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Structural and electronic properties of Zn-doped cubic boron nitride (¢cBN) were investigated via
first principle calculation based on density functional theory. Our simulation suggests that Zn can
substitute for both B (Zng) and N (Zny) atom; Zng is energetically favorable, and Zny can only be
prepared under B-rich conditions. Zng induced a shallow acceptor level; however, the large differ-
ence in electronegativity between Zn and N makes the acceptor level strongly localized, which
reduces effective carrier density. In the case of Zny, both deep acceptor levels within band gap and
shallow acceptor levels at the top of valence band were induced, which produced more free carriers
than Zng. The calculated results account for experimental results of enhanced electric conductivity

of Zn-doped cBN films prepared under B-rich conditions. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890607]

I. INTRODUCTION

Cubic boron nitride (cBN), with the widest band gap of
6.3eV among Ill-group Nitride semiconductors, has been
extensively studied.! The large interest originates from its
promising potential for short-wavelength light emitting
diodes, semiconductor lasers, and optical detectors, as well
as for high temperature, high power, and high frequency
devices.”™ It is now possible to produce thick and stable
¢BN films,” however, controllable n- and p-type dopings of
cBN films, necessary for high performance cBN based elec-
tronic devices, are still difficult.'®"" From literature, S and
Si were reported to be donors for ¢cBN,'*!° and Be, Mg, and
Zn were reported as acceptors.'®!” In fact, most of the p-
type doping approaches were focused on Be impurities in
c¢BN. Be impurities can act as a good acceptor for its shallow
activation energy,'® but the small radius of Be atom (0.44 A)
might lead to interstitial incorporation of Be, resulting in
much less effective acceptor impurities.'® Recently, the elec-
tric conductivity of Zn-doped cBN films was reported to be
increased up to 1072 S/cm by controlling the impurity con-
centration.'® This indicated that Zn is also an excellent can-
didate of p-type dopants. Nevertheless, the electronic
properties of Zn-doped cBN film strongly depend on the dep-
osition conditions, and the doping process and mechanisms
of carrier generation deserve further study.

In this study, we investigated the structural and electronic
properties of Zn-doped c¢BN theoretically by using first-
principle calculations based on density functional theory
(DFT). Our simulation indicated that Zn can substitute for
both B atom and N atom, both forming p-type conductivity of
cBN, and Zn substitution for B atom is energetically favorable
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in thermal equilibrium. However, Zn substitution for N atom,
i.e., anti-site doping, which can provide sufficient free holes,
can only be prepared under B-rich deposition conditions.

Il. COMPUTATIONAL DETAILS

The first principle calculations were performed using
density functional theory as implemented in the CASTEP
code.”® A plane-wave basis set expanded to an energy cutoff
of 310 eV and ultrasoft pseudopotential depicting the interac-
tion between valance electrons were adopted. The exchange-
correlation interaction was approximated by using local
density approximation (LDA) functional in the CA-PZ
scheme.?! The integration over Brillouin zone in reciprocal
space was performed using a 2 X 2 x 2 Monkhorst-Pack grid
for geometry optimization and then the DOS/band structure
calculations. A 3 x 2 x 2 supercell consisting of 96 atoms
was employed and the doping process is simulated by replac-
ing one B (Zng) or N (Zny) atom with a Zn atom, which is
corresponding to the situations of Zn substitution at B and N
site, respectively. It yields an effective doping level of
1.04%. The convergence was tested by using larger supercell
size and higher cutoff energies, and the overall results
remained unchanged. The valance electron configurations
for B, N, and Zn atoms were chosen as 2s*2p', 2s2p°, and
3d'%s?, respectively. All atomic coordinates were fully
relaxed, and the crystal structure optimization was performed
until the energy change of per atom was less than
1.0 x 10 eV, the Hellmann-Feynman forces on atoms were
less than 0.03eV/A, and the maximum displacement of per
atom was 1.0 x 1073 A, this assures the maximum pressure
of 0.05 Gpa. After full relaxation, the pressure was calcu-
lated to be less than 0.03 Gpa on a 2 x 2 x 3 supercell. The
electronic structures were calculated on the basis of the

© 2014 AIP Publishing LLC
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FIG. 1. Structure of ideal cBN and Zn-
© doped ¢BN with a 96-atom supercell
on ¢cBN (110) surface. (a) ideal cBN;
(b) Zn substitution for B site; (¢) Zn
substitution for N site.
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optimized supercells. For simplification, the interaction
between defects is neglected, which means that all the
defects are well separated.

lll. EXPERIMENTAL DETAILS

The in situ Zn doped cBN thin films were prepared using
a phase-regulated RF bias sputtering apparatus in an
ultrahigh-vacuum chamber (base pressure of below 10 °Pa).
The experimental setup and details of deposition parameters
have been described previously.'”'® During film growth, ei-
ther pure argon or a mixture of argon and nitrogen was used
as plasma source gases. The Zn concentration in ¢cBN thin
films was measured by using quantitative analysis of X-ray
photoelectron spectroscopy (XPS Kratos, Shimadzu) peaks
of Bls, Nls, and Zn2p. Electric conductivity was measured
by a van der Pauw electrode configuration using a resistivity
and Hall measurement system (Resitest 8300, Toyo Corp.).

