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The effect of trace oxygen on the light-doping behavior of boron in diamond films during microwave plasma chemical
vapor deposition was experimentally investigated. Boron-doped diamond films were grown continuously under different
oxygen concentrations [oxygen/carbon (O/C) = 0%–5%]. When oxygen was added during the diamond doping process,
improvements in crystal quality and surface morphology were observed, and residual nitrogen was significantly suppressed.
However, further increasing the oxygen concentration could lead to surface defects. We evaluated and discussed the carrier
mobility, carrier concentration and boron content of the samples. At room temperature, under the condition of O/C =
4%, the maximum hole mobility reached 1400 cm2·V−1·s−1, and a higher carrier concentration of 1.5 ×1015 cm−3 was
obtained, which is an excellent result compared with all previous studies. In addition, the characteristic peaks that ap-
peared in both low-temperature photoluminescence spectra and absorption spectra were analyzed, and it was found that the
characteristic peak at 4.7 eV (270 nm) may correspond to a boron–nitrogen complex, supplementing the effect of boron-
doped diamond on defect formation. These findings demonstrate the potential of controlling the boron concentration in
diamond films using oxygen concentration in a plasma environment and open avenues for future applications in advanced
optoelectronic devices.

Keywords: diamond, chemical vapor deposition, impurity concentration, electrical properties, infrared and
Raman spectra
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1. Introduction
Diamond is a wide-bandgap semiconductor that ex-

hibits exceptional properties, such as an ultra-wide bandgap
(5.5 eV), extreme hardness (1200 GPa), high electron and
hole mobility (4000 cm2·V−1·s−1), superior thermal conduc-
tivity (20 W·cm−1·K−1) and a substantial breakdown field
strength (10 MV·cm−1). It also has perfect chemical sta-
bility and is known as the ‘ultimate semiconductor ma-
terial’. These characteristics enable applications in high-
temperature, high-frequency, high-voltage and high-power
electronic devices.[1–4] Boron-doped single-crystal diamond
shows particular promise for advanced power electronics, and
precise dopant control is one of the most difficult challenges.
Boron is an acceptor in diamond and a carbon atom replaced
by a boron atom generates an acceptor level near the top of
valence band with an activation energy of 0.37 eV,[5] the shal-
low acceptor depth of which facilitates p-type conduction in
ultra-wide bandgap semiconductors.[6,7] Recent research fo-
cusing on high-mobility and high-carrier-concentration boron-
doped diamond has gained attention for high-power diamond

Schottky diodes.[8] Among various synthesis methods, mi-
crowave plasma chemical vapor deposition (MPCVD) tech-
nology enables controlled epitaxial growth through modula-
tion by changing the concentration of methane and doping gas
and controlling the growth temperature and microwave power.
It has been widely employed to grow p-type diamond with
high crystal quality and doping concentrations.[9]

Boron doping may induce lattice mismatch and gener-
ate defects (dislocations and point defects), which compro-
mise crystal quality and degrade the electrical properties, so
highly efficient p-type diamond is still not easy to achieve.
The research results of Mortet et al.,[10] Yap et al.,[11] Volpe
et al.[9] and Ding et al.[12] have shown that it is very diffi-
cult to achieve a high hole concentration and high mobility (or
high crystal quality) in p-type diamond simultaneously. Co-
doping has emerged as a common approach in the growth
of wide-bandgap semiconductor materials to maintain high
carrier density while having high mobility;[13,14] this enables
precise modulation of the dopant population, electronic char-
acteristics and magnetic properties, promotes dopant ioniza-
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tion and restores lattice mismatch. Doping with multiple el-
ements (such as boron with sulfur, phosphorus, nitrogen and
oxygen) significantly regulates the growth and material prop-
erties of boron-doped diamond and can improve the lattice
quality.[4,15–17] These co-dopants act as surfactants at growth
interfaces, greatly boosting the efficiency of boron incorpo-
ration. Additionally, they regulate surface growth processes
including atomic migration, adsorption and desorption. Oxy-
gen merits particular attention due to its plasma etching effect,
which demonstrably enhances diamond quality during boron
incorporation.[3,18–20] Despite these advances, diamond semi-
conductors concurrently exhibiting high carrier density and
high mobility remain unrealized. Further performance gains
may require optimized fabrication processes. Thus, investi-
gating the impact of oxygen on boron-doping behavior is crit-
ical for developing high-performance p-type diamond elec-
tronic devices. This study explores trace oxygen incorpora-
tion during very light boron doping to assess its influence on
higher hole concentration and mobility. Successful implemen-
tation could advance diamond-based p-channel metal–oxide–
semiconductor device technology through superior p-type di-
amond material.

