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Regulation of oxygen on properties of moderately boron-doped diamond films is fully investigated. Results show that,
with adding a small amount of oxygen (oxygen-to-carbon ratio < 5.0%), the crystal quality of diamond is improved, and a
suppression effect of residual nitrogen is observed. With increasing ratio of O/C from 2.5% to 20.0%, the hole concentration
is firstly increased then reduced. This change of hole concentration is also explained. Moreover, the results of Hall effect
measurement with temperatures from 300 K to 825 K show that, with adding a small amount of oxygen, boron and oxygen
complex structures (especially B3O and B4O) are formed and exhibit as shallow donor in diamond, which results in increase
of donor concentration. With further increase of ratio of O/C, the inhibitory behaviors of oxygen on boron leads to decrease
of acceptor concentration (the optical emission spectroscopy has shown that it is decreased with ratio of O/C more than
10.0%). This work demonstrates that oxygen-doping induced increasement of the crystalline and surface quality could be
restored by the co-doping with oxygen. The technique could achieve boron-doped diamond films with both high quality
and acceptable hole concentration, which is applicable to electronic level of usage.
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1. Introduction

It is well known that boron is an acceptor in diamond
and replacing a carbon atom with a boron atom can create
an acceptor level near the top of valence band with an ac-
tivation energy of 0.37 eV.!!:?] Therefore, boron-doped dia-
mond is a promising material for p-type ultrawide bandgap
semiconductors due to high carrier mobility, high thermal con-
duction, and extreme elastic properties.[>~! Many efforts have
been devoted to synthesizing boron-doped diamond with high
crystalline quality.[*8] Microwave plasma chemical vapor de-
position (MPCVD) technique has been widely employed to
grow p-type diamond with high crystalline quality and dop-
ing concentration by changing the methane concentration,®!
improving the power of plasma,!”! and increasing the growth
temperature. 3]

In recent decades, a promising technology of co-doping
was widely utilized for tuning the crystalline quality, dopant
population, and electrical properties.!!%12] Especially in dia-
mond, many groups have adopted the co-doping strategy to
grow high crystalline quality diamond by MPCVD. The co-
doping with oxygen is considered as an effective way to im-
prove the quality of diamond due to the etching effect of the
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oxygen plasma. The co-doping of boron and oxygen has been
widely investigated by many groups.!'3-13 For example, Is-

[16] have studied the effect of oxygen on the heav-

saoui et al.
ily boron-doped diamond and shown that the obtained films
exhibit high crystalline quality with adding a large amount
of oxygen in gas phase. However, most of the prior litera-
ture focuses on the effect of oxygen on the properties (such

17,18] 18,19

as crystalline quality,| growth rate,!'®1° and electrical

17,191y in heavily boron-doped diamond. The effect

property!
of oxygen on properties of moderately boron-doped diamond
is lack of systematic research, especially effect of oxygen on
regulation of acceptor concentration and donor concentration,
and compensation of oxygen is still unclear.

In this work, regulation of oxygen on properties of mod-
erately boron-doped diamond is fully investigated. The as-
grown diamond films were characterized by atomic force mi-
croscopy (AFM), Raman scattering spectra, photolumines-
cence spectra, optical emission spectroscopy (OES), and Hall-
effect measurement. Effects of oxygen on the crystalline qual-
ity, surface morphology, and electronic properties are system-
ically studied. Moreover, regulation of oxygen on donor con-
centration and acceptor concentration are systemically inves-
tigated.
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2. Experimental details

Diamond films were grown on (100)-oriented type Ib
CVD single-crystalline chemical vapor deposited diamond
substrates (3.0 mm X 3.0 mm x 1.0 mm) by MPCVD tech-
nique. The flow rates of CHy and H, were kept at 20 and
500 sccm, respectively. To ensure that boron and oxygen
were incorporated, diborane and oxygen were added in the
gas phase during the growth. The ratio of boron to carbon
in the gas phase was fixed at 2.5 ppm for all the samples. The
chamber pressure and the microwave power for all deposition
were fixed at 135 Torr and 3.8 kW, respectively. The sub-
strate temperature was set to 800-850 °C. To investigate the
effect of oxygen on the boron-doped diamond films, the oxy-
gen concentration, evaluated by the O/C gas ratio, was kept at
0%, 2.5%, 5.0%, 10.0%, and 20.0%. The growth duration is
2 h and the thickness of diamond is 6 pm (O/C=0%), 4 um
(0/C=2.5%), 2 pm (O/C=10.%), and 1 pm (O/C=20.0%).
After deposition, in order to remove organic and metallic
contaminants from the substrate surface, the substrates were
cleaned in aqua regia (HNO3/HCI 1:3) at 60 °C for 30 min.

