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Regulation with nitrogen and oxygen co-doping on growth and properties of boron doped diamond films is studied
by using laughing gas as dopant. As the concentration of laughing gas (N, O/C) increases from O to 10%, the growth rate
of diamond film decreases gradually, and the nitrogen-vacancy (NV) center luminescence intensity increases first and then
weakens. The results show that oxygen in laughing gas has a strong inhibitory effect on formation of NV centers, and
the inhibitory effect would be stronger as the concentration of laughing gas increases. As a result, the film growth rate
and nitrogen-related compensation donor decrease, beneficial to increase the acceptor concentration (~ 3.2 x 10 cm’3)
in the film. Moreover, it is found that the optimal regulation with the quality and electrical properties of boron doped
diamond films could be realized by adding appropriate laughing gas, especially the hole mobility (~ 700 cm?/V-s), which
is beneficial to the realization of high-quality boron doped diamond films and high-level optoelectronic device applications

in the future.

Keywords: boron doped diamond, nitrogen and oxygen co-doping, crystal quality, Hall effect measurement,

acceptor doping concentration
PACS: 81.05.ug, 81.15.—z, 61.72.—y

1. Introduction

Diamond has excellent physical and chemical proper-
ties, such as ultra-broadband gap (5.47 eV), high hardness,
thermal conductivity (14 times to silicon), electron mobility
(4500 cm?/V-s), hole mobility (3800 cm?/V-s), chemical sta-
bility, and biocompatibility,!'* making it a best choice for
preparing high power, high frequency, and high temperature
electronic devices. The p/n type doping is the core and key
technology to develop semiconductor device structures and to
realize device applications. However, there are serious dop-
ing difficulties in diamond semiconductors, i.e., to achieve the
p/n type doping with high concentration and efficiency. Such
a hurdle leads to a stagnant state for development of diamond
semiconductor characteristics and applications of photoelec-
tric devices related to diamonds.[>-¢!

As is known, p-type doping of diamond films is relatively
mature. Generally, the hole concentration in the films can
be changed by adjusting the doping concentration of boron.
Synthesized diamond films have been applied in electrochem-
ical and other fields.[”"!! The boron acceptor level is lo-
cated at 0.37 eV above the diamond valence band maximum
(VBM) by analyzing the temperature dependence of the re-
sistivity. However, this level position is still deep compared
with boron acceptor (~ meV) in silicon. =1 For n-type dop-
ing of diamonds, both the V and VI main family elements
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may be the potential donors, and the representative elements
are N and P. The ionization energy of the substitutional ni-
trogen donor is relatively large at 1.7 eV, resulting in the de-
vice based on N-doped n-type diamond not working at room

[17-

temperature.!!’-1°) Nevertheless, the nitrogen-vacancy (NV)

color center formed by N-doping is applied in quantum com-

(201 On the contrary, phosphorus has a

munication and sensing.
relatively shallow donor level of ~ 0.6 eV.[>!->* However, the
electron density is quite low because of low phosphorous con-
tent in the CVD diamond limited by chemical kinetics.[?>6]
Compared with single-element doping, researchers believe
that two-element co-doping could be a strategy to achieve
more shallow donors.?7-3%] Representative B/N and B/O co-
dopings have been extensively studied, and theoretical calcu-
lations and experiments have demonstrated the feasibility of
forming relatively shallow donors. Croot and Moussa have
predicted from their calculations that the BN, complex could
be a donor with an ionization energy of 0.8—1.2 eV.3334! In
addition, previously we realized n-type diamond films at high
temperature by B—N co-incorporation technology with the ion-
ization energy of B-N complex donor at about 0.8 eV.[*! In
the study of B/O co-doping,[*%37] the experimental results of
some scholars have shown that the diamond samples are still p-
type. However, researchers have realized the n-type diamond

film by B/O co-incorporation. The activation energy of B-O
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complex as the donor is 18.67 meV, and the electron concen-
tration is 0.778 x 10! cm™3.18] Liu et al. have also predicted
that the B3O and B4O complexes with smaller forming energy
exist in diamond films as donors by using the first-principles
calculation.