In this work, we synthesized boron-doped p-type dia-
mond via MPCVD using diborane (B2H6) and oxygen (O2)
as the gas sources. We characterized the as-grown diamond
films through atomic force microscopy (AFM), Raman scatter-
ing spectroscopy, x-ray diffraction (XRD), photoluminescence
(PL) spectroscopy, Fourier transform infrared (FTIR) trans-
mission spectra, absorption spectra and Hall effect measure-
ments. We systematically investigated the influence of varying
the trace oxygen concentration on surface morphology, crystal
quality, luminescence properties, boron doping efficiency and
electrical properties in relatively lightly boron-doped diamond
films, and simultaneously achieved p-type diamond films with
high mobility and carrier concentration. Low-temperature PL
and absorption spectra revealed previously unreported defect
signatures. The 4.7 eV (270 nm) peak was identified as a
boron–nitrogen complex, providing new insights into the de-
fect formation mechanisms in doped diamond.

2. Method
Boron-doped diamonds were fabricated by MPCVD

(HMPS-2040SP) on (100)-oriented Ib-type single-crystalline
chemical vapor deposition (CVD) diamond substrates
(3 mm×3 mm×1 mm). First, the substrate was heated in
sulfuric acid and nitric acid (v(H2SO4):v(HNO3) = 3:1) at
300 ◦C for 1 h to remove non-diamond phases from the sur-
face of the crystalline species. This was followed by sequen-
tial ultrasonic rinsing in acetone, ethanol and deionized wa-
ter (10 min each) to remove organic matter and impurities on
the surface, and finally nitrogen drying. During the growth,

the flow rates of high-purity CH4 and H2 (5N) were main-
tained at 20 sccm and 500 sccm, respectively. The hydro-
gen gas flowed through a purifier before entering the reaction
chamber. Before the growth, the surface of the substrate was
systematically etched with hydrogen plasma for 15 min to re-
move surface defects. To ensure the incorporation of boron
and oxygen, high-purity diborane and oxygen (5N) were used
as dopants. The gas phase ratio of B/C was fixed at 5 ppm for
all samples. To investigate the effect of trace oxygen on boron-
doped diamond films, the oxygen concentration evaluated by
the oxygen/carbon (O/C) gas ratio was kept at 0%, 1%, 2%,
3%, 4% and 5%. A molybdenum ring beneath the susceptor
minimized heat dissipation, enabling lower microwave power.
The chamber pressure and microwave power were maintained
at 180 Torr and 3.8 kW, respectively, and the substrate temper-
ature was set to 840 ◦C as calibrated by an infrared pyrome-
ter. The trace and stable dopant flow rate were regulated using
flow controllers with precision valves. After growth for 1 h,
samples were washed with aqua regia at 220 ◦C for 30 min
to remove graphitic and metallic contaminants. After chem-
ical treatment, the samples were also rinsed in solvent with
acetone, alcohol and deionized water.

After the growth, optical characterization and electrical
testing of all samples were required. The mass change was
measured using a precision electronic balance and the thick-
ness of the boron-doped film was determined by calibrating
the thickness change before and after growth with a spiral mi-
crometer. To investigate the surface morphology of diamond,
AFM (NTEGRA) in tapping mode was used to quantify the
root mean square (RMS) roughness of the film. Raman scat-
tering spectra and PL spectra were acquired at 100× magni-
fication (numerical aperture = 0.9) using a confocal micro-
scope (Horiba Jobin Yvon) with a 514 nm laser as the exci-
tation source. The crystalline quality of the grown diamond
layer was monitored by XRD (PANalytical). We further used
a 213 nm laser (Xiton IMPRESS-213) to record PL spectra
at 10 K for analyzing the concentration of boron-bound ex-
citons and other defects. The characteristic absorption (Cary
5000) peaks obtained from absorption spectra could confirm
the defect shown by low-temperature PL. FTIR (Nicolet iS50
FT-IR) could estimate the boron concentration in the epilayer,
which was compared with the concentration of boron-bound
excitons. Hall effect measurements (HL5500PC) were per-
formed at room temperature (300 K) using the van der Pauw
configuration to determine the electrical properties (hole con-
centration and mobility) of the films. The electrode material
consisting of Ti/Au (50 nm/100 nm) was prepared by electron
beam evaporation (DE500CL) on the four corners of the sam-
ple. The plated electrode sample was annealed at 500 ◦C in a
vacuum environment for 30 min.
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3. Results and discussion
In this work, the surface morphology, defect density and

