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Impurity band structure of boron-doped homoepitaxial diamond

Takashi Inushima™
Department of Electronics, Tokai University, Hiratsuka 259-1292, Japan

Rinat F. Mamin
Kazan Physico-Technical Institute, Russian Academy of Science, Kazan 420029, Russia

Hiromu Shiomi
Sumitomo Electric Industries, Ltd., Koyakita, Itami, Hyogo 664-0016, Japan
(Received 25 September 2008; published 29 January 2009)

Impurity band structure of boron-doped diamond is investigated using p*/p~/p* mesa structures with thin p~
layers, where p* is heavily doped diamond with variable range hopping conductivity and p~ is less-doped
diamond with valence-band conductivity. From the frequency and temperature dependence of the conductivity
of the mesa structures, it is found that holes injected into the p~ layer stay at the 2p states of boron for an
extremely long time and contribute to the conductivity. From the equivalent circuit analysis it is concluded that,
when the boron concentration exceeds ~4 X 10'8 ¢cm™, the 2p wave functions of boron begin to overlap, and

an impurity band forms at 2p states, which is located ~0.07 eV above the valence-band maximum. Simulta-
neously, the Fermi level rises to the impurity band by a strong electron-optical phonon interaction and a

variable range hopping is realized in this band.
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I. INTRODUCTION

Since the discovery of superconductivity in boron-doped
diamond,' its impurity band structure has been a key issue
for the understanding of superconductivity. Though the im-
purity conduction has been thoroughly investigated since the
1950s,>3 the impurity band structure of diamond still re-
mains in controversy.

It was first suggested that the impurity band forms at the
lowest excited states of impurities,* but after Mott> formu-
lated a concept of the impurity band analogous to the upper
Hubbard subband, which was located U (the repulsion en-
ergy of electrons having opposite spins located on the same
site) above the ground state of impurities, the idea of the
lowest excited states was abandoned. Mott formulated two
types of conductivity, impurity band conductivity with acti-
vation energy €, at high temperatures and variable range
hopping (VRH) conductivity by o(T)>*exp[—(T,/T)"*] in
the Anderson localized at low temperatures.® T}, is the tran-
sition temperature from the former conductivity to the latter.
In many reports the impurity conduction of p-type diamond
is explained by the Mott concept, that is, VRH at the ground
states of boron.””'® Now impurity band plays an important
role in the explanation of the superconductivity of p-type
diamond.'"?

Though this concept provides quite reasonable interpreta-
tions of many experimental data of Si and related semicon-
ductors, there are several difficulties when it is applied to
diamond. The most serious one is the observation of the
VRH even at room temperature.®'%!314 This causes the criti-
cal temperature Ty~ 10* K,'®!3 which requires a broad im-
purity bandwidth of ~0.1 eV centered at the ground state of
boron, and a short hopping distance of 3.5 A. These condi-
tions contradict the concept of VRH used in Si and Ge (Ref.
2). Another difficulty is the absence of €,. It is understood
that when the impurity concentration is low, €, is close to €.
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When the concentration increases close to that of the Mott
transition, €, goes to zero.2 In diamond, the change from ¢,
to €, is not observed,®%!* though it is obvious that there is a
temperature region which shows two-band conduction.”13

Homoepitaxial diamond growth technique provides us
with samples with a smooth and clean interface so that we
can fabricate thin diamond layers with an accurate impurity
concentration with few trapping states at the interface.!®!”
Using this technique we fabricated p*/p~/p* mesa structure
with thin p~ layer, where p* is heavily doped diamond with
VRH and p~ is less-doped diamond with valence band con-
ductivity. Its thermionic current showed that the Fermi level
of the p* layer was ~0.05 eV above the valence band.!” The
capacitance versus voltage characteristics was explained by
the formation of the depletion layer at the p* layer on the
interface.!'®

In this paper, we focus on the holes injected into the p~
layer, which is meant for experimental verification of the
Hubbard U mechanism in boron-doped diamond. By chang-
ing the p~ layer thickness and from the equivalent circuit
analysis of the p*/p~/p* mesa structures, we determine that
the impurity band is located at the lowest excited state of
boron. Finally we discuss the boron concentration depen-
dence of the Fermi level caused by a strong electron-optical
phonon interaction, which is a developed idea from our pre-
vious work.'” The impurity band structure at the lowest ex-
cited states of boron will help to explain the superconductiv-
ity of boron-doped diamond.