At present, there have been many reports on the dia-
mond preparation and properties of single B-doping, single
N-doping, B/N co-doping, and B/O co-doping. However, few
studies about B/N/O co-doping in diamond are presented, in
which the doping behavior will be more complicated. There-
fore, in this work, we synthesize p-type diamond with B/N/O
co-doping using diborane (B,Hg) and laughing gas (N,O) as
doping sources by micro-wave plasma chemical vapor deposi-
tion (MPCVD). Since the microwave-plasma could simply and
easily generate N and O simultaneously from N>O, we use the
nitrous oxide as the precursor for a convenient approach. We
analyze the regulation on the growth rate, crystal quality, lumi-
nescence properties and electrical properties of boron-doped
diamond film with different laughing gas concentrations. Fur-
thermore, the compensation mechanism between donor and
acceptor is also explored adequately.

2. Experimental details

Diamond films were grown on (100)-oriented type Ib
CVD single-crystalline chemical vapor deposited diamond
substrates (3.0 x 3.0 x 1.0 mm?) by the MPCVD technique.
Before 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 flow rates of CH4 and H, were kept at 20 sccm and
500 sccm, respectively. The B/N/O-dopings were carried out
using hydrogen-diluted diborane and laughing gas. The ra-
tio of BoHg to CHy (B,/C) in the gas phase is fixed at 50
ppm for all the samples. The laughing gas concentrations,
defined as the NoO/CH4 (N,O/C) gas flow ratio, are kept at
0%, 2.5%, 5.0%, 7.5%, and 10%. The chamber pressure and
the microwave power for all depositions are fixed at 135 torr
and 3.8 kW. The substrate temperature is set to 800-850 °C,
as determined by an IR pyrometer. After 8 h of growth, the
as-grown samples were cleaned with H,SO4 and HNO3 (1:1)
mixed solutions at 250 °C for 0.5 h to remove the produced
graphite on the surface. After chemical treatment, the sam-
ples were rinsed with acetone, alcohol and deionized water
in ultrasonic cleaning machine. The samples were subse-
quently blow-dried with nitrogen gas, and the thicknesses of
all diamond films were measured by employing a microme-
ter with a resolution below 1 pum. The thicknesses of the di-
amonds are 24 pum (N,O/C =0%), 20 um (N,O/C=2.5%),
12 um (NoO/C=5.0%), 4 um (N,O/C=7.5%), and 4um
(N20O/C =10.0%), respectively.

The surface morphologies of the diamonds was observed
with an AFM (NTEGRA) in the tapping mode.
Raman scattering spectra and photoluminescence spectra were

Micro-

recorded by using a 514 nm laser as an excitation with a con-
focal microscope (Horiba Jobin Yvon) at 100 magnifications
(numerical aperture 0.9). An optical emission spectroscope
(OES) was employed to monitor the composition of the plasma
in the reaction chamber. The Hall effect measurement was
carried out at both room temperature (300 K) and variable
temperatures (300-900 K) to study the electrical properties of
the dopants and impurities (specific process of Hall electrodes
fabrication and Hall measurement in the supplementary ma-
terial). Ti/Au in Hall electrodes was provided by ZhongNuo
Advanced Material (Beijing) Technology Co., Ltd.

3. Results and discussion

Figure 1 shows the growth rate of the diamonds as a func-
tion of the N, O/C ratio. As can be seen, the growth rate of the
film decreases monotonically from 3 pm/h to 0.5 pm/h with
the incorporation of laughing gas. The oxygen in the laughing
gas has a significant inhibitory effect on the growth of the di-
amond films, while the normally observed nitrogen improving
effect on the growth rate was not found. In order to elucidate
the reason why the growth rate decreases with laughing gas
addition in reaction gas, we performed a plasma OES mea-
surement.
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Fig. 1. Growth rate of boron-doped and boron-laughing gas co-doped
diamond films with increase in N, O/C gas ratio.