The surface morphology of diamond was performed by an
AFM (NTEGRA) in the tapping mode. Micro-Raman scatter-
ing spectra and photoluminescence spectra were recorded by
using a 514 nm laser as an excitation with a confocal micro-
scope (Horiba Jobin Yvon) at 100 magnifications (numerical
aperture, NA, 0.9). OES has been employed to monitor the
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composition of the plasma in the reaction chamber. The Hall
effect measurement has been carried out at both room temper-
ature (300 K) and variable temperatures (300-900 K) to study
the electrical properties of the dopants and impurities.

3. Results and discussion

Figure 1(a) shows the growth rate of diamond as a func-
tion of the O/C ratio. As can be seen, a monotonous decreas-
ing trend is observed, which is related to the etching effect of
oxygen plasma.!'” In order to further elucidate the effect of
oxygen on the growth rate of diamond, OES was employed to
analyze the composition of the gas mixture. Figure 1(c) shows
the OES of all samples while Fig. 1(b) zooms in the spectrum
of the O/C =0% sample to tick the peaks. The CH4—H>—B,Hg
mixture contains several optical emission lines, among which
the ones located at 431.1 nm and 486.2 nm are originated from
the carbon-hydrogen!®”! and atomic Hg radicals,?!] respec-
tively. Furthermore, the line located at 516.4 nm is the result
of existence of C, radicals.!?!! Figure 1(d) compares the peak
height of the C, lines, and we plot the data in Fig. 1(a), being
quite consistent with the growth rate. The weakened inten-
sity of the C; lines implies that more oxygen addition would
consume the C; radicals, and researchers have reported in lit-
erature that the growth rate of diamond is related with the C;
radicals.?!! Hence, the growth rate of diamond is decreased.
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Fig. 1. (a) Growth rate of diamond and intensity of C, radical as a function of ratio of O/C; (b) OES of boron-doped diamond films; (c) OES
of boron-doped, boron and oxygen co-doped diamond films; (d) the enlarged view of OES from 515 nm to 517 nm.
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Generally, slower growth may lead to better surface and
crystalline quality. Consequently, the AFM and Raman spec-
troscopy have been employed to characterize the quality of the
samples. Figure 2 shows the AFM images of a 10 pm x 10 um
area for all the samples. For the sample without oxygen addi-
tion as shown in Fig. 2(a), many etching pits are observed,
and the surface is quite rough with a root-mean-square (RMS)
roughness of 2.31 nm. By adding a small amount of oxygen
(O/C=2.5%), the surface becomes smoother with the RMS
roughness continuously decreasing to a minimum value of
0.28 nm for the O/C=0.5% sample. However, with further
increasing the O/C ratio to 10.0% and 20.0%, the surface of
diamond becomes rougher again and a few etching pits could
be observed. The observation from the AFM shows an op-

(c) 0/C=5.0%

timized O/C ratio for improving the surface morphology, the
optimal point is also evidenced by the Raman spectroscopy.
Figure 3(a) shows the Raman spectra and figure 3(b) plots the
extracted width of the 1333 cm™! diamond characteristic peak.
Since the width can represent the crystalline quality of the di-
amond film to some extent, the trend in Fig. 3(b), perfectly
matching the AFM RMS roughness, points to a same optimal
O/C ratio for both surface and crystalline quality. Combing the
persistent decrease of the growth rate, it can be concluded that
slower growth does not necessarily lead to better surface and
crystalline quality. Excessive addition of oxygen may result in
severe etching effect that forms more defects on the diamond

surface.
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Fig. 2. AFM photographs of boron-doped, boron and oxygen co-doped diamond: (a) O/C=0%, (b) O/C=2.5%, (c) O/C=5.0%,

(d) O/C=10.0%, () O/C=20.0%.
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Fig. 3. (a) Raman spectra of boron-doped, boron and oxygen co-doped

diamond films; (b) the FWHM of Raman scattering peak of diamond as
a function of ratio of O/C.

