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This work investigates the suppression and compensation effect of oxygen on the behaviors and characteristics of
heavily boron-doped microwave plasma chemical vapor deposition (MPCVD) diamond films. The suppression effect of
oxygen on boron incorporation is observed by an improvement in crystal quality when oxygen is added during the dia-
mond doping process. A relatively low hole concentration is expected and verified by Hall effect measurements due to
the compensation effect of oxygen as a deep donor in diamond. A low acceptor concentration, high compensation donor
concentration and relatively larger acceptor ionization energy are then induced by the incorporation of oxygen; however, a
heavily boron-doped diamond film with high crystal quality can also be expected. The formation of an oxygen–boron com-
plex structure instead of oxygen substitution, as indicated by the results of x-ray photoelectron spectroscopy, is suggested to
be more responsible for the observed enhanced compensation effect due to its predicted low formation energy. Meanwhile,
density functional theory calculations show that the boron–oxygen complex structure is easily formed in diamond with
a formation energy of −0.83 eV. This work provides a comprehensive understanding of oxygen compensation in heavily
boron-doped diamond.

Keywords: diamond, boron–oxygen co-doping, incorporation efficiency, ionization energy, compensation,
boron–oxygen complex
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1. Introduction

Boron-doped diamond is considered to be an excel-
lent semiconductor with prospects for applications in heavy
metal detection,[1,2] pH sensing[3,4] and electrochemical
conversion.[5,6] Plasma chemical synthesis of boron-doped
chemical vapor deposition (CVD) diamonds has attracted con-
siderable attention due to its feasibility for synthesizing high-
quality diamond and its convenience for controlling the dop-
ing concentration.[7] The properties of boron-doped diamond
films have been widely investigated using the microwave
plasma chemical vapor deposition (MPCVD) technique.[8–12]

For example, Mortet et al.[12] reported that diamond with a
high crystal quality was obtained by the MPCVD technique
with a boron to carbon (B/C) ratio between 1000 ppm to
30000 ppm.

However, taking into account potential practical appli-
cations, diamond with a high crystal quality is crucial for
achieving good performance of diamond-based devices.[13]

Hence, much effort has been devoted to the synthesis of high-
quality diamond by the MPCVD technique.[14,15] In recent
years, co-doping technology has been frequently employed
in the area of wide-bandgap semiconductor material growth,

especially in diamond.[16–18] Co-doping is a promising strat-
egy that can be used to effectively tune the dopant popula-
tions, electronic properties and magnetic properties, resulting
in an increase in dopant solubility, an increase in the activa-
tion rate by lowering the ionization energy of acceptors and
donors and an increase in the carrier mobility.[16] For exam-
ple, the effect of co-doping of sulfur and boron on the crys-
tal quality of diamond and their incorporation efficiency were
studied by Liu et al.[17] They observed that sulfur incorpo-
ration led to evolution of the boron doping efficiency, hole
mobility and concentration, crystal quality, surface morphol-
ogy and growth rate. Boron and oxygen co-doped diamond
has been prepared by MPCVD technology[19–23] and by ion
implantation.[24,25] However, most of the previous literature
has focused on the effect of oxygen on the diamond growth
rate,[19] the crystal quality of diamond[20,21] and the boron in-
corporation efficiency[22,23] as well as the structural and elec-
trical properties of diamond.[24,25] Works on the effect of oxy-
gen on the active energy of boron and on the acceptor concen-
tration, and the compensation effect of oxygen on boron-doped
diamond, are quite rare. In particular, the compensation mech-
anism of oxygen is still not clear. We carried out the present
work in order to obtain a comprehensive understanding of the
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compensation mechanism of oxygen.
In this work, the suppression and compensation effects

of oxygen on heavily boron-doped diamond films are fully
investigated. The as-grown diamond films were character-
ized by atomic force microscopy (AFM), Fourier transform
infrared spectroscopy (FTIR), optical emission spectroscopy
(OES), Raman scattering spectroscopy, x-ray photoelectron
spectroscopy (XPS) and Hall effect measurements. The effect
of oxygen on the surface morphology, crystal quality, elec-
tronic properties and boron incorporation efficiency were sys-
temically studied. What is more, the effect of oxygen on the
ionization energy of boron acceptors and the compensation ef-
fect of oxygen on boron-doped diamond were also studied.

