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Conductivity in boron-doped diamond
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The appearance of additional states of an impurity under high doping levels is discussed. On the basis of a
Fermi level calculation, a model for the conductivity of heavily boron-doped diamond is proposed. This model
allows one to reproduce the temperature dependence of the conductivity and of the Hall coefficient for different
impurity concentrations. The temperature dependence of the conductivity was found to be connected with the
coexistence of valence-band and hopping conductivities in a wide temperature range. The hopping conductivity
takes place over the additional states of the boron impurity.
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In the early period of semiconductor studies three acti
tion energiese1 ,e2 , and e3 were extracted from resistivity
measurements versus temperature for heavily do
semiconductors.1–4 The theory of this phenomenon was pr
vided by Miller and Abraham.5 Then Mott formulated the
conception of variable-range hopping conductivity.6 For
n-type materialse1 is the activation energy from donor leve
to the conductivity band ande3 is the activation energy fo
hopping conductivity. It is said thate2 is the activation en-
ergy to the upper Hubbard band or the energy from theD2

state to the mobility edge,3,4,7 but the origin ofe2 remains
unclear.4 To clarify the peculiarities of the transition from
band to hopping conductivity, we introduce an idea co
nected with the appearance of different states of the m
impurity as the doping level increases. Two impurity ato
situated close to each other should be in a state with en
different from the energy of the impurity in its usu
position.8 These states are ground states and in this se
differ from D2 states. As an example, we describe t
change in the temperature behavior of conductivity in d
mond.

Boron-doped diamond is a very interesting material
the investigation of impurity conductivity.9–14 This is due to
a wide temperature region of hopping conductivity and to
unusual behavior of the Hall coefficient. The recently dev
oped homoepitaxial crystal growth chemical vapor depo
tion ~CVD! technique provides high-quality diamon
samples. In a recent paper,15 an attempt was made to de
scribe the conductivity of diamond by considering both t
valence-band and hopping conductivities. However, it s
remained unclear if an actual change in the activation ene
takes place or if this is only an apparent effect. An unusua
high value for the hopping conductivity was obtained
well. That paper does not clarify what physical proces
occurring at doping lead to the dramatic change in the c
ductivity. In the present paper we attempt to establish th
reasons and to find theoretically the dependence of the
vation energy on temperature at different concentrations
impurity and levels of compensation. Thus in this work w
try to establish what the real driving force is for this behav
of conductivity.

Diamond contains both acceptor and donor impurities
in our case the acceptors are boron atoms and the donor
0163-1829/2001/63~3!/033201~4!/$15.00 63 0332
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nitrogen atoms with the concentration of acceptors mu
higher than that of donors. Thus donors act as compensa
and we have a case of weak compensation. It is known
substitutional boron in diamond forms an acceptor grou
level with energyu150.37 eV above the valence band.9–11

However, and that is the main idea of this paper, it is to
supposed that under high concentrations of impurities
probability of boron atoms occupying nonordinary~addi-
tional! positions greatly increases i.e., their nearest envir
ment will consist not only of carbon atoms.8 These com-
plexes are B-B, B-C-B, B-C-C-B, B-N-B, B-N-C-B, and s
on.8 This type of nontrivial state will form shallow accepte
levels8 with energyu2 lower than the energyu1 . What frac-
tion of the boron atoms will occupy these states depends
both statistical laws and conditions of sample growth. O
may assume that the number of the additional boron sta
N2 , depends on the total boron concentrationNB according
to the following statistical law:N25NB

2V0(V0.5 nm3 is
the volume of the interaction area!. For example, whenNB

51019 cm23 we haveN25531017 cm23.
The additional states of boron are composed of levels

occupy a span of 0.07 eV above the valence band.14 We will
assume that all these states have the energyu250.06 eV
above the valence band. This is correlated with the result
conductivity measurements of stratified mesa structure16

Note that this value is close to the first excited state ene
that is observed in optical measurements.9 But it should be
stressed that in the general case the energyu2 does not nec-
essarily coincide with the value of the first excited state
ergy. As all samples studied in this work were prepared f
lowing one and the same CVD technology, one may supp
that the degree of compensationK5ND /NB is the same for
all samples and small. Thus, when the boron concentra
increases, the concentration of levels with energiesu1 andu2
will also increase. As the concentration of donorsND in-
crease more slowly than the concentrationN2 , for suffi-
ciently high boron concentrationNB.Ncr , we will get N2
.ND ~we useNcr5231018 cm23 andK.0.01 in our cal-
culations!. In this case donors compensate only the sta
with energyu2 , becauseu2,u1 , and thus the behavior o
the conductivity changes dramatically. Therefore at high
ron concentrations we have a completely different behav
©2001 The American Physical Society01-1
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of conductivity and other quantities related to electron pr
erties. It is well known that the Fermi energy depen
strongly on temperature for the weak compensation case

