than12. In the first
case, the exponentn firmly tends to 1 in the lowest tempera
ture such as the present results of the semiconducting
mond. In the second class of crossovers, there is no c
picture of the three VRH regimes. This case may be con
ered as a result of the weakening of the hard gap due
crystal imperfections, so that there appear soft gaps ha
than Coulomb gap at Fermi energy in this case.

In summary, this paper described transport properties
the boron-doped diamond as a function of temperatu
There is strong evidence to suggest that electrical trans
occurs by variable-range-hopping. Above 100 K the M
VRH is observed. Upon decreasing temperature a transi
from Mott VRH to Efros VRH is observed in this system

FIG. 6. Resistivity of boron-doped diamond irradiated wi
150 MeV P19 ion.

FIG. 7. Resistivityr versusT21 after the irradiation of 3.80
31014 ions/cm2.
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between 50 and 100 K. Furthermore, below 50 K the sim
activated conduction due to the hard gap is observed.
width of the hard gap is 10 meV in diamonds containing 1
ppm borons. More definite information about the hard g
has been obtained by measuring absorption coefficient o
boron doped diamond at room temperature. The obse
optical hard gap width is equal to that of the electrical tra
port result. Finally, we have performed phosphorous ion
radiation and investigated the influence of the annealing.
s.
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annealing effect appears only in the hard gap region. T
result leads to the speculation that the hard gap itself is
fluenced by the lattice defects.
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