Figure 2(a) shows the OES of boron-laughing gas co-
doped diamond films with N>O/C ratio of 10.0%. The
CH4-H,-ByHg—N,O mixture contains several optical emis-
sion lines, among which the ones located at 387.1 nm and
388.3 nm originate from the carbon-nitrogen radicals.?0-!]
Furthermore, the lines located at 512.8 nm and 516.4 nm are

(211 To analyze the

due to the existence of the C, radicals.
changes of nitrogen concentration in the reaction gas with dif-
ferent N, O/C ratios, we performed the OES spectrum under

all growth conditions, and the results are shown in Fig. 2(b).
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The intensity of the C, (516.4 nm) luminescence peak was
extracted as shown in the inset of Fig. 2(c). The intensity
of the C, (516.4 nm) peak has an negligible change (1.13 to
1.20) with laughing gas incorporation, indicating that the de-
creased growth rate is independent of the change with carbon
precursors in the reaction chamber. Figure 2(c) shows the ra-
tio of I(CN)(388.3 nm)/I(C;,)(516.4 nm) at different laughing
gas concentrations in the reaction gas. As the N, O/C ratio in-
creases in the gas phase, the relative luminescence intensity of
the CN radicals increases linearly in the reaction gas, suggest-
ing an increase with the nitrogen content in the reaction gas.
It is generally believed that nitrogen will improve the growth
rate of the diamond film by enhancing the detachment of sur-
face hydrogen.3%4%1 However, with the increase of laughing
gas concentration, the monotonous decreasing of film growth
rate should be less related to the behavior of nitrogen and the
change of C, precursor, but mainly depends on the etching and
inhibition effect of oxygen in laughing gas during diamond
growth. Therefore, we believe that the continuous reduction
of the growth rate is due to the fact that the etching and in-
hibiting effect with oxygen in laughing gas on film growth is
greater than the promoting effect of nitrogen on film growth.
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Fig. 2. (a) OES of boron-laughing gas co-doped diamond films with
N,0/C =10.0%, (b) OES of boron-doped, boron and laughing gas co-
doped diamond films, (c) I(CN)(388.3 nm)/I(C,)(516.4 nm) ratio from
OES as a function of N,O/C, where the inset is /(C2)(516.4 nm) versus
laughing gas adding.

The Raman measurement is a simple and effective
method to characterizing diamond quality, and the Raman
scattering spectra of boron-doped diamond films with differ-
ent laughing gas concentrations by 514.5 nm laser excitation
are shown in Fig. 3(a). As is seen, all the samples show
only one Raman scattering peak located 1333.5 cm™! with a
small full width at half maximum (FWHM), indicating that
the prepared doped diamond films have high quality, and the
scattering peaks associated with the graphite phase structure
are not observed. In addition, relative to the standard Ra-

man peak position (1332.8 cm™!) of the diamond, the Raman

peak of the samples is all blue-shifted, which should be due to
the residual stress caused by doping in the film. Figure 3(b)
shows the extracted FWHM of the Raman scattering spectra
for boron-laughing gas co-doped diamond films. By adding
a small amount of laughing gas (N,O/C =2.5%), the FWHM
increases significantly. This may be due to the N and O substi-
tuting C in the diamond lattice, and the lattice mismatch leads
to the decrease of crystal quality. With further increase of the
laughing gas concentration, the FWHM is first reduced and
then increased, and the crystal quality of the diamond film is
optimized at N, O/C ratio with 7.5%. We believe that with the
addition of nitrogen, the film quality gradually degrades.[*"]
With the increase of oxygen, the film quality improves first
and then degrades.*!*?] Therefore, the phenomenon that the
quality of co-doped diamond film improves first and then de-
creases should be a result of the synergistic effect of N and O
on the growth regulation for the boron-doped diamond film.
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Fig. 3. Boron-laughing gas co-doped diamond films with an increase
in the NoO/C gas ratio: (a) Raman scattering spectra; (b) FWHM of
Raman scattering spectra, where the inset is rms surface roughness Rg;
(c) AFM micrographs (10 x 10 umz).