2. Experimental and theoretical calculation de-
tails
Diamond films were grown on (100)-oriented type

Ib single-crystalline CVD diamond substrates (3.0 mm ×
3.0 mm × 1.0 mm) by the MPCVD technique. Boron and
oxygen were incorporated using diborane (B2H6) and oxygen
(O2) as the respective dopant gas sources. The molar ratio of
the CH4/H2 mixture gas, growth pressure, substrate tempera-
ture and microwave power were 4%, 135 Torr, ∼ 850 ◦C and
3.8 kW, respectively. Boron-doped diamond films with differ-
ent boron concentrations were grown with the boron to carbon
ratio (B/C) fixed at 250 ppm, 1000 ppm, and 2500 ppm. To
investigate the effect of oxygen on the properties of boron-
doped diamond films, oxygen was added in the gas phase
with the gas flow ratio of oxygen to carbon (O/C) kept at
0% (B/C = 2500 ppm), 2.5% (B/C = 2500 ppm), and 5.0%
(B/C = 2500 ppm). Details on the operational processes and
growth conditions can be found in the supplementary material.
The surface morphology of diamond was obtained by AFM
(NTEGRA) in tapping mode. Micro-Raman scattering spectra
were recorded using a 514/633 nm laser as excitation with a
confocal microscope (Horiba Jobin Yvon) at 100× magnifi-
cation (numerical aperture, NA, 0.9). The electronic proper-
ties of diamond were measured on an HL5500PC Hall effect
measurement system with a magnetic field of 0.6 T at variable
temperatures from 300 K to 825 K. To achieve ohmic contacts,
Ti (30 nm)/Au (100 nm) films were evaporation deposited and
vacuum annealed at 500 ◦C for 0.5 h before the measurements.
Details of the model for each apparatus and the specific condi-
tions for each measurement can be found in the supplementary
material.

The total energy and electronic structure of B–O defect
complexes in diamond were studied through density func-
tional theory based first-principles calculations. Our simula-
tion uses a 2×2×2 supercell geometry containing 64 atoms.
The valence–core interactions are described by the norm-
conserving pseudopotentials, and the generalized gradient ap-

proximation (GGA) parameterized by Perdew, Burke and
Ernzerhof (PBE) is employed for the exchange–correlation
functional.[26,27] We adopt a plane-wave basis set with a cut-
off energy of 340 eV. The total energy converges to 1 ×
10−6 eV/atom for optimizing the electronic structure in the
self-consistent calculation.[28,29] A 2×2×2 Monkhorst–Pack
k-point mesh is adopted for integration in the first Brillouin
zone.

3. Results and discussion
The surface morphology of boron-doped and boron and

oxygen co-doped diamond films was characterized by AFM.
As shown in Fig. 1, the surface of diamond films exhibits etch-
ing pits with the shape of an ‘inverted pyramid’. A similar
phenomenon had been observed by Fiori et al.,[30] and it was
believed that the etching pits were related to the critical plasma
chemistry. With increasing B/C gas flow ratio the density of
the etching pits is increased, which indicates that the crystal
quality of the diamond films decreases. This may be related to
the lattice distortion induced by the incorporation of excess
boron atoms. Moreover, with the incorporation of oxygen,
the density of the etching pits is obviously decreased, and the
root mean square (RMS) roughness decreases from 48.3 nm
(O/C = 0%) to 9.7 nm (O/C = 2.5%), which suggests that
the crystal quality has been improved.
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Fig. 1. AFM photographs of boron-doped and boron and oxygen co-
doped diamond films: (a) B/C = 250 ppm, O/C = 0%; (b) B/C =
1000 ppm, O/C = 0%; (c) B/C = 2500 ppm, O/C = 0%; (d) B/C =
2500 ppm, O/C = 2.5%.