crystal quality of lightly boron-doped diamond films were
modulated by controlling the O/C ratio. Figure 1 reveals a
non-monotonic dependence of the diamond growth rate on
the O/C ratio. We also used a precision electronic balance
to obtain the mass change to compensate for the error; the
mass changes and the film thickness converted from mass
change caused by different O/C ratios are plotted in Fig. S1.
It can be seen that the growth rate increases from 6 µm·h−1

to 9 µm·h−1 with the initial introduction of oxygen (O/C
< 3%), but declines to 5 µm·h−1 at O/C = 5%. The kinetic
mechanism involves dual roles for oxygen. When there is
a small amount of oxygen in the plasma, microwave energy
cracks O2 into free radicals (such as OH, O, etc.), catalyzing
methane decomposition.[21] This elevates the concentration of
C2 species in the plasma, accelerating carbon deposition. At
high O/C ratios, excess oxygen exhibits hydrogen-like etching
behavior,[16] resulting in a reduction in the carbon deposition
rate. Excess oxygen induces the concentration of methyl radi-
cals, which further inhibits diamond growth.[22]
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Fig. 1. The growth rate of boron-doped diamond films varies with in-
crease in the O/C gas ratio.

AFM images (10 µm×10 µm scan area) reveal oxygen-
dependent evolution of surface features in lightly boron-doped
diamond films with corresponding RMS roughness (Fig. 2).
We provide two additional scans from different areas of the
same sample to confirm consistency with data reported in the
literature and plot them in Fig. S2. We calculated the aver-
age RMS from three different scan areas of the same sample
and plot them in Fig. 2(b), adding an error bar for each re-
sult. All samples exhibit stripe-like growth hillocks and non-
epitaxial crystalline particles — characteristic morphological
defects in homoepitaxial CVD diamond. The striped hillocks
grown on (100) epitaxial CVD diamond layers are attributed
to nucleation at surface defects or repeated two-dimensional
nucleation,[23] which initiate nucleation at interfacial stack-
ing faults or dislocations.[24,25] Atomic steps will be gen-
erated on the (100) surface of epitaxial CVD diamond and
macroscopic steps will be formed when radical surface diffu-
sion rates match step advancement.[26] The two-dimensional

nuclei will coalesce into a larger step and form a hierarchi-
cal spiral structure to produce striped hillocks.[27] Concur-
rently observed “inverted pyramid” etching pits in the surface
film correlate with critical plasma chemistry.[28] Boron mon-
odoped film (O/C = 0%) shows abundant etch pits and large
streak hillocks caused by threading dislocations induced dur-
ing the growth process.[29] With the addition of oxygen, the
RMS roughness (Rq) decreases from 3.07 nm (O/C = 0%) to
0.64 nm (O/C = 1%), indicating that the surface quality is im-
proved. Since the etching rate of trace oxygen free radicals
is faster than that of hydrogen and the surface defects of dia-
mond formed during the diamond growth process will be eas-
ily etched by oxygen free radicals,[30] this could form an atom-
ically smooth surface morphology. Excess oxygen can accel-
erate surface etching and doping with more oxygen atoms pro-
duces lattice distortion, thereby reducing surface quality. As
the O/C ratio gradually increases to 5%, the RMS roughness
of the diamond sample due to etching also gradually increases
to 3.12 nm. However, a smaller roughness (Rq = 1.45 nm)
appears under the condition O/C = 4%, which may be related
to the small number of defects and high lattice quality of the
sample. For the sample with O/C = 1%, a very high surface
quality is obtained, with few hillocks and etching pits seen on
the grown surface.