The surface morphology of diamond films is also an im-
portant means to evaluate the crystal quality, so we conducted
an AFM measurement on the boron-doped diamond films at
different laughing gas concentrations, and the obtained surface
morphologies are shown in Fig. 3(c). The surface of the single
boron-doped sample is relatively flatter. With the increase of
laughing gas concentration, the “step” flow slowly appears on
the surface of the sample. The rms surface roughness (Ry) of
the boron-doped diamond films at different laughing gas con-
centrations is shown in the inset of Fig. 3(b). The Ry of single
boron-doped films is smaller. When laughing gas is added,
Ry generally rises to more than 1.2 nm, indicating that the in-
corporation of laughing gas reduces the surface quality of dia-
mond. In the boron-laughing gas co-doped diamond film, with
the increase of laughing gas concentration, R, decreases first
and then increases, reaching the minimum at the N, O/C ratio
of 7.5%, indicating a better surface quality. This optimized
point is consistent with the change of Raman FWHM shown
in Fig. 3(b), which indicates that the film quality improves first
and then decreases.
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After laughing gas incorporation, nitrogen will replace
the carbon in the diamond lattice to form the substitutional
nitrogen, and part of the substitutional nitrogen will further
combine with the surrounding vacancy to form the NV color
center. In order to evaluate the laughing gas incorporation in
the samples, the PL measurement has been employed first.
Figure 4(a) shows the PL spectra of all the samples excited
by a 514-nm laser. A sharp Raman peak at 552 nm labeled
as R is from the diamond lattice, which is used as a reference
to normalize all the spectra. Besides the R peak, two peaks at
575 nm and 637 nm, corresponding to the NV® and NV~ emis-
sions, have been clearly observed for all the co-doped samples.
In fact, we can get the signal of NV-related emissions in boron-
doped sample with no nitrous oxide. The signals originate
from unintentional source(s). Typical sources can be resid-
ual nitrogen inside the chamber or the nitrogen in the substrate
that diffuses into the grown film. In order to quantify the effect
of the laughing gas incorporation on the NV center lumines-
cence for the boron-doped diamond films, the intensities of
NVY NV~ and NVO+ NV~ in the PL spectra are extracted
as shown in Fig. 4(b). The intensity of NV center increases
as the N, O/C ratio increases from 0 to 5.0%. However, the

intensity of the NV center decreases monotonically with fur-

ther increase of the laughing gas concentration. The analysis
shows that, when the concentration of laughing gas is low, the
enhancement effect with NV center formation due to nitrogen
increase will be greater than the inhibitory effect of oxygen in
the boron-doped diamond film. However, the incorporation of
excessive N»O will significantly enhance the inhibitory effect
of oxygen, which greatly reduces the concentration of both in-
tentional and unintentional nitrogen incorporation. Therefore,
with the increase of the N> O concentration, the luminescence
intensity related to the N'V centers shows a trend of increasing
first and decreasing then. The intensity is even lower for the
N, O/C~ 10% sample than the one with unintentional nitrogen

doping.
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Fig. 4. Boron-laughing gas co-doped diamond films with an increase
in the N, O/C gas ratio: (a) PL spectra with an excitation wavelength of
514 nm, (b) the intensity change of NV center.
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Fig. 5. Boron-laughing gas co-doped diamond films with an increase in the N,O/C gas ratio at room temperature: (a) resistivity,

(b) hole concentration, (c) mobility.