II. EXPERIMENTAL DETAILS

The homoepitaxial films used in this experiment were
grown on off-orientated substrates [(001) substrates with a 7°
off-angle toward (110)] of polished Ib-synthesized diamond
by  microwave-enhanced chemical-vapor  deposition

©2009 The American Physical Society
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FIG. 1. (Color online) Frequency dependence of the conduc-
tance of the mesa structure with a p~ layer thickness of 70 nm. The
measuring temperatures are from bottom to top, 40, 50, 60, 70, 80,
90, 100, 120, 140, 160, 200, and 300 K, respectively. Inset shows
the dc conductance of the mesa structure (o). Dotted lines in the
figure show o(w)>* w'? and w'?® dependence.

(CVD).?° B,Hy was used as a doping gas and the ratio of
B,Hg/CHy, is used to identify the samples’ ppm in this paper.
There is a clear change in conductivity from the valence
band to VRH when the boron concentration (Ng)=4
X 10" ¢cm™.5 In this experiment, 5000 ppm of the
B,H/CH, ratio corresponds to Np=2X 10" cm?3.2!

In order to verify the Hubbard U mechanism, we fabri-
cated p*/p~/p* mesa structures by the method reported be-
fore, where p* is 5000 ppm boron-doped diamond having a
VRH conductivity and p~ is 500 ppm boron-doped diamond
having a valence-band conductivity.'® The p~ layer thickness
was chosen to be 70 nm and 35 nm for the evaluation of the
lifetime of carriers injected into the layer.

It is reported that metal-semiconductor (M-S) transition
occurs at a hole concentration (n;,) of ~2X 10?0 ¢m™ 71322
The maximum 7, in our samples is 3.5X 10" cm™ (5000
ppm), which is an order of magnitude smaller than that for
M-S transition.

III. RESULTS

The capacitance and conductance of the mesa structure
strongly depend on frequency and temperature. Figure 1
shows the frequency dependence of the conductance G(w) of
the mesa structure with a 70-nm-thick p~ layer measured at
an amplitude of 0.01 V. At the zero-frequency limit, G(w)
approaches o4, whose temperature dependence is shown in
the inset of Fig. 1. From the Arrhenius plot of oy, an acti-
vation energy of ~0.06 eV is obtained below 80 K, which is
the energy difference between the valence band and the
Fermi level of the p* layer. This value is in good agreement
with that obtained from the thermionic current measurement
at 40 K.7

As is shown in Fig. 1, G(w) depends on o in four steps.
The first step is observed in the low-frequency region where
o(w) is constant against the w change, then the second step
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FIG. 2. (Color online) Cole-Cole plot of the mesa structure with
a p~ layer thickness of 70 nm.

appears, where G(w) is expressed by w'? for three decades
of w at 140 K. The o' dependence is reported to be the
result of nearest neighbor hopping (NNH) mechanism be-
tween the occupied and unoccupied states in boron-doped
Si.23 The third step is the second plateau, and G(w) becomes
almost constant against the w change again. The fourth is the
part where o(w)~ o', which is observed up to the highest
frequency region.

The frequency dependence of G(w) through the second to
the third steps can be understood to be caused by the transi-
tion current in the p~ layer, and the Cole-Cole plot of the
conductance G(w) versus susceptance wC(w) gives us the
temperature dependence of the carrier relaxation in the p~
layer, which is shown in Fig. 2. The plots produce semi-
circles with the centers on the conductance axis, which indi-
cates that there is a single relaxation process in the p~ layer
and is expressed by the Debye equation

€, — €y

(1)

ew)=€,+ —.
l-iwT

In Eq. (1), €, and €, are the high-frequency and the static
dielectric constants, respectively, and 7, is the relaxation
time of the carriers in the p~ layer. The radius of the semi-
circles becomes smaller as the temperature decreases and
vanishes below 90 K.