Raman scattering spectroscopy is a non-destructive tech-
nique widely used for the characterization of diamond. The
full width at half maximum (FWHM) of the Raman peaks is
representative of the crystal quality of diamond.[24] The Ra-
man scattering spectra of boron-doped and boron and oxygen
co-doped diamond films (with 514 nm excitation) are shown
in Fig. 2(a). As shown in Fig. 2(a), the FWHM of the Raman
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scattering peak of diamond films decreases from 2.86 cm−1

(O/C = 0%) to 2.69 cm−1 (O/C = 5.0%), which confirms
that with the incorporation of oxygen the crystal quality of
diamond has been improved. This may be related to the de-
crease in the growth rate of diamond with the incorporation of
oxygen (as illustrated in Fig. 2(b)).
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Fig. 2. (a) Raman scattering spectra of boron-doped and boron and oxy-
gen co-doped diamond films with 514 nm excitation. (b) Growth rate of
diamond films and the FWHM of the diamond Raman scattering peak as
a function of the O/C ratio. (c) Raman scattering spectra of the CVD
substrate and boron-doped diamond films with 633 nm excitation.

Figure 2(c) shows the Raman scattering spectroscopy of
substrate and boron-doped diamond films (with a 633 nm ex-
citation). As shown in Fig. 2(c), only an intense one-phonon
diamond Raman line located at 1332.4 cm−1 was observed in
the CVD substrate. With boron doping, the Raman scattering

spectra exhibit an asymmetrical change and three new scatter-
ing peaks located at 588 cm−1, 910 cm−1, and 1024 cm−1 are
observed. As described in the literature, the scattering peaks
at 588 cm−1, 910 cm−1, and 1042 cm−1 may be related to
the local mode vibration of boron atoms or the change in the
diamond phonon density of states caused by defects.[31]

Hall effect measurements were performed at room tem-
perature using an HL5500PC Hall effect measurement sys-
tem. As shown in Fig. 3(a), with increasing B/C ratio the
hole concentration increases from 8.1 × 1017 cm−3 (B/C =

250 ppm) to 5.7 × 1020 cm−3 (B/C = 1000 ppm) and then
to 1.7 × 1021 cm−3 (B/C = 2500 ppm). Correspondingly,
the hole mobility decreases from 11.7 cm2·V−1·s−1 (B/C =

250 ppm) to 0.4 cm2·V−1·s−1 (B/C = 1000 ppm) and then
to 0.1 cm2·V−1·s−1 (B/C = 2500 ppm). These results show
that more boron atoms were incorporated into diamond as
the B/C ratio increased. The hole concentration increased
to 1021 cm−3 when the B/C ratio was fixed at 2500 ppm,
which indicates that the doping has reached a heavy dop-
ing level. With the incorporation of oxygen, however, as
shown in Fig. 3(b), the hole concentration decreases from
1.7 × 1021 cm−3 (O/C = 0%) to 4.3 × 1019 cm−3 (O/C =

2.5%) and then to 1.5× 1019 cm−3 (O/C = 5.0%), indicat-
ing that the boron concentration in diamond decreases with
the incorporation of oxygen. In order to illustrate the effect of
oxygen on the boron incorporation efficiency, the concentra-
tion of boron incorporated in diamond needs to be measured.

FTIR has proved to be a sensitive and powerful tool for
characterizing the bond concentration in diamond.[32] Fig-
ure 3(c) illustrates the typical FTIR spectra of a CVD sub-
strate and boron-doped and boron and oxygen co-doped di-
amond films. As shown in Fig. 3(c), three peaks located at
1970 cm−1, 2030 cm−1, and 2160 cm−1 are the characteristic
peaks of diamond, which originate from the vibration of C–C
bonds. With the incorporation of boron, a new peak located
at 1290 cm−1 was observed, which has been correlated with
boron content. The one-phonon absorption peak at 1290 cm−1

was used to calculate boron concentration with the formula[32]

B
(
cm−3)= 2.1×1017 ×α

(
at 1290 cm−1) , (1)

α
(
at 1290 cm−1)= A

(
at 1290 cm−1

)
t

, (2)

where B and t are the boron concentration in diamond and the
film thickness, respectively. A is the integrated intensity of the
absorbance from 1250 cm−1 to 1300 cm−1. The calculated
boron concentrations in diamond are 6.4×1021 cm−3 (O/C =

0%), 8.7× 1020 cm−3 (O/C = 2.5%), and 9.3× 1019 cm−3

(O/C = 5.0%), respectively. The boron concentration de-
creased with incorporation of oxygen (as shown in Fig. 3(d)),
which shows that oxygen decreases the incorporation effi-
ciency of boron.
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Fig. 3. (a) Hole concentration and hole mobility of boron-doped diamond as a function of the B/C ratio. (b) Hole concentration and hole mobility
of boron-doped and boron and oxygen co-doped diamond as a function of the O/C ratio. (c) FTIR spectra of the CVD substrate and boron-doped
and boron and oxygen co-doped diamond films. (d) The calculated boron concentration in diamond.
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Fig. 4. (a) OES results for CH4–H2–B2H6 and CH4–H2–B2H6–O2 mixtures in the MPCVD system. (b) Enlarged view of the OES spectra with
wavelengths from 432 nm to 435 nm. The inset shows the intensity ratio of BH radicals to atomic hydrogen Hγ radicals as a function of the O/C ratio.