The Raman spectrum obtained from the diamond films is
shown in Fig. 3(a); we measure two additional Raman spec-
tra for each sample and plot them in Fig. S3. Figure 3(b)
plots the average full width at half maximum (FWHM) of
the three times diamond characteristic peak at 1333 cm−1.[31]

In Fig. 3(a), all samples exhibit the characteristic diamond
peak at 1333 cm−1 with no detectable G peak (∼ 1550 cm−1)
in the 1500–1700 cm−1 range,[32] confirming the absence of
graphitic phases. The FWHM of the diamond characteris-
tic peak, quantified in Fig. 3(b), demonstrates a strong cor-
relation with AFM RMS roughness trend,[27] indicating the
synchronized impact of oxygen on lattice quality and surface
morphology. Therefore, minimal FWHM values at oxygen
concentrations of 1% and 4% signify optimal crystal quality,
where trace oxygen can balance the lattice mismatch caused
by boron doping and mitigate boron-induced lattice strain.[21]

We find that oxygen-deficient conditions (O/C = 0%) yield
lower growth rates without quality improvement, while ex-
cess oxygen (O/C = 5%) causes lattice distortion through
violent etching and substitutional defects, which cause lat-
tice mismatch and reduce lattice quality. The broad peak
around 1420 cm−1 corresponds to luminescence from NV0

centers,[31,33] as shown in Fig. 3(c). We use the character-
istic peak intensity of 1420 cm−1 to calculate the content of
nitrogen vacancies in the boron-doped diamond film, as plot-
ted in the upper right corner of Fig. 3(c). It can be seen that
trace oxygen inhibits nitrogen-related defects, whereas excess
oxygen promotes their formation.
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Fig. 2. (a) AFM images of boron-doped diamond films under different oxygen concentrations. (b) Variation diagram of the averaged root mean
square Rq of boron-doped diamond under different oxygen concentrations.

The Raman spectrum peak shifts relative to the standard
diamond peak (1333 cm−1) revealing the evolution of doping-
induced stress in the lattice structure caused by boron and oxy-
gen doping.[26,34] The change of stress in the film can be quan-
tified through biaxial stress approximation using the formula
σ =−0.567(υm −υ0),[35,36] where υ0 denotes the stress-free
reference (1333 cm−1) and υm represents measured peak po-
sitions, noting that compressive and tensile stresses, respec-
tively, induce higher and lower frequency shifts.[37] We ana-
lyze the characteristic Raman peak position in Fig. 3(a) and
plot it in Fig. 3(d). Systematic analysis of peak positions
demonstrates an upward wavenumber shift from 1332.1 cm−1

(O/C = 0%) to 1332.5 cm−1 (O/C = 2%–4%), correspond-

ing to decreased tensile stress from 0.51 GPa to 0.28 GPa.