As the p~ layer thickness reduces to half (35 nm), the
current passing through the p~ layer becomes larger and the
four steps observed in the @ dependence of G(w) becomes
unclear. The Cole-Cole plot of this structure shown in Fig. 3,
however, indicates that there is a single relaxation process
above 140 K, because the centers of the semicircles lie on the
conductance axis. Hence, the carriers injected into the 35-
nm-thick p~ layer also have relaxation given by Eq. (1).

In Eq. (1), 7 is obtained at the inverse of w, where the
susceptance becomes the maximum. Thus determined 7 is
plotted as a function of inverse temperature in Fig. 4, where
both of the 7,’s of Fig. 2 and 3 are plotted. These 7,’s are on
a straight line with an activation energy (E;) of 0.06 eV.

The hole injected from the valence band into the p~ layer
is regarded as a hole trapped in a well with a potential barrier
E; and has a probability of jumping up to the valence band.
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FIG. 3. (Color online) Cole-Cole plot of the mesa structure with
a p~ layer thickness of 35 nm.

In this case, according to the elementary kinetic theory, the
probability « of the hole per unit time is

a=Fexp<_k—?>, (2)

where I is a constant, and I'=kT/2#h according to Eyring’s
reaction rate theory. Since there is only one relaxation pro-
cess in the p~ layer, 7p=1/« is satisfied and the injected hole
has a barrier height of E;=0.06 eV. When we use the Ey-
ring’s I', 7p=5X 10719 s at 100 K, which is 107 shorter than
that shown in Fig. 4. Hence the injected hole stays for an
extremely long time in the p~ layer. Our results confirm the
report of Nebel et al.?* that the injected carrier staying at an
excited state has an extremely long lifetime in 4~38
X 10" ¢cm boron-doped diamond.

Figure 4 shows that there is a trap level in the p~ layer
0.06 eV above the valence band. This energy is similar to the
energy difference between the 2p states of boron impurity
and the valence-band maximum, and is also very close to
that observed as the band offset energy at the p*/p~
interface.'” As the p~ layer does not have such a level in the
bulk, the trap level at 0.06 eV in the p~ layer is only appli-
cable to the hole injected from the valence band. In other
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FIG. 4. (Color online) Temperature dependence of the relaxation
time 7, given by Eq. (2).
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FIG. 5. Equivalent circuit for the p*/p~/p* mesa structure.

words, the injected hole does not fall to the ground state of
boron but stays at the excited level. This is because the Fermi
level of the p~ layer is located much higher than the ground
state of borons which are fully occupied by their own holes.

Glesener? presented a carrier capture model on the basis
of deep level transient spectroscopy and said that when a
carrier in the valence band is captured by an impurity, it
occupies the highest excited states of the acceptor and then
quickly tunnels to the lowest excited level. At the lowest
excited level (E;=82 meV), the trapped hole is either ther-
malized back to the valence band or falls down to the ground
states via a slow multiphonon decay. His equation gives 7,
=1.5%107° s at 300 K, which is similar to our result shown
in Fig. 4. According to his results, the carrier-capture cross
section is 4 X 10713 cm?, which corresponds to the Bohr ra-
dius of the lowest excited level of impurity boron (3.7 nm).
Therefore the 2p excited states are the most probable candi-
date for the virtual trap level in the p~ layer.