In order to further illustrate the effect of oxygen on the
incorporation efficiency of boron, OES was employed to ana-
lyze the composition of the gas mixture. Figure 4 shows the
OES results for CH4–H2–B2H6 and CH4–H2–B2H6–O2 mix-
tures in the MPCVD system. As shown in Fig. 4(a), the opti-
cal emission lines located at 434.0 nm and 486.1 nm originate
from atomic hydrogen Hγ radicals and atomic Hβ radicals,[33]

respectively. The optical emission lines located at 433.2 nm
and 516.6 nm originate from BH and C2 radicals,[34] respec-
tively. As illustrated in Fig. 4(b), the intensity ratio of BH rad-
icals to atomic hydrogen Hγ radicals decreases with increase
in the O/C ratio, which indicates that the boron incorporation

efficiency has decreased. Hence, the FTIR and OES results
confirm that oxygen decreases the incorporation efficiency of
boron in diamond.

In order to investigate the influence of oxygen on the ion-
ization energy of boron, the as-grown diamond films were
investigated by Hall effect measurements with measurement
temperatures from 300 K to 825 K. Figure 5(a) shows that
the resistivity of boron-doped and boron and oxygen co-doped
diamond films varies with measurement temperatures from
300 K to 825 K. As illustrated in Fig. 5(a), the resistivity of di-
amond decreases with increasing temperature. What is more,
literature reports state that the ionization energy of boron ac-
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ceptors can be fitted to the temperature dependence of the re-
sistivity by the following formula:[35]

lnρ = lnA− Ea

kB
· 1

T
. (3)

In formula (3), ρ (Ω · cm) and Ea (eV) represent the resistiv-
ity of diamond and the ionization energy of the boron acceptor,
respectively. kB is the Boltzmann constant. The fitted graphs
are shown in Figs. 5(b)–5(d) and the fitted ionization energy
of boron acceptors is 43.4 meV. The fitted ionization ener-
gies of boron and oxygen co-doped diamond are 56.8 meV
(O/C = 2.5%) and 71.8 meV (O/C = 5.0%), respectively.
These results show that the ionization energy of boron accep-
tors increases with the incorporation of oxygen. This may be
related to a decrease in the boron concentration in diamond
induced by oxygen (the FTIR results confirm that the concen-
tration of boron in diamond decreases with the incorporation
of oxygen).

For a p-type semiconductor, the general description of the
hole concentration p at a temperature T is given by the follow-
ing equation:[36]

gd p(ND + p)
MV (NA −ND − p)

= exp
(
−

Ei

kBT

)
. (4)

Here, Ei and kB are the ionization energy of the acceptor
and the Boltzmann constant, respectively. NA and ND are the
acceptor concentration and donor concentration, respectively.

MV and p are the effective density of states of the valence band
and the hole concentration in diamond, respectively. gd is the
acceptor degeneracy. The acceptor concentration and donor
concentration were fitted by MATLAB 9.0 with a curve fitting
package tool (the fitting curve is shown in Fig. S1). For boron-
doped diamond, the fitted acceptor concentration (NA) and
donor concentration (ND) are 2.6× 1021 cm−3 (O/C = 0%)
and 6.6× 1016 cm−3 (O/C = 0%), respectively. The donor
concentration originates from unintentionally doped nitrogen
atoms during the preparation of the film. For boron and
oxygen co-doped diamond, the fitted acceptor concentrations
(NA) are 1.8×1020 cm−3 (O/C = 2.5%) and 5.0×1019 cm−3

(O/C = 5.0%). The corresponding fitted donor concentrations
(ND) are 7.9×1017 cm−3 (O/C = 2.5%) and 1.7×1018 cm−3

(O/C = 5.0%). The results show that, with increasing O/C
ratio, the acceptor concentration (NA) decreases and the donor
concentration (ND) increases. Our analysis is that as oxygen as
a donor exits the diamond oxygen compensation is increased
with increasing O/C ratio, which results in a decrease in the
acceptor concentration (NA).