2.25

During the optical characterization of the samples, we
have interestingly found the evidence of nitrogen incorpora-
tion since no intentional nitrogen doping is employed. Fig-
ure 4(a) shows the photoluminescence (PL) spectra of all the
samples (the intensity of NV? and NV~ centers have normal-

ized by Raman intrinsic peak of diamond). The presence of
the NVO (the peak located at 575 nm) and NV~ centers (the
peak located at 637 nm) with varied intensity have been found
in the diamond films. The origin of nitrogen could be due to
the residual nitrogen in the chamber walls or the impurities
from the feeding gas precursors. However, what we are inter-
ested here is the tuning of the NV centers by different amount
of oxygen. Figure 4(b) shows the NV intensity extracted from
the PL. The trend is similar to Figs. 2 and 3, indicating that
the surface and crystalline quality change due to the fact that
the oxygen variation could be the reason for different levels of
NV incorporation. For small amount of oxygen addition, the
crystalline quality of diamond is improved due to the etching
effect of oxygen plasma. In this situation, defects and vacan-
cies are not easily formed on the surface of diamond. Also, the
nitrogen precursors may be exhausted by oxygen addition via
forming NO related gas product. Hence, the intensities of NV?
and NV~ centers are decreased with increasing ratio of O/C.
However, for excessive oxygen addition, the severe etching ef-
fect would result in formation of more defects and vacancies
on the surface of diamond. Vacancies would become mobile
under high temperature (above 700 °C).>2! Then some of va-
cancies are trapped by substitutional nitrogen to form NV cen-
ters, leading to the enhanced NV-related PL for the O/C =20%

sample.
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Fig. 4. (a) PL spectra of boron-doped, boron and oxygen co-doped di-
amond films with an excitation wavelength of 514 nm; (b) the intensity
of NV?, NV~ as a function of O/C ratio.

Since the oxygen in diamond is a donor-like defect and
the boron and oxygen may form complex to affect the elec-
trical properties, we have thus employed Hall-effect measure-
ment to characterize the samples. Figure 5(a) shows the results
of the hole concentration and the Hall mobility. Generally, the
hole concentration increases firstly and then decreases with
oxygen addition, implying that different amounts of oxygen
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addition can regulate the properties of the boron acceptors. In
order to investigate more in depth, the OES is employed again.
Figure 5(b) shows the OES from the CH4—H»>—B,Hg and CH4—
H,-B;Hg—O, mixtures in the MPCVD system. The optical
emission lines located at 433.2 nm and 434.0 nm are origi-
nated from the BH radical®! and the atomic H, radical,?")
respectively. Moreover, we take the intensity ratio of the BH
to C; radicals (Igp/Ic,) to represent the active boron precur-
sor in the plasma mixture and plot it in Fig. 5(c). The trend
accords quite well with the one of the hole concentrations, in-
dicating that the main reason for the change of the hole con-
centration with different amounts of oxygen addition is due to
the different incorporation levels of boron acceptors.

The regulation could be understood by the following two
mechanisms. On the one hand, the oxygen ions with larger
radius could compensate and balance the stress caused by the

5,141 leading to

incorporation of boron ion with smaller radiu
more boron atoms incorporated into the diamond material.
On the other hand, oxygen in gas phase would severely re-
act with the boron precursors in the plasma and consume the
active boron ions,!'”) leading to a persistent decrease of the
boron incorporation amount. These two mechanisms have op-
posite effects and would interpret the hole concentration trend
in Fig. 5(a). Correspondingly, the mobility shows an inverse
relation to the hole concentration in general, which could be
easily understood by the scattering from ionized impurities.
However, there is one mismatch for the O/C=5% and 10%
samples, where both higher hole concentration and mobility
have been achieved on the O/C = 5% sample. It may be related
to better surface and crystalline quality of the sample as shown
by the AFM and Raman spectra.
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Fig. 5. (a) Hole concentration and mobility of boron-doped, boron and oxygen co-doped diamond as a ratio of O/C; (b) OES of boron-doped, boron and
oxygen co-doped diamond films with wavelength from 432 nm to 435 nm; (c) the intensity ratio of BH radical to C radical as a function of ratio of O/C.
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Fig. 6. (a) Resistivity of boron-doped diamond (O/C =0%) versus temperature. (b)—(f) Hole concentration and mobility of boron and oxygen
co-doped diamond versus temperature: (b) O/C=0%, (c) O/C=2.5%, (d) O/C=50%, (e) O/C=10.0%, (f) O/C=20.0%.
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Fig. 7. (a) Fitting curve of hole concentration by the relation between hole concentration and temperature, (b) the fitted acceptor and donor
concentration of diamond as a function of ratio of O/C, (c) the fitted ionization energy as a function of ratio of O/C.