An alternative possibility of Ey is A* states which are
positively charged by extra holes. The formation of an iso-
lated A* ion requires an activation energy which is equal to
the ionization energy less hole affinity of an isolated neutral
acceptor. This activation energy is lowered by the resonance
energy as a result of the interaction between the A* states.
But as will be seen in Sec. IV, the Fermi level of 5000 ppm
diamond is almost the same as E; of 500 ppm diamond,
suggesting that the interaction energy is negligible. More-
over, it is difficult to observe activation energy €, in the
temperature dependence of the conductivity,'* indicating that
the trap level caused by A* states does not exist.

IV. EQUIVALENT CIRCUIT ANALYSIS

In this section we will analyze the frequency dependence
of G(w) and C(w) of the mesa structure using a simple
equivalent circuit. As there are two capacitors in the mesa
structure as seen in Figs. 2 and 3, we apply the equivalent
circuit shown in Fig. 5. The left part is an R-C network of the
p~ layer with a single Debye relaxation process. The center
part has another R-C network which governs the thermionic
current between p* and p~ interfaces. The right part is the
conduction of the bulk. Using G(w) and C(w), the admit-
tance Y(w) of the equivalent circuit is expressed as follows:

Y(w,T)=G(w,T) +ioC(w,T)
1 1 1|
= + +
O'I(T)+iwC1 0'2(T)+iwC2 O'3(T)

b}

O'I(T) — Uloe—eIO/kT+ O_lle—elllkT,

0(T) = e 20T
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TABLE I. Summary of the fitting parameters used for equivalent circuit analysis.

d C &) 0 o1 (o) T30 €10 €11 €0 €
(nm) (pF) (pF) (S) (S) (S) (S) (eV) (eV) (eV) (eV)
35 2000 10 0.3 1.3x 1073 0.5 0.007 0.07 0.001 0.07 0.003
70 420 10 6.3X1073 6.3%x1077 0.275 0.0012 0.07 0.001 0.07 0.003
03(T) = o3pe~ S0k (3) G(w) using the parameters given in Table 1. For the fitting,

Here o(7T) is the conductance of the p~ layer that consists of
two parts having different activation energies € and €;;. €
is observed for the carriers injected into the p~ layer and it
should be the same as E7. €] is observed at low temperature
when the injected carrier is transferred by a tunneling mecha-
nism into the p~ layer. o,(T) is the conductance associated
with the p*/p~ interface and has a barrier height of
~0.05 eV(ey) as was found from thermionic current
measurements.!” o5(T) is the conductance of the bulk part
(p* layer) and has an activation energy of €3, This part
shows a weak temperature dependence (~3 meV) and is the
most conductive among the three components [o3(7)
>o(1),05(D)].

In the equivalent circuit, d; is the thickness of the p~ layer
(d,=70 and 35 nm), d, and d; are those of the p* layers
(d,=1.6 um, d;=4.6 um), the electrode area S is
0.78 mm?, and the dielectric constant €=5.7. C, is the ca-
pacitor of the p~ layer equal to €S/d;, then C;=550 pF for
d;=70 nm and =1100 pF for d;=35 nm. C, is the capaci-
tor associated with the electrodes on the p* layer and C,
=€eS/(d,+d;), then C,=6 pF. Starting with these initial val-
ues, we reproduced G(w) of Fig. 1 and obtained the circuit
parameters given in Table 1.

Using these values the temperature dependence of oy,
G(100 kHz), and C(100 kHz) can be reproduced as shown
in Fig. 6. The equivalent circuit reproduces the experimental
data quite well.

In Fig. 7 the temperature dependence of G(w) with the
35-nm-thick p~ layer is shown together with the calculated
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FIG. 6. (Color online) Temperature dependence of C(100 kHz),
G(100 kHz), and g4, of the d;=70 nm mesa structure. The fitting
curves are obtained using the circuit shown in Fig. 5. The param-
eters of the circuit are given in Table 1.

the activation energies are fixed at the same values as those
of d;=70 nm. When d; becomes half, the mesa structure
becomes more conductive and large C,, oy, and oy; are
obtained, which suggests that the actual d; might be much
smaller than 35 nm. Temperature dependence o(w), how-
ever, can be reproduced well, indicating that the equivalent
circuit model qualitatively explains the electronic structure
of the mesa structure.