It is useful to remember3 that, if the Fermi energyEf has
a linear temperature dependence likeEf2Ev.a1bT, then
by measurement of the thermoactivated behavior of the c
ductivity, s(T)5s0 exp(2Ea /kT) (k is the Boltzmann con-
stant! we can determine an activation energyEa equal to the
constanta, and the constantb leads to renormalization of th
preexponential factors0@s085s0 exp(2b/k)#. The preexpo-
nential factors08 decreases for positiveb or increases for
negativeb. As we can see below, it is necessary to take t
into account in discussing experimental data.

The following program is realized: the temperature d
pendence of the Fermi level as a function of impurity co
centration is calculated~see Fig. 1!; on the basis of this cal
culation the hole concentrations in the valence band
impurity levels are determined; and then the temperature
pendences of the conductivity and of the Hall coefficient
described for different impurity concentrations. In so doi
we base our calculations on experimental results for the c
ductivity and Hall measurements~see Fig. 2 and Fig. 3!.
Details of the sample preparation and experimental pro
dure have been reported previously.13 From Figs. 2–3 we
note that conductivity properties change dramatically in
transition to heavily doped samples. Moreover, the temp
ture dependence of the Hall coefficient has a minimum,
posite to what we see in other materials2,3 in the same mea
surements. The description of these peculiarities will g
insight into the problem of hopping conductivity. To d
scribe this behavior we start with the Fermi level determi
tion.

Thus the starting point in our consideration is the sup
sition that there are two types of acceptor level with energ
u1 and u2 , above the top of the valence band, and w
concentrationsN1 andN2 , respectively (N11N25NB). All
energy intervals are measured from the top of the vale
band. Therefore we determine the Fermi levelm as the Fermi
energy counted from the top of the valence band (m5Ef
2Ev). The energy distribution of holes is given by Ferm
Dirac statistics. In the case of weak compensation the n

FIG. 1. Temperature dependence of the Fermi levelm for dif-
ferent concentrations of boron according to Eq.~3!.
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ber of free states on the acceptor levels is limited and, th
fore, the Fermi levelm depends strongly on temperature a
should be calculated from the condition that the total num
of holesN is conserved:N5pv(T)1p1(T)1p2(T), where
pv(T),p1(T), and p2(T) are the hole concentrations at th
valence band and at the levelsu1 and u2 , respectively (N
5N11N22ND). It is equivalent to the electrical neutralit
condition. Thus we obtain the following equation for th
Fermi level:

N5E
2Dv

0

f ~m,«!nv~«!d«1(
i 51

2 E
ui

ũi
f ~m,«!ni~«!d«, ~1!

FIG. 2. Experimental~symbols! and theoretical~lines! tempera-
ture dependences of conductivitys for different concentrations of
boron in the stream BH2 /CH4 ~see Ref. 13!: L, 5000 ppm
(231019 cm23); ,, 2500 ppm (131019 cm23); s, 1000 ppm
(431018 cm23); n, 5 00 ppm (1.931018 cm23); d, 5 ppm
(231016 cm23). Boron concentrations used in the theoretical c
culations are given in parentheses. Dashed line is the valence-
conductivitysv and dotted line is the hopping conductivitysh , for
NB5431018 cm23.

FIG. 3. Experimental~symbols! and theoretical~lines! tempera-
ture dependences of the Hall coefficientRH for different concentra-
tions of boron in the stream BH2 /CH4 ~see Ref. 13!. Boron con-
centrations used in the theoretical calculations are given
parentheses.
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 033201
where N5N11N22ND, f (m,«)5$11g21exp@(m
2«)/kT#%21 is the Fermi-Dirac distribution for holes,g is the
degeneracy of the levels (g51 for the valence band andg
52 for the acceptor levels!, « is the energy of holes, which
is measured from the top of the valence band,Dv ,nv are the
width of the valence band and the effective density of sta
at the valence band,ni(«) is the effective density of states o
the level with energyui ,ũi is the energy of the top of this
level, andD i is the width of this level (D i5ũi2ui). We
shall assume that the diamond samples are nondegen
semiconductors; then exp(2m/kT)!1. We also assume tha
the width of each of the levels is much smaller than the va
of u2(D1 ,D2!u2). For the density of states at the valen
band we havenv(«)5(2p)21(2mp /\)3/2«1/2 for the para-
bolic band case, wheremp is the hole effective mass. As
result, Eq.~1! is easily rewritten in the form

N5Nv expS 2
m

kTD1(
i 51

2
Ni

11g21 exp@~m2ui !/kT#
. ~2!