Moreover, electrical properties are also important for test-
ing the doping results of the diamond films. Figure 5(a) shows
the resistivity change of boron-doped diamond films at room
temperature with different laughing gas concentrations. The
resistivity of the single boron-doped film is very low at about
2.5 Q-cm. When a small amount of laughing gas is incorpo-
rated (NoO/C =2.5%), the resistivity is rapidly increased to
60 Q-cm. The sharp increase of resistivity may come from
two reasons: (1) The incorporation with laughing gas leads
to worse film crystal quality. (2) The compensation due to
doping substitutional nitrogen results in a lower hole concen-
tration. However, with the laughing gas further adding, there
is a strong inhibitory effect of oxygen on nitrogen. The resis-
tivity will decrease due to the improvement with film quality
and the decrease of the donor compensation behavior related
to nitrogen.

Figure 5(b) shows the hole concentration change of
boron-doped diamond film at room temperature with differ-

ent laughing gas concentrations. With the increasing N,O/C
ratio, the hole concentration decreases quickly from about
1 x 10" cm™3 to 1 x 10" cm™3. At the same time, nitro-
gen/oxygen co-incorporation may also lead to an increase in
acceptor activation energy, which could result in decrease in
hole concentration and significant increase in resistivity. The
measurement results of mobility for all the samples at room
temperature are shown in Fig. 5(c). In single boron-doped
films, the hole mobility is about 250 cm?/V-s. When a small
amount of laughing gas is incorporated (N,O/C =2.5%),
the mobility shows a significant decrease from 250 cm?/V-s
to 100 cm?/V-s. This change with mobility is generally
considered to be caused by the change of crystal quality.
When the concentration of laughing gas incorporation is fur-
ther increased to 7.5%, the mobility rapidly improves from
100 cm?/V-s to 700 cm?/V-s. However, when the laughing
gas concentration continues to increase to 10.0%, the mobility
again decreases to 150 cm?/V-s. Therefore, the growth behav-
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ior of nitrogen/oxygen co-doping regulation is complex. It is
noted that the mobility results are in agreement with the crys-
tal quality and surface morphology [Figs. 3(a)-3(c)], so we be-
lieve that the large mobility (700 cm?/V-s) is associated with
diamond film crystal quality improvement and oxygen inhibi-
tion behavior on nitrogen at the specific doping concentration
(N,O/C =7.5%). The improved crystal quality thus limits the
scattering from lattice. Therefore, high mobility is achieved
then.

To further explore the mechanism with this optimized
doping concentration on the growth behavior of boron-doped
diamond films, the Hall effect measurement has been carried
out at variable temperatures from 290 K to 900 K, and the elec-
trical properties of single boron and boron-laughing gas co-
doping diamond films are further studied. Figure 6(a) shows
the resistivity changes of boron-doped diamond films under

different laughing gas concentrations. As the measured tem-
perature increases, the resistivity decreases monotonically for
boron-doped and boron/laughing gas co-doped diamond films.
This is due to the fact that more acceptors are activated and
the hole concentrations gradually increase as the temperature
rising. Moreover, with the increase of temperature, the re-
sistivity decrease with the single boron-doped sample is rel-
atively small, while the boron-laughing gas co-doping sample
decreases greatly. The resistivity of the single boron-doped
sample is 3 Q-cm at room temperature, and when the tempera-
ture approaches 900 K, the resistivity decreases to 0.15 Q-cm
with a relative decrease of 95%. However, the sample with the
N, O/C ratio of 2.5% shows the resistivity of 60 Q-cm at room
temperature and 0.3 Q-cm at temperature rising to 900 K with
a decrease of 99.5%.
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Fig. 6. The Hall effect measurement for boron-laughing gas co-doped diamond films at various temperatures from 290 K to 900 K:

(a) resistivity, (b) hole concentration, (c) mobility.