IV. RESULTS AND DISCUSSION
A. Theoretical analysis

According to structural relaxation, we found that Zn
substitution causes the distortion of the spatial configuration
of atoms around the inner Zn atom of the supercell. As
shown in Fig. 1, using an example of a 96-atom supercell,
the structure of Zn-doped cBN is quite different from that of
ideal cBN on a ¢cBN (110) surface. The bond length between
Zn and its neighboring atoms (Znn-B, and Zng-N) is longer
than B-N bond length of intrinsic ¢cBN, resulting in an
enlargement of lattice constant. The lattice constant of ideal
cBN was calculated to be 0.3591 nm, in agreement with pre-
vious experimental measurements.”> When cBN was doped
with Zn, the lattice constant increased to be 0.3595 nm and
0.3601 nm for Zng and Zny, respectively. This is in agree-
ment with the long bond length of Zny-B compared with the
bond length of Zng-N (Table I), which also resulted in a
larger local distortion of Zny-doped supercell. This evidence
suggests that Zn substitution for N causes bigger lattice dis-
turbance and thus needs higher formation energy (E¢). Ef of
Zn doped cBN, which is dependent on the chemical poten-
tials of the atomic constituents (Au) as well as the electron
chemical potential (,ue),23 can be written as

Ef = Ef' — nep.—(Ang + Any + Ang,) A, (D

where E/ is the formation energy independent on Au and g,
ne, is the number of electrons transferred from an electron

(C)

reservoir, and ny, ng, and ny, are numbers of N atoms, B
atoms, and Zn atoms, respectively. Experimentally, the
atomic chemical potentials can be controlled by reaction pa-
rameters, for example, reaction conditions rich in B or N in
the case of cBN film growth. So the chemical potential of the
atomic constituents is restricted to*>

AH[BN] < A,uBorN < _AH[BN]v (2)
and the electron chemical potential is restricted to*’
0 < pe < Eg, 3

where E, is the band gap, and AH is the heat formation.
When Zn is incorporated in cBN, Zn can interact with N and
B to form Zn3;N, and/or Zn3B,, respectively. Equilibrium
with Zn3;N, and Zn;B, implies24

3pzn + 20 = 3piza[bulk] + 2uy[No] + AH[Zn3No],  (4)

3tz + 2ptg = 3pizg[bulk] + 2p5[N2] + DH[Zn3B;].  (5)

Accordingly, the chemical potential Ay, should be re-
stricted to

AH[ZII3N2] S 3A,uZn S —AH[ZI’I3N2L (6)

AH[Zn3B,] < 3Au,, < —AH[Zn3B,], (7N

for Zn atom substitutes B and N atom, respectively.
However, Zn;B, formation is energetically not favored, thus
even under B-rich deposition conditions, Zn;N, formation is
still preferred and Ay, could still be restricted to Eq. (6).
For simplification, in our calculations we neglected the

temperature dependence of Ef, E,, and AH in this study.

TABLE I. Parameter and formation energy of ideal cBN and Zn-doped cBN
with a 2 x 2 x 9 supercell.

Supercell Charge states Bond length (A) Total energy (eV) E{ (eV)
Intrinsic cBN 0 B-N: 1.56534 —50638.622

Zng 0 Zn-N: 1.81687 —52282.089 —8.564
Zng ! —1 Zn-N:1.81635 —52270.359 3.166
Zng 2 -2 Zn-N:1.81577 —52254.553 18.972
Zny 0 7Zn-B: 1.85483 —52081.658 —0.731
Zny ! -1 Zn-B:1.84183 —52066.750 14.177
Zny 2 -2 Zn-B:1.83672 —52051.095 29.832
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These dependences may be important in obtaining the accu-
rate formation energy.