Here, Nv is the effective density of states at th
valence-band edge,Nv[Nv(T)52(mpkT/2p\2)3/2. For
the valence-band hole concentrationpv(T), we have
pv(T)5Nv(T)exp@2m(T)/kT#.

Now we can obtain the value of the Fermi level from E
~2! numerically. However, taking into account that in th
temperature interval studied (T,1500 K) the energyu1 is
always much larger thankT, Eq. ~2! can be reduced
to a quadratic one with respect to a variableA(m)
5exp(2m/kT). Then we obtain the following expression fo
the Fermi level@m[m(T)#:

m~T!5u12kT ln~B1AB21C!, ~3!

B5
N1~N2N1!exp@~u12u2!/kT#2N22p2v~T!

2@N11N21p2v~T!2N#
,

C5
N exp@~u12u2!/kT#

N11N21p2v~T!2N
,

where p2v(T)5Nv(T)exp(2u2 /kT). Numerical calculations
show that the value obtained from Eq.~3! is in good agree-
ment with the exact value for the Fermi level obtained fro
the solution of Eq.~2!. The temperature dependence of t
Fermi level is shown in Fig. 1. For temperatureT,300 K
we get forN.N1

m~T!.u21kT lnS N11N21p2v~T!2N

N2N1
D , ~4!

and forN,N1

m~T!.u12kT lnS N1

N12ND . ~5!

Thus m(T)5u12a1kT for N,N1 and T,300 K and we
will observe the activation energyEa5u1 . For high concen-
trations of impurity,N.N1 , we have from Eq.~4! m(T)
.u22a2kT for T,100 K, and, for the temperature rang
03320
s
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e

.

100,T,300 K, m(T);kT ln@Nv /(N2N1)#. This means
that the activation energy is equal to zero and the densit
valence-band holes is equal toN2N1 . Thus this temperature
region corresponds to a regime of saturation of the impu
state with energyu2 . For high temperatures (T.350 K)
and for any concentration of impurities we havem(T)
'(u12u2)/21kT ln(Nv /N)/2. This temperature interval wa
not investigated in this work, but we can find this behavior
the experiments of Ref. 14.

The total conductivity consists of the valence-band co
ductivity and the hopping conductivity:s5sv1sh . The
valence-band conductivity is calculated with the formu
sv(T)5emvpv(T)[emvNv(T)exp@2m(T)/kT#, wheremv is
the valence-band hole mobility ande is the charge of an
electron. We have taken into account that the tempera
dependence of the hole mobilitymv is connected with the
mobility from ionized impuritiesm i and with the mobility
from phononsmph :mv5(m i

211mph
21)21. As the impurity

density increases the mobility connected with ionized imp
rities m i provides the main contribution to the mobilitymv ,
and the mobility changes according to the lawmv
.(AN2T23/21BT3/2)21, where we take A55
310216 V s K3/2cm and B5431028 V s K23/2cm22.
The expression for the hopping conductivity issh
5s0exp@2(T0 /T)1/4#, where s05emhp2(T) and mh is the
hopping mobility (mh520 cm2 V21 s21). On the basis of
the results for high boron concentrations, when the hopp
mechanism of conductivity is obviously dominating, let
assume thatT05b/N2(b51019 K cm23). Then we get the
temperature dependence of conductivitys(T) that is shown
in Fig. 2. Thus the temperature dependence of the cond
tivity is determined by the coexistence of the valence-ba
and hopping conductivities in a wide temperature range. T
hopping conductivity occurs over the additional states of
ron and can be assisted by the excited states of boron in
usual position or byD2 states.

To describe the Hall measurement we use
well-known2 formula for the Hall coefficientR(T):

R~T!5
pvmvmvH1p2mhmhH

e~pvmv1p2mh!2 . ~6!

HeremvH andmhH are the Hall mobilities for each conduc
tivity mechanism, respectively. The temperature depende
of the Hall coefficient is shown in Fig. 3. There we ha
used an idealized formula for the the relationsmvH /mv;2
and mhH /mh;0.1. For better agreement betweeen the
and experiment it is important to know the actual tempe
ture behavior of this relation. The specific feature of the H
coefficient is connected with the fact that the temperat
dependence of mobilitymv is strong even compared with th
temperature dependence of the valence-band hole conce
tion over the transition region of temperature.