This indicates that when trace amounts of oxygen are present,

the stress in the boron-doped diamond film is very small, and

when the oxygen concentration increases it will lead to an in-

crease in the internal tensile stress. The observed stress modu-

lation stems from atomic size disparity: boron atoms (larger

than carbon) and oxygen atoms (smaller than carbon) gen-

erate intrinsic strain during doping.[35] At low oxygen con-

centrations, oxygen compensates boron-induced lattice distor-

tion, minimizing net stress changes. However, increasing oxy-

gen incorporation expands the lattice parameter, and increases

thermal stress at the film–substrate interface.[36]
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Fig. 3. Raman characterization results of boron-doped diamond films with increasing O/C ratio: (a) Raman spectra of boron-doped diamond
films; (b) the averaged FWHM of the Raman scattering peak of diamond as a function of O/C ratio; (c) the characteristic peak of NV0 in the
Raman spectrum (the inset shows the intensity of the 1420 cm−1 peak changing with oxygen concentration); (d) Raman characteristic peak
position as a function of O/C ratio.
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The crystalline quality of boron-doped diamond films is
evaluated through XRD rocking curve analysis on the (004)
plane (Fig. 4(a)). The x-ray intensity of a single pixel is
extracted from the image series scanned by a given rocking
curve, and the peak position and width of the pixel are ex-
tracted by Gaussian fitting. The x-axis represents the varia-
tion of the omega scan (∆ω), while the y-axis represents the
normalization intensity of the diamond peaks. Figure 4(b)
shows the fitted FWHM of the XRD peak as a function of
oxygen concentration, indicating that oxygen-assisted growth
can improve the crystallinity of diamond,[8] and the best lat-
tice quality (FWHM = 85 arcsec) is obtained at O/C = 4%.
Raman analysis provides qualitatively compatible results. The
2θ scan results for all samples are shown in Fig. 4(c). The sole
reflection from the (400) Bragg planes confirms single-crystal
integrity across all doping conditions and no additional re-
flections characteristic of polycrystalline diamond growth are
observed.[38] Figure 4(d) plots the FWHM of the (400) peaks
in the 2θ scan, which is consistent with the rocking curve
trend. We plot the shift of the rocking curve peak position
with different O/C ratios in Fig. S4; the shift in the rocking
curve peak position is due to the mechanical bending of the
substrate and crystal. The peak position shifts from 59.42◦

(O/C = 0%) to a maximum angle of 59.82◦ (O/C = 3%), and
when the oxygen concentration continues to increase to 5% the
peak position decreases to 59.71◦. Therefore, the difference in
peak position can be used as evidence for stress analysis based
on the Raman peak shift.

-0.4 -0.2 0 0.2 0.4

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Dω (Ο)

O/C=0%

O/C=1%

O/C=2%

O/C=3%

O/C=4%

O/C=5%

0 1 2 3 4 5
75

100

125

150

175

200

225

F
W

H
M

 o
f 
X

R
D

 (
a
rc

se
c
)

O/C (%)

20 40 60 80 100 120

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

2θ (Ο)

(400)

(400)

(400)

(400)

(400)

(400)
O/C=0%

O/C=1%

O/C=2%

O/C=3%

O/C=4%

O/C=5%

0 1 2 3 4 5

200

250

300

350

400

450

F
W

H
M

 o
f 

2
θ 

(a
rc

se
c
)

O/C (%)

(a) (b)

(d)(c)

Fig. 4. XRD characterization results of boron-doped diamond films:
(a) XRD rocking curves in the (004) plane of boron-doped diamond
films; (b) the FWHM of the XRD peak as a function of O/C ratio; (c) the
2θ scan results; (d) the FWHM of 2θ as a function of O/C ratio.

We used PL spectroscopy to investigate defect character-
istics and properties of diamond (shown in Fig. 5). We discov-
ered the luminescence of nitrogen vacancies (NVs) in the film.
Figure 5(a) shows the PL spectra of all samples (the intensities
of NV0 and NV− centers have been normalized by the intrinsic

peak of diamond). PL of the NVs at 575 nm (NV0) and 637 nm
(NV−) is ubiquitous in CVD diamond due to residual nitrogen
contamination.[39] NV defects may originate from residual ni-
trogen on the chamber wall or trace nitrogen impurities in the
substrate. However, we found that the incorporated residual
nitrogen content was almost identical for different runs. Fig-
ure S5 shows the PL of three intrinsic diamond samples, and
the NV PL intensity is analogous for the three samples. In this
case, assuming a similar “dose” of unintentional nitrogen dur-
ing the growth of the boron-doped samples, the change in the
NV luminescence intensity of the currently studied diamond
samples should be related to the effect of the oxygen varia-
tion. To quantify the effect of oxygen incorporation on the
luminescence of NV centers in boron-doped diamond films,
the intensities of NV0, NV− and NV0 +NV− in the PL spec-
tra were extracted, as shown in Fig. 5(b). With an increase
in the oxygen concentration, the NV intensity gradually de-
creases, and the intensity is negligible at O/C = 4%, which
corresponds to the better surface morphology and higher lat-
tice quality under this condition. The change in surface and
crystalline quality due to oxygen variation could be the reason
for the different levels of NV incorporation. The normalized
NV intensity is negligible at O/C = 4%, correlating with opti-
mal crystalline quality (XRD FWHM= 85 arcsec) and surface
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Fig. 5. Effect of oxygen concentration on the density of defects in di-
amond films obtained from PL spectroscopy: (a) PL spectra of boron-
doped diamond films with an excitation wavelength of 514 nm; (b) the
intensity of NV0 and NV− as a function of the O/C ratio.
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smoothness. A trace oxygen plasma etches surface im-
purities during growth, suppressing nitrogen incorporation
pathways.[40] Additionally, reactive oxygen species scavenge
residual nitrogen through formation of NO-related gas prod-
ucts, depleting NV precursors.[41] Notably, NV intensity re-
bounds at O/C = 5% (Fig. 5(b)), coinciding with an unsatis-
factory lattice from excessive etching, and defects will be more
easily formed. The PL spectrum confirms the changing trend
of the characteristic peak intensity at 1420 cm−1 in the Ra-
man spectrum, confirming that regulation of nitrogen vacancy
formation is dependent on the oxygen concentration.