Table I shows the influence of charge states on the forma-
tion energy of Zng and Zny. In this study, we deposited cBN
films under negative substrate bias,'”'® so only negative
charged states of Zn doping are discussed. In the case of Zn
substituting for the B atom, E{ [Zng] was calculated to be
—8.56eV, which indicated that Zng formation is energetically
favorable. The formation energy for —1 and —2 charged Zng
increased to 3.17 and 18.90eV, respectively, suggesting the
difficulty of Zng negative charging. Similarly, in the case of
Zn substituting N atom, E{ [Zny] was calculated to be
—0.73 eV, meaning that Zny formation is feasible; however,
its preparation is more difficult compared to Zng. By the way,
the formation of —1 and —2 charged Zny is energetically not
favored from its high E{ of 14.18 and 29.83 eV, respectively.
Moreover, E; of —1 charged Zng is always much higher than
that of neutral Zng (as was shown in Fig. 2), indicating that
Zng also mainly existed uncharged, though the formation of
—1 charge Zng is possible from the view of formation energy,
especially under N-rich deposition conditions. Fig. 2 also
shows the influence of chemical potential on the Eg, under N-
rich deposition conditions, E¢Zny] (even > 0) is much higher
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FIG. 2. Formation energies as a function of Au for three different y.. Au
varies from the N-rich limit (—AH) to the B-rich limit (AH).
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than E¢{Zng], indicating Zn substituted for the B atom. When
the deposition conditions changed from N-rich to B-rich, we
can find that E{Zng] increased gradually while E{Zny]
decreased accordingly, finally E{Zny] reduced to less than
E{{Zng], and Zny formation favored as the grey area shown in
Fig. 2. According to the relationship between impurity con-
centration and formation energy,”* the concentration ratio of
[ZnN]/[Zng] could be estimated to be approximately
1.16 x 10* under B-rich limited deposition conditions, which
indicated that Zn mainly substituted N atoms. By the way, for
c¢BN thin films prepared by vapor phase deposition, ultrahigh
internal compressive stress was originated by ion bombard-
ment during the film growth.® So the large distortion of Zny
supercell also promotes Zn in B site instead of N site.

The electron density of Zn-doped cBN, using 32-, 48-,
96-, and 160-atom supercell models, is shown in Fig. 3.
Compared to intrinsic cBN of the same size, additional elec-
tronic states at the top of valence band are formed when Zn
substitutes for B site. When Zn substitutes for the N site, im-
purity energy levels are induced both within band gap and at
the top of valence band. Taking a 160-atom supercell as an
example, the origin of additional states can be determined
from the partial density of states (PDOS) as shown in Figs.
3(c)-3(e). When Zn substitutes for the B site, Zn 4p orbital
overlaps with its neighboring N 2p orbital, forming shallow
acceptor levels at the top of valance band. While for Zn sub-
stitutes for the N site, Zn 4p orbital hybridizes with its neigh-
boring B 2p orbital, inducing deep acceptor levels within
band gap, meanwhile, Zn 4s orbital hybridizes with B 2p or-
bital, forming shallow acceptor levels at the top of the

60} Ideal crystal 160 toms ' ) J
30} M M (a) i
0 Zn,, (160 ) '
601 Zng afoms J
30l //\/\/\'\3\7 9.1 60
0 + t t t LN
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28 [ /"/J\ t M L«\ N\
%g Zn, (48 atoms) N1 2 05
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of Zl_(iz_i'ﬂi /\/WQ 12 1
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sof G
0 —p
60 Zn, (160 atoms) If/j\/\/v\,\\ i
30} 4
0 ,/J"JJJ\ P
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40+ Zn, (96 atoms) M
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0 /\ {
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FIG. 3. Density of states of (a) Zny and (b) Zng; and partial density of states
of (c) ideal cBN, (d) Zng with a 160-atom supercell, and (e) Zny with a 160-
atom supercell.
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FIG. 4. Bandgap of Zn-doped cBN as a function of Zn concentration.

valance band. From the PDOS, one can also find that elec-
trons of the Zn 3d orbital do not make bonds with other elec-
trons, since the 3d orbital electron is the inner electron; the
energy level locates in the lower position of the valence
band. However, N 2p orbital electrons are repelled by Zn 3d
orbital electrons, raising up the acceptor levels of Zn outer
electron as shown in Fig. 3.

The calculated bandgaps of Zn-doped cBN versus Zn
concentration are shown in Fig. 4, after compensation with
the scissor operation of 1.9eV,*>?° the calculation of band
structure of ideal intrinsic ¢cBN indicates that pure cBN is
indirect bandgap semiconductor material with a minimum
bandgap of ~6.3eV. The bandgap of Zn-doped cBN
decreases as the Zn concentration increases. For example,
the calculated bandgap decreased to 6.0eV for Zn substitu-
tion for the B site with a doping concentration of 3.13%.
Especially for Zn substitution for the N site, the calculated
bandgap was as narrow as 4.1 eV with a Zn doping concen-
tration of 3.13%. Similar phenomena were also reported in
the case of S doping of cBN."”