Thus it is shown that the temperature dependence of
conductivity is connected with the coexistence of band a
hopping conductivity in a wide temperature range. A sc
nario of the transition to hopping conductivity for heavi
doped diamond is as follows. As the temperature decrea
first the band conductivity with activation energyu1 is ob-
1-3
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BREIF REPORTS PHYSICAL REVIEW B 63 033201
served, and then a gradual transition to the state where
holes thermoactivated from the levelu2 participate in the
valence-band conductivity takes place. At the same time,
hopping conductivity in the levelsu2 increases and at lowe
temperatures, when thermoactivation from the levelu2
weakens, it becomes dominating. In fact, the change
Fermi level with temperature can be interpreted as the ob
vation of e2 . In the general case the hopping conductiv
occurring on the levelsu1 andu2 depends on what has take
place earlier: the concentration of the additional boron sta
exceeds that of the donors or the hopping conductivity
levels u1 becomes high enough to exceed the valence-b
conductivity. In the second case, as the doping level
creases, a transition from hopping conductivity in the le
u1 to hopping conductivity in the levelu2 should take place

In any case, a transition to hopping conductivity in t
levelsu2 and the corresponding appearance of the effec
activation energye2 will occur when the donor concentratio
is sufficiently low, and the situation withN2 larger thanND
is easily achieved. It is interesting that previously it was a
emphasized1–4 that a low value of the degree of compens
tion accompanies the observation of the activation ene
e2 . In our casee2 is due to the transition from valence-ban
conductivity with holes activated from the levelu1 to hop-
ping conductivity in the levelu2 via the temperature chang
m
i
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of the activation energy that follows the temperature cha
of the Fermi level. Thuse2 is a manifestation of the tempera
ture change of the Fermi energy in a certain tempera
range. For very high boron concentrations one should c
sider a large number of additional states. A great numbe
states with different energies close together are poss
leading to the smearing of the levelu2 . Taking this into
account might slightly modify the results but will not chang
the main conclusions of this work.

The following conclusions can be made. Additional sta
arise as the doping level increases and at low temperat
conductivity is due to both the thermal activation from sh
low levels and the hopping mechanism. As the energy of
levels of the additional states is close to that of the leve
an excited boron state in the conventional position, hopp
conductivity occurs along the additional boron states assi
by the excited boron states in the conventional position. T
leads to high hopping conductivity. At very high doping th
conductivity is mainly of hopping character because
number of the additional states greatly increases with dop

The same mechanism should be taken into account w
the problem of impurity conductivity in other materials
discussed.3,4

R.F.M. acknowledges support from the Matsumae Int
national Foundation.
C

. B
1H. Fritzsche, Phys. Rev.99, 406 ~1955!.
2N.F. Mott and W.D. Twose, Adv. Phys.10, 107 ~1961!.
3N. F. Mott, Conduction in Non-Crystalline Materials~Clarendon

Press, Oxford, 1987!.
4B. I. Shklovskii and A. L. Efros,Electronic Properties of Doped

Semiconductors~Springer-Verlag, Berlin, 1984!.
5A. Miller and E. Abraham, Phys. Rev.120, 745 ~1960!.
6N.F. Mott, Philos. Mag.19, 835 ~1969!.
7H. Nishimura, Phys. Rev.138, A815 ~1965!.
8T. Nishimatsu, H. Katayama-Yoshida, and N. Orita, inProceed-

ing of the 24th International Conference on the Physics of Se
conductors, 1998, Jerusalem, Israel, edited by D. Gershon
i-

~World Scientific, Singapore, 1999!, p. 201.
9S.D. Smith and W. Taylor, Proc. Phys. Soc. London79, 1142

~1961!.
10A.W.S. Williams, E.C. Lightowlers, and A.T. Collins, J. Phys.

3, 1727~1970!.
11A.T. Collins and A.W.S. Williams, J. Phys. C4, 1789~1971!.
12B. Massarani, J.C. Bourgoin, and R.M. Chrenko, Phys. Rev

17, 1758~1978!.
13A. Ogasawaraet al., Diamond Relat. Mater.6, 835 ~1997!.
14J.W. Glesener, Appl. Phys. Lett.64, 217 ~1994!.
15M. Werneret al., Phys. Status Solidi A154, 385 ~1996!.
16T. Inushimaet al., Diamond Relat. Mater.9, 1066~2000!.
1-4