FTIR spectroscopy can quantify boron incorporation in
diamond films. Figure 6(a) illustrates the typical FTIR absorp-
tion spectrum of boron-doped diamond film, revealing three
characteristic regions: the one-phonon region with N impurity
absorption (400–1332 cm−1), two-phonon (1332–2665 cm−1)
and three-phonon (2665–4000 cm−1) absorptions.[42] The
peak at 2800 cm−1, corresponding to the ground state to sec-
ond excited state electronic transition of the neutral boron
acceptor,[43] serves as a quantitative indicator of doping con-
centration in the range of 1016 cm−3 to 1018 cm−3.[44] The
uncompensated acceptor concentration (Na −Nd) can be eval-
uated through the established relationship

Na −Nd = 8×1017I2800 (cm−3), (1)

where I2800 is the integrated area of the 0.347 eV peak in
the graph of absorption coefficient (α) versus photon energy

(in eV).[44] The absorption coefficient is given by (1/t) lnA,
where t is the thickness of the diamond film and A is its linear
absorption.[45] The relationship between the absorption coef-
ficient and photon energy is shown in Fig. 6(b). Figure 6(c)
shows the boron doping concentration in the boron-doped di-
amond film. Compared with the oxygen-free diamond film,
trace oxygen significantly inhibits boron doping efficiency,
and the uncompensated acceptor concentration decreases from
3.5×1017 cm−3 (O/C = 0%) to 1×1017 cm−3 (O/C = 1%).
However, with gradual increase in oxygen concentration, the
uncompensated acceptor concentration shows a trend of first
increasing and then decreasing, reaching a maximum at O/C
= 4% (Na −Nd = 3.9× 1017 cm−3). When oxygen is in the
plasma, oxygen may change the decomposition path of the
gas phase precursor (B2H6) just like promoting the cracking
of methane, which is conducive to formation of boron active
species, resulting in a gradual increase in boron doping con-
centration under the condition O/C = 1%–4%. In the case
of moderate oxygen content in diamond, stable boron–oxygen
complexes can be formed with negative formation energy[46]

(e.g., BOO, BOBB and BBOBB complexes) and increasing
boron concentration, resulting in a higher boron concentration
at O/C = 4% than at O/C = 0%. Direct competition for the
doping of oxygen and boron reduces boron incorporation at
higher oxygen levels.[20] These results demonstrate the pre-
cise tunability of boron doping concentrations through strate-
gic addition of oxygen.
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Fig. 6. FTIR absorption spectra of boron-doped diamond films: (a) an absorption peak related to boron appears in the FTIR spectrum at
2800 cm−1; (b) the corresponding absorption coefficient versus energy. (c) The calculated boron concentration in diamond films.

Figure 7 shows the PL spectra of boron-doped diamond
films recorded at 10 K using a 213 nm laser to analyze the
boron doping level and other defects. Figure 7(a) shows exci-
ton recombination with the different phonon replicas in the PL
spectra of the diamond film in the near-bandgap region: the
recombination of a boron-bound exciton with a TO phonon
and an OΓ phonon (BETO+O) at 5.06 eV, the recombination of
a boron-bound exciton with a TO phonon (BETO) at 5.22 eV,
the recombination of a free exciton with a TO phonon (FETO)
at 5.27 eV and the recombination of an exciton bound to boron
without a phonon (BENP) at 5.35 eV.[47,48] The boron acceptor
concentration can be calculated through the ratio between the