As mentioned above, oxygen can act as a donor in dia-
mond that compensates boron acceptors. Therefore, to investi-
gate the compensation behavior of oxygen on the boron-doped
diamond, the samples were investigated by Hall-effect mea-
surement with measuring temperatures from 300 K to 850 K.
As shown in Fig. 6(a), the resistivity of boron-doped dia-
mond is decreased from 1.9 Q.cm to 0.1 Q-cm with increas-
ing temperature from 300 K to 850 K, indicating a gradual
thermal activation of the acceptors. Figures 6(b)-6(f) show
the temperature variable hole concentration and Hall mobility
of the samples. As illustrated in Fig. 6(b), the hole concen-
tration of boron-doped diamond (O/C =0%) is increased from

9.5 x 101 cm™ to 2.7 x 10'® cm™3 and the mobility is cor-
respondingly decreased from 338.0 cm?/V-s to 21.1 cm?/V-s
with increasing the measurement temperature. With adding
oxygen (O/C=20.0%), the hole concentration is increased
from 1.5 x 1015 ecm™3 to 2.1 x 10!” cm ™3, and the mobility is
correspondingly decreased from 264.0 cm?/V-s to 3.3 cm?/V-s
with increasing the measurement temperature.

Moreover, for a p-type semiconductor, the general de-
scription of the hole concentration p at a temperature T is

[25]

given by the following equation:

gap(Not+p) _ (_
My (Na —Np — p)

E;
kT
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Here, E; and kg are the ionization energy of acceptor and the
Boltzmann constant, respectively; Na and Np are the acceptor
concentration and donor concentration, respectively; My and
p are the effective density of state of the valence band and the
hole concentration in diamond, respectively; gq is the acceptor
degeneracy. Using the equation to fit the hole concentration
data in Figs. 6(b)-6(f), we can have the values of Ny and Np
to be the ionization energy of the acceptor (E;).

Figure 7(a) shows the hole concentration and the fitted
curve for all the samples. It can be seen that the data could
be well fitted by the theoretical model. The fitted results are
drawn in Figs. 7(b)-7(c) and also listed in Table 1. For boron-
doped diamond (O/C =0%), the fitted boron ionization energy,
Na and Np are 0.22 ¢V, 7.9 x 108 cm ™3 and 1.1 x 10'8 cm 3,
respectively. The fitted ionization energy is closed to 0.23 eV

(261 With adding oxygen, the

as reported by Grotjohn et al.
ionization energy of the acceptor (E;) decreases. This could
be due to the increased acceptor concentration as shown in
Fig. 7(b). Grotjohn et al.’! reported that the acceptor con-
centration increases from 10'% cm=3 to 1020 cm™3, the activa-
tion energy decreases from 0.36 eV to 0.05 eV. The N and Np
are both firstly increased then decreased while the ionization
energy is firstly decreased then increased. The change of the
acceptor doping concentration (Na) and the ionization energy
of the acceptor (E;) is consistent with each other, which double
confirms the authenticity of the fitting treatment.

Table 1. The fitted ionization energy, acceptor concentration and donor con-
centration.

. Boron ionization Acceptor Donor
O/C ratio . 3 . 3
energy (eV) concentration (cm™~)  concentration (cm™”)
0% 0.22 7.9%10'8 1.1x10'8
2.5% 0.19 6.3x10" 5.4x10'8
5.0% 0.18 5.8x10" 5.0x10'8
10.0% 0.19 3.9x10" 3.9x10"8
20.0% 0.21 1.9x10" 2.3x10'

It is interesting to note that the compensated donor con-
centration (Np) does not continuously increase as we add more
oxygen during growth. It otherwise shows an accordant evolu-
tion trend with the acceptor concentration. One obvious reason
could be that the oxygen cannot have unlimited solubility in
the diamond lattice. Thus, excessive oxygen addition would
result in lower efficiency of the oxygen incorporation. The
other reason could be that the form of the compensating donor
could be B-O complex,?”! since the formation energy of B3O
and B4O, acting as donor-like complexes, could be quite low
in p-type diamond. In consequence, the compensating donor
concentration would be constrained by the main acceptor con-
centration.

4. Conclusion

In summary, the regulation of oxygen on the properties of
moderately boron-doped diamond is fully investigated. With

adding a small amount of oxygen, the crystal quality of dia-
mond is increased, and a suppression effect of residual nitro-
gen is observed. At the same time, boron and oxygen complex
structures are formed and exhibit as shallow donor in diamond,
which results in increment of donor concentration. With fur-
ther increasing ratio of O/C, the inhibitory behavior of oxygen
on boron leads to a decrease of acceptor concentration.
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