Figure 6(b) shows the hole concentration change of boron
doped film under different laughing gas concentrations, with
the temperature range from 290 K to 900 K. As the temper-
ature increases, the hole concentration of all films increases,
which is also responsible for the decreased resistivity with the
film [Fig. 6(a)]. The hole concentration of single boron-doped
samples increases from 1 x 10'® cm = at room temperature to
2.5 % 10'8 cm™3 at 900 K, with a great change in two orders
of magnitude. However, the hole concentration of the boron-
laughing gas co-doped film increases from 10> cm~3 at room
temperature to 10'8-10' cm=3 at 900 K, and the increase is
1-2 orders of magnitude higher than the single boron-doped
samples. As the temperature rises, the hole concentration in-
creases gradually for all the samples, and no jump conduc-
tivity is observed, indicating that the defect concentration in
the film is relatively low. The change of variable temperature
hole concentration is consistent with the change of resistivity,
which may be caused by the change of acceptor concentration,
donor concentration and activation energy.

Besides the measurement of resistivity and hole concen-
tration for different temperatures, we also performed the mo-
bility measurement with the temperature from 290 K to 900 K
as shown in Fig. 6(c). For the film with N, O/C ratio of 2.5%,
the mobility increases from 100 cm?/V-s to 135 cm?/V-s with
temperatures from 290 K to 370 K. However, with the tem-

perature increasing from 370 K to 900 K, the mobility de-
creases from 135 cm?/V-s to 18 cm?/V-s with the maximum
value (135 cm?/V-s) at 370 K. This is due to the range of 290—
370 K, the carrier scattering is dominated by ionized impu-
rity scattering, with the temperature further rising from 370 K
to 900 K, the carrier ionization impurity scattering weakens,
and the optical and acoustic phonon scattering plays a ma-
jor role. However, the mobility of the remaining samples de-
creases monotonically with increasing temperature, because
during the overall temperature change, the carrier scattering
is mainly dominated by optical and acoustic phonon scatter-
ing. Among these samples, the film with N, O/C ratio of 7.5%
has the highest mobility, reaching 700 cm?/Vs at room tem-
perature. Notably, as the temperature increases to 900 K, the
mobility decreases to about 20 cm?/V's.

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

by the neutrality equation*!!

g(Np+P) ( a )
s =exp (— o )
MV(NA—ND—P) kgT

where E, is the ionization energy of the acceptor, kp is the
Boltzmann constant, g4 is the acceptor degeneracy, Ny is the
acceptor concentration, Np is the compensating donor concen-
tration, M, is the effective density of states of the valence band.

118102-5



Chin. Phys. B 32, 118102 (2023)

Using this equation to fit the hole concentration data shown in
Fig. 6(b), we can obtain the values of Na, Np, and E,.
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Fig. 8. Boron-laughing gas co-doped diamond films with increase in
the N,O/C gas ratio: (a) compensation ratio (Np/Na ), (b) the ioniza-
tion energy of the acceptor (E,).

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

. L Acceptor Donor
Ratio of Boron ionization . .
NZO/C energy (eV) C0nC€ntj‘;it10n concenir;it10n

(em™) (cm™)
0% 0.22 2.2x 10" 6.0 x 10'8
2.5% 0.2 3.16 x 10"° 1.8x 10"
5.0% 0.21 5.0 x 10 3.3 %108
7.0% 0.28 6.3 x 10'8 7.1 x 107
10.0% 0.26 3.16 x 10° 2.0x10'8

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 Fig. 8(b), as also listed in Ta-
ble 1. For boron-doped diamond (N,O/C =0%), the fitted
boron ionization energy (E,), acceptor concentration (Ny),
and donor concentration (Np) are 0.22 eV, 2.2 X 109 cm—3,
and 6.0 x 10'® cm™3, respectively. The activation energy is
consistent with the data reported in the literature for this dop-