BETO and FETO recombination intensities[49]

[B] = 3.5×1016 ITO
BE

ITO
FE

(cm−3). (2)

The estimated boron acceptor concentration in diamond film
is plotted in Fig. 7(b). The boron acceptor concentrations de-
rived from boron-bound excitonic intensity ratios exhibit strik-
ing alignment with FTIR quantification, confirming the non-
monotonic influence of oxygen on doping efficiency. Com-
pared with the single boron-doped diamond film, trace oxy-
gen inhibits boron doping efficiency, and the boron acceptor
concentration decreases from 1.1×1017 cm−3 (O/C = 0%)
to 6.5×1016 cm−3 (O/C = 1%). With gradual increase in
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the oxygen concentration, the boron acceptor concentration
increases first and then decreases, reaching a maximum at
O/C = 4%, as shown in the results obtained by FTIR ([B]
= 1.2×1017 cm−3). Crucially, the FWHM of the FETO peak
serves as a sensitive metric of crystalline quality,[50] where re-
duced FWHM values directly correlate with a lower defect
density. Diamond films at O/C = 1% and 4% demonstrate
dramatically narrowed FETO peaks (FWHM ∼ 20 meV) com-
pared with oxygen-deficient or excessive samples (FWHM ∼
26 meV). This can be verified by the AFM and XRD results,
and the lattice quality is improved in this condition.
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Fig. 7. (a) PL spectra of diamond films recorded at 10 K using a 213 nm
laser. Two main peaks are observed in the near-bandgap region: BETO

and FETO. (b) The calculated boron concentration in diamond films.

We continued to investigate defects in boron-doped dia-
mond films by recording PL spectra in the range 250–700 nm
(1.77–4.96 eV) using a 213 nm laser at 10 K, as shown in
Fig. 8(a). The spectrum of each sample is normalized using the
FETO peak. Beyond the dominant excitonic features, PL re-
veals multiple defect-related bands critical for quality assess-
ment. The spectrum exhibits four broad emissions at 4.7 eV,
3.5 eV, 2.9 eV and 2.3 eV, accompanied by narrow peaks at
3.18 eV and 2.15 eV. Among these, the 4.7 eV (270 nm)
band corresponds to a substitutional nitrogen donor[42] and
the 3.5 eV emission indicates nitrogen incorporation.[51] The
characteristic A-band (2.9 eV) signifies dislocation density or
sp2 bonds.[52] The green band (2.3 eV) originates from donor
(nitrogen)–acceptor (boron) pairs decorating dislocations.[47]

Here we focus on the broad band at 4.7 eV (270 nm). We
plot the intensity of the peak at 4.7 eV in Fig. 8(b) and com-
pare it with variation in NV centers (Fig. 5(b)). It can be seen

that the density of defects corresponding to 4.7 eV is relatively
large under single-boron doping (O/C = 0%) and excess oxy-
gen (O/C = 5%), and the best result is shown at O/C = 1%,
which is consistent with the change of NVs. However, when
O/C = 1%–3%, the 4.7 eV peak intensity gradually increases
instead of decreasing as shown for NV centers. Therefore, we
speculate that this broad band is not only the effect of alterna-
tive N donors but also the boron–nitrogen complex. We note
that the change in boron concentration is consistent with the
peak intensity in the O/C range 0%–3%. The gradual increase
in the 4.7 eV peak intensity may be attributed to the increas-
ing boron concentration, while the decrease in peak intensity
at O/C = 4% is due to the negligible NV concentration at this
condition. Figure 8(c) shows the absorption spectra of boron-
doped diamond films in the ultraviolet range, which have an
obvious broad peak at 270 nm.[53] The absorption peaks are
fitted and plotted in Fig. 8(d), and the inset shows variation
of the absorption intensity with different oxygen concentra-
tions. The change in the absorption peak intensity at 270 nm
is almost the same as the peak intensity at 4.7 eV. The slight
increase in absorption intensity at O/C = 2% further confirms
the presence of boron.