In order to evaluate the effect of the oxygen compensa-
tion mechanism on boron doping behavior, the XPS spectra
were analyzed. Figure 6 shows the carbon, boron and oxy-
gen 1s core level XPS signals of boron and oxygen co-doped
diamonds. For the carbon 1s line, four peaks have been decon-
voluted, and the 283.1 eV peak and 286.0 eV peak are assigned
to the C–B bond and C–O bond,[37] respectively. The 283.8 eV
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peak and 284.5 eV peak are ascribed to the C–C bond (sp2) and
C–C bond (sp3),[37] respectively. Two peaks of the boron 1s
lines originate from the B–C (187.0 eV) and B–O (187.7 eV)
bonds.[38] Two peaks of oxygen 1s lines are ascribed to the O–
B (532.1 eV) and O–C (533.0 eV) bonds.[38] Moreover, XPS
is also known as a powerful tool for quantifying the doping
concentration of the dopants by comparing the relative area
ratio among components by considering the sensitivity factor
of each component.[37] In order to illustrate the relative dop-
ing concentration of boron, we determined the area ratio of
boron 1s lines over the sum of the area of carbon 1s, boron
1s and oxygen 1s lines (the oxygen doping concentration is
also calculated as boron). As shown in Fig. 6, with increasing
O/C ratio from 2.5% to 5.0%, the boron component in dia-
mond decreases from 0.091% to 0.073% and the oxygen com-
ponent in diamond increases from 0.042% to 0.052%, which
implies that with increasing O/C ratio more oxygen atoms are
incorporated into diamond. Hence, oxygen compensation is
increased and the acceptor concentration (NA) is decreased.

Furthermore, for the oxygen 1s line we determined the
ratio of the O–B component to the O–B and O–C compo-
nents. It was interesting to find that the O–B component in
diamond increases from 63.49% to 73.73%. At the same time,
for the boron 1s line, we determined the ratio of the B–O
component to the B–O and B–C components in the boron 1s
line. The results show that the B–O component in diamond in-
creases from 19.35% (O/C= 2.5%) to 29.88% (O/C= 5.0%),
which is consistent with the result derived from the oxygen 1s
line. These results show that with the introduction of oxygen
into boron-doped diamond, a B–O complex structure is eas-
ily formed in diamond, with a level of 0.574 eV below the

conduction band. In order to check the stability of the B–
O complex, we carried out brief first-principles density func-
tional theory calculations on the diamond lattice with a B–O
complex structure.
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Fig. 7. (a) The band structure and (b) the partial density of states (PDOS)
of a B–O complex in a diamond lattice. The inset in (b) shows the struc-
ture of the B–O complex in a diamond host lattice.

We built a 64-atom 2×2×2 supercell with a B–O com-
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plex in the diamond host lattice. Firstly, the formation energy
of the B–O complex in diamond was only −0.83 eV, suggest-
ing that the complex structure is quite stable in a diamond lat-
tice. Secondly, figure 7 shows both the band structure and
the partial density of states of the diamond lattice with a B–O
complex. Two extra bands are observed in the forbidden band.
After comparing the energy level between Figs. 7(a) and 7(b),
band I is attributed to a deep level almost solely related to the
oxygen 2p orbital, whereas band II originates from the hy-
bridization of the B 2p and O 2p orbitals. Both extra energy
bands are quite deep and could act as compensation centers for
the shallow boron acceptors.

4. Summary
In conclusion, the suppression and compensation behav-

iors of oxygen in heavily boron-doped diamond films were
systematically investigated. With incorporation of oxygen,
the crystal quality of diamond is improved and the oxygen
decreases the boron incorporation efficiency. Moreover, the
ionization energy of boron is increased, and the acceptor con-
centration is decreased with oxygen incorporation, which is
related to the fact that oxygen exists as a donor in diamond
so the co-doping of oxygen would compensate the boron ac-
ceptor. What is more, with incorporation of oxygen, a B–O
complex structure is formed. Density functional theory calcu-
lations show that the B–O complex structure is easily formed
in diamond with a formation energy of −0.83 eV.
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