43 44

ing concentration.!*>*! Grotjohn et al. suggested that the ac-

tivation energy decreases from 0.36 eV to 0.05 eV as the ac-
ceptor concentration increases from 10'® cm=3 to 10%° cm—3
according to Fourier infrared spectroscopy./*?! Also, Fag-
gio et al. reported that the activation energy decreases from

0.23 eV to 0.04 eV with acceptor concentration increases from

10'8 cm 3 to 1029 cm 3.1 Based on Refs. [43,44], it can be
concluded that the acceptor concentration and the correspond-
ing activation energy are basically inversely related. This is
exactly what we have seen in comparison of Fig. 7(b) with
Fig. 8(b). The acceptor concentration shows an up-down-up
trend versus the N, O/C ratio while the activation energy shows
an opposite result.

The reason why the acceptor concentration has such a
trend could be easily understood as stated in the following.
With adding a small amount of laughing gas (N2O/C =2.5%),
the acceptor concentration increases slightly as shown in
Fig. 7(b).
size oxygen ions and nitrogen ions, which could effectively

It is possibly due to the incorporation of large

balance and compensate the tension stress caused by B ions.
Therefore, the doping efficiency of boron in the diamond film
is improved and the acceptor concentration increases, leading
to the activation energy reducing from 0.22 eV to 0.20 eV. The
compensation (Np/Na) is calculated based on the acceptor
and compensation donor concentrations as shown in Fig. 8(a).
After the incorporation of a small amount of laughing gas
(N2O/C =2.5%), even the acceptor concentration increases,
the increase of compensation donor concentration results in
the compensation from 26% to 61%, thus the hole concentra-
tion in Fig. 5(b) reduces an order of magnitude at room tem-
perature. When the N, O/C ratio increases further (> 2.5%),
the incorporation of excessive laughing gas will significantly
enhance the inhibition of oxygen and reduce the incorpora-
tion efficiency of nitrogen, leading to the decrease of nitrogen-
related compensation donor and the decrease of compensation
degree, which helps to improve the acceptor concentration in
the film. At the same time, the acceptor activation energy is
still small (N,O/C =5.0%), thus increasing the hole concen-
tration at room temperature. When the N, O/C ratio increases
to 7.5%, the inhibitory effect of oxygen on nitrogen gradu-
ally dominates, which leads to a well improved crystal and
surface quality and reduced acceptor and compensation (ni-
trogen) concentrations. Both the acceptor and compensated
donor concentrations reach relative minima 6.5 x 10'® cm—3
and 8.0 x 107 cm™3 in the film, respectively. The large re-
duction in the acceptor concentration results in the activation
energy increasing from 0.21 eV to 0.28 eV. Therefore, the de-
crease of the acceptor concentration, the increase of activation
energy and compensation ratio reduce the hole concentration
at room temperature. The results of NV center luminescence
measurement show that the relative luminescence intensity at
this laughing gas concentration (N,O/C =7.5%) is strong, in-
dicating that the oxygen doping in the laughing gas can ef-
fectively inhibit the formation of the defects related to the
non-radiative recombination process, which is conducive to
improving crystal quality and leads to the significant increase
with hole mobility ~ 700 cm?/V-s [Fig. 5(c)]. With further in-
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crease in the ratio to 10%, the etching effect of oxygen makes
the crystal and surface quality worse, which is beneficial for
the incorporation of boron acceptors. As a result, the acceptor
concentration raises again.

4. Conclusion

In summary, the regulation of laughing gas on the prop-
erties of lightly boron-doped diamond is fully investigated.
With adding appropriate laughing gas, boron-doped diamond
films with relatively high crystal quality and structural proper-
ties, as well as relatively smooth growth surface, are obtained.
More importantly, the regulation of laughing gas on boron
doped diamond film growth realizes relatively low compen-
sation donor concentration and compensation doping control
under the optimization conditions. This improves the electri-
cal performance of boron doped diamond films, especially the
hole mobility, which provides a possible way to further im-
prove the performance and application level for photoelectric
devices.
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