Furthermore, we investigated the electrical properties of
samples as shown in Fig. 9(a). Hall effects measurements
were performed at room temperature using an HL5500PC
Hall effects measurement system. Room-temperature Hall
effect measurement confirms p-type conductivity in all dia-
mond films, with carrier concentration and mobility exhibit-
ing oxygen-dependent optimization (Fig. 9(a)). Hole con-
centration follows a non-monotonic trend: gradually increas-
ing from 2.5×1014 cm−3 (O/C = 1%), reaching a peak of
1.5×1015 cm−3 when the O/C ratio is 4%; further increase in
oxygen causes the hole concentration to decrease significantly.
The variation of hole concentration with oxygen concentra-
tion in the range O/C = 1%–5% is consistent with the results
obtained by FTIR and BETO. The increase in oxygen con-
centration regulates the acceptor concentration in the diamond
film, and the number of carriers changes accordingly. We note
that the boron monodoped sample is similar to the O/C = 1%
condition, which seems to contradict the results for boron con-
centration extracted from FTIR and PL. This may be because
trace oxygen reduces the boron ionization energy (0.22 eV at
O/C = 0% and 0.19 eV at O/C = 2.5%);[40] this results in an
increase in ionization efficiency and hole concentration when
O/C = 1% and a reduction in the difference in hole concentra-
tion compared with the sample without oxygen. The change in
mobility shows an optimal result in O/C = 1% and 4%, reach-
ing 1200 cm2·V−1·s−1 (O/C = 1%) and 1400 cm2·V−1·s−1

(O/C = 4%), respectively, where oxygen mitigates lattice mis-
match and suppresses the dominant scattering mechanisms. It
can be seen from Fig. 9(a) that a lower mobility is measured at
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O/C = 0% and O/C = 5%, which confirms that excessive de-
fects prevail without optimal oxygen mediation. Oxygen plays
a compensating role in boron-doped diamond by adding trace
amounts of oxygen to repair the lattice mismatch, resulting in a
significant improvement in mobility. Raman spectroscopy and
XRD confirm the optimal lattice quality under this condition.

Currently, it is quite difficult to achieve P-type diamond
with high hole concentration and mobility (or high crystal
quality) simultaneously. In order to obtain high-quality P-type
diamond, it is necessary to add very few doping atoms, re-
sulting in a low carrier concentration. On the contrary, high
doping will inevitably lead to poor crystal quality. Figure 9(b)
summarizes the current results for mobility and carrier concen-

tration of P-type boron-doped diamond with oxygen assistance

at room temperature.[8,9,18,40,41,54–56] The two dashed lines in

the figure represent a mobility of 1000 cm2·V−1·s−1 and a car-

rier concentration of 1×1015 cm−3, respectively, so it can be

seen that all results are located on the left of and below the

lines. Our result achieves a mobility of 1400 cm2·V−1·s−1 and

a carrier concentration of 1.5×1015 cm−3 (O/C = 4%) which

is an excellent result compared with all previous studies while

simultaneously achieving high hole concentration and mobil-

ity. This further improves the material performance of boron-

doped diamond, which shows promising application prospects

in high-voltage power devices.
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4. Conclusion
In summary, modulation of the properties of lightly

boron-doped diamond by trace oxygen was systematically in-
vestigated for an O/C range of 0% to 5% during MPCVD
growth of diamond films. It was found that a proper amount
of oxygen was beneficial to improving crystal quality, in-
creased growth rate, enhanced boron doping efficiency, bal-
anced boron doping stress and improved electrical properties
of boron-doped diamond films. As the O/C ratio increased,
oxygen also showed a regulatory effect on impurity defects.
For samples grown at an oxygen concentration of 1%–4%,
a high surface quality was observed by means of a low den-
sity of surface defects, while high crystalline quality was
also demonstrated by Raman spectroscopy and XRD. When
O/C = 4%, an advanced level of diamond material with both
high hole concentration (1.5×1015 cm−3) and high mobility
(1400 cm2·V−1·s−1) was realized, achieving excellent results
in the field of boron-doped diamond, demonstrating the avail-
ability of the material for high-performance diamond-based
electronic devices. In addition, we analyzed the characteris-
tic peaks that appeared in both the low-temperature PL spec-
trum and absorption spectrum, and it was explained that the
characteristic peak at 4.7 eV (270 nm) may correspond to the
boron–nitrogen complex, supplementing the effect of boron-
doped diamond on defect formation.
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