From the equivalent circuit analysis we conclude that
there is a barrier height of 0.07 eV at the p*/p~ interface,
which indicates that the Fermi level of the p* layer is fixed at
0.07 eV (&) above the valence band below 90 K. The car-
riers injected into the p~ layer stay 0.07 eV (€,y) above the
valence band virtually. The fact that € is equal to €, indi-
cates that the virtual trap level in the p~ layer is the lowest
excited state of boron and has the same origin as the hopping
band in the p* layer.

V. DISCUSSION

In textbooks, impurity conduction is thought to take place
in an impurity band illustrated as B in Fig. 8(a), where the
band is separated from the valence band and split by Hub-
bard U from the lower Hubbard band denoted by A.> The
position of the Fermi level depends on the degree of com-
pensation. Owing to the random fields of the charged donors,
the states in the lower Hubbard band are Anderson localized
and not full, and the Fermi level lies in band A (Ep;). When
the temperature is high, conduction is governed by the car-
riers excited from the Fermi level to the mobility edge (E,,)
in band B, and Ny dependent e, is observed as an activation

107 T T T T T T

Conductance (S)

107 10° 10°* 10° 10° 10
Frequency (Hz)

FIG. 7. (Color online) Temperature dependence of G(w) with
d;=35 nm. The fitting curves are obtained using the circuit shown
in Fig. 5. The parameters of the circuit are given in Table 1.
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FIG. 8. (Color online) Boron concentration (Ng) dependence of
the impurity band structure in diamond. Band A forms at the boron
ground states and band B at the 2p excited states. Er; and Ep, are
Fermi energy positions. N.; and N, are the critical densities for the
change in the conduction (see text). The impurity band structure
given in Ref. 2 is shown in (a); A and B are Hubbard bands and are
split by Hubburd U. Ej; is the position of the “mobility edge.”

energy. When the temperature is low, conduction is realized
by the hopping of carriers to the nearest available empty site
at Ep; within band A (VRH). As the impurity concentration
increases, bands A and B merge into one and the Mott tran-
sition occurs.

Since the impurity band model given in Fig. 8(a) does not
explain the temperature dependence of the conductivity and
Hall coefficients of heavily boron-doped diamond, we pre-
sented an idea of additional states of the impurity located
0.07 eV above the valence band.!” For the formation of the
additional states, interaction between nearest-neighbor atoms
such as B-B, B-C-B, B-C-C-B, B-N-B, and B-N-C-B was
assumed in high concentration of impurities.

The results shown in Fig. 4 suggest that the virtual trap
state in the p~ layer has the same origin as the impurity band
in the p* layer, and it is the lowest excited state of boron.
Then, the previous scenario has to be modified as follows.
When Ny is small, boron atoms are isolated from each other
and each has one hole. As Nj increases, electron-phonon
interaction at the boron sites intensifies because the hole in
the ground state and the optical phonon have the same sym-
metry of I'}5 at the I' point*® and the Bohr radius of the 1s
wave function a is similar to the lattice constant d of dia-
mond. It is well known that electron-phonon coupling is
strongest at a~d because the localized electron interacts
most effectively with phonons whose wavelength (27/¢) is
comparable to the orbital radius a, whereas the phonon fre-
quency spectrum has its peak at g~ /d near the zone
boundary.?’

The conduction mechanism drastically changes at N,
=4x10" ecm™ (Ny=1000 ppm), hence the average dis-
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tance between borons at N, is estimated using r.
=(4mN,,/3)""3, and r,,~4 nm is obtained. This value is
close to that of the reported cross section of the 2p wave
function (3.7 nm),?> suggesting that the 2p wave function
starts to overlap with that of the neighboring boron atoms at
NCI'