In order to investigate charge distribution, the differen-
tial charge density of intrinsic cBN, together with Zng-doped
c¢BN and Zny-doped cBN, is displayed in Fig. 5. When Zn
substitutes for the B site, the electron density between Zn
atom and N atom gets closer to the N atom. The same situa-
tion for Zn substituting for N site also appears, but the distor-
tion of charge density is much weaker. This is because the
electronegativity of B, N, Zn is 2.00, 3.00, 0.91, respectively,
and the difference in electronegativity between Zn and N is
larger than that between Zn and B.>"*® As a result, ionicity
of the Zng-N bond is stronger than that of Znn-B, and the lat-
ter’s distortion of charge distribution is not as apparent as the

| Zng 050 |deal cBN Zn
-0.275
-0.053 1
l‘n ON NO 1 --0.17 ‘5 4N. eN. " &
B Zn -039 B B
i 4 . .

J. Appl. Phys. 116, 043507 (2014)
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FIG. 6. Conductivity of Zn doping c¢BN films at room temperature and at
570K plotted as a function of Zn concentration. Films were deposited in
pure argon and a mixture of argon and nitrogen (Ar:N, = 18:2).

former’s. Electrons are less localized in the situation of Zny
compared with that of Zng, thus offering more free carriers.

B. Experimental results

Figure 6 shows the conductivities of Zn-doped cBN
films deposited in pure argon and 90% Ar + 10% N, mixture
gas, respectively. According to our previous results, in the
case of cBN films deposited in pure Ar, the Zn concentration
in ¢cBN is increased with B/(B + N), suggesting Zn atoms
were mainly located in the N sites, namely Zn substituted for
N atoms. While for films prepared in Ar+ N,, Zn mainly
substituted B atoms.'® From Fig. 6, the conductivities of
c¢BN films prepared in Ar+ N, were measured to be below
107° S/cm either at room temperature or at 570 K. The con-
ductivities of cBN films prepared in pure Ar were measured
to be as high as 7.4 x 10~ and 6.1 x 107? S/cm at room
temperature and 570K, respectively, which are four orders
of magnitude higher than those of films deposited in an Ar-
N, mixture gas.'®

Based on the calculated results shown in Table I and
Figs. 1 and 5, we can interpret our above mentioned experi-
mental results. It is normally expected that, in anion-rich
films, impurity atom substitution for cations has lower for-
mation energy, and substitution for anions is the oppo-
site.?° In the case of cBN with less N-vacancy, formation
energy of Zny is too high to be realized. At the same time,
interstitial doping is suppressed because of the large Zn atom

R FIG. 5. Differential charge density on
(110) surface of intrinsic ¢cBN, Zng
and Zny doped cBN.
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size. Therefore, Zn substituted for B atom preferably occurs
in ideal stoichiometry or N-rich composition, for example,
cBN films deposited in Ar+ N,. However, the large differ-
ence in electronegativity between Zn and N induced the elec-
trons between Zn and N to be tied around N atoms and
formed big localized states, leading to difficulty in generat-
ing free carriers. As a result, the electronic doping effect is
suppressed. On the other hand, in the case of films with
plenty of N-vacancy, such as cBN films deposited in pure Ar
(B-rich conditions), richness in B atom and N vacancy pro-
vided greater possibility to achieve Zny-doped cBN as the
grey area shown in Fig. 2. Nonequilibrium deposition
method such as sputtering, plasma enhanced chemical vapor
deposition might be a key to achieve this anti-site doping in
cBN thin films. As a result, free holes are generated in Zny-
doped c¢BN with plenty of N-vacancies, which can result in
p-type conduction in these films.'”"'® These results theoreti-
cally showed that control of stoichiometry is essential for
doping in ¢cBN film with Zn. Here, the contribution of B va-
cancy for the p-type conductivity was neglected, because the
conductivity of cBN films prepared under similar conditions
without doping is too low compared to those of the Zn doped
¢BN prepared in pure Ar.*'~*?

V. CONCLUSIONS

In summary, we have performed the first principle cal-
culations to investigate the structural and electronic structure
of Zn-doped cBN. Zn can substitute for both B site and N
site, both forming p-type conductivity of cBN. Though Zn
substitution of B atom is energetically favorable, the large
difference in electronegativity between Zn and N makes the
acceptor levels strongly localized, thus reducing effective
carriers. Zn substitution for N atom of cBN with high p-type
conductivity can only be achieved under conditions of rich
in B atom and N vacancy. The theoretical approach is in ac-
cordance with experimental results of electronic conductivity
of Zn-doped cBN films with different stoichiometry.
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