When the 2p wave functions overlap, two holes are
shared by two borons as the result of the strong electron-
phonon interaction. Then among the Ny holes, N holes are at
the ground state A (E;=0.37 eV) and N, holes are at the
lowest excited state B (E,=0.07 eV). The number of N, is
estimated by statistical law: N2=N129V0 (Vo=5 nm’ is the
volume of the interacting area). This scenario works well
when the spin-triplet (Hund triplet) state is more stable than
the spin-singlet state expected in the Hubbard U mechanism.
In the Hund triplet state, the extra hole has the 2p orbital.
Since the calculated U is higher than the 2p excited energy,’
or the hole correlation is strong enough, the holes in singlet
states are unstable and relax to the lowest excited level.
Moreover, the 2p state is energetically favorable for the
holes to hop over the boron impurities.

As Njp increases, the density N, increases very quickly
and when the number of N, exceeds the number of donors
Np, which cannot be excluded in the plasma CVD process,
the Fermi level jumps from Eg to Ep, as shown in Fig. 8(b).
This mechanism is essentially the same as that used for the
calculation of the temperature dependence of the Fermi level
of boron-doped diamond.!® The critical concentration N, is
obtained from the relation Ny=Ngz—Np, which leads to N,
=(NpV;")"2. Hence N, depends on N, or on the degree of
compensation K=Np/Nz. When we use V=5 nm® and K
=0.02, N,,=4X10'"® cm™ is obtained.

When Np>N,_, the density of states A and B becomes
equal at NB:O.SVg1 when K=0 [Fig. 8(c)]. An M-S transi-
tion is expected to occur when the Fermi level reaches the
top of the valence band, E,=E,, as shown in Fig. 8(d). Thus
we get critical Ng=N,_, from

No= fw N(E)dE + Np. 4)
E

v

From numerical calculation N,,~1-5X10% ¢cm™ is ob-

tained. When Nj=V;' all borons are in the interacting states
and Nz=N,. V51=2 X 10?° ¢cm™ is the boron concentration
reported for M-S transition. '3

The mobility edge is at the top of the valence band in our
model, which is denoted as E,, in Fig. 8(d). Then the conduc-
tivity is explained in terms of the holes conducting in the
valence band and hopping in band B. As this process works
in a wide temperature range, €, is not observed.

The scenario presented here explains the Ny dependence
of the absorption spectra reported before. When the boron
concentration is low, the prominent absorption peaks are at
0.305 and 0.347 eV, which are the transitions from 1s to
optically forbidden 2P; and optically allowed 2P, states,
respectively.'* These transitions form a sharp Gaussian
shape, accompanied by LO-phonon sidebands in the higher
energy region. The phonon sidebands intensify with the in-
creasing boron concentration. When Ny exceeds N,, the ab-
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sorption spectrum changes into a Lorentzian shape governed
by the single absorption at 0.35 eV, and the fine structure
disappears, which indicates a drastic decrease in the relax-
ation time of the excited carriers or an appearance of the
impurity band at N,.

Recently the electronic structure of metallic and nonme-
tallic boron-doped diamond was studied by x-ray absorption
and emission spectroscopy.”® The impurity state ascribed to
boron was observed near the Fermi level, which was at the
top of the nondoped diamond. These results confirm the im-
purity band structure we presented in Fig. 8(d).

VI. SUMMARY

Impurity band structure of boron-doped diamond is inves-
tigated using p*/p~/p* mesa structures with thin p~ layers,
where p* is heavily doped diamond with impurity band con-

PHYSICAL REVIEW B 79, 045210 (2009)

ductivity and p~ is less-doped diamond with valence-band
conductivity. When the boron concentration exceeds ~4
X 10" c¢cm™, an impurity band forms not at A* states ex-
pected by Mott, but at the lowest 2p levels of the impurity
boron, which is located ~0.07 eV above the valence-band
maximum. Mechanism of impurity band formation was dis-
cussed based on strong hole-optical phonon interaction and
hole-hole correlation. When the wave functions of 2p states
of boron start to overlap with each other, the Fermi level
rises to the 2p states and a variable range hopping is realized
in this band in a wide temperature range.
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