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Abstract:

The pure oxygen was introduced into the growth environment of the single crystal diamond
with different contents, and the growth characteristics of single crystal diamond and the reac-
tion dynamics in the plasma were studied in detail. As the ratio of O, to H, is up to 1.5%, the
unique shaped etching pits with eight symmetric crystallographic planes appear. Optical emis-
sion spectra present typical characteristic radicals in the O, incorporated growth environment.
With amount of O, increases, the growth rate decreases gradually due to the low active carbon
source concentration and electron temperature. In the carbon contained hydrogen plasma, O,
will react with CH radicals preferentially at low concentration and the dynamic equilibrium of
CH and C; radicals was achieved at the O, concentration of 0.5% and 1%. Accompanying
with the O, addition, the nitrogen and silicon related impurities have been reduced during the
epitaxial growth process. Meanwhile, all of the FWHM of characteristic peaks in Raman
decrease obviously after the epitaxial growth without and with O, addition, and FWHM of
most samples are about 2.6¢cm’ ', which are comparable with the natural type Ila SCD without
stress.
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1. Introduction

Diamond has been widely researched due to its excellent mechanical, optical, thermal and
electrical properties such as the highest hardness, highest thermal conductivity, almost all-
band transmission, the highest carrier mobility and so on[1-3]. Based on the the properties,
high quality diamond has been widely applied in the cutting tools[4], heat sinks[5], high-
power windows[6]and electronic devices[7-8], especially the jewelries[9].

In recent years, the single crystal diamond (SCD) preparation technique based on chemical
vapor deposition (CVD) has achieved dramatical progress. First of all, the size of single
crystal diamond was enlarged by homo-epitaxial and hetero-epitaxial growth. One promising
technology to obtain large size wafer is the mosaic fabrication method based on homo
epitaxy[10—11]. The maximum size present is 4 x6 cn?, reported by AIST[11]. However,
there is an obvious boundary between the mosaic plates of SCD. Meanwhile, researchers also
seek out the hetero-epitaxial growth based on the metal oxide and Ir. Until now larger than
10mmx10mm SCD has been obtained by using SrTiO3[12] or YSZ [13]as the buffer layer to
reduce the interface stress. A drawback of hetero-epitaxial growth is the high dislocation
density. Secondly, the dislocation density of the epitaxial diamond has been improved by
using a low dislocation density crystal as the seed. After growth, the dislocation density of the
epitaxial layer was 400 cm 2[14]. Thirdly, the high growth rate was achieved by adjusting the
growth parameters and adding a small amount of Nj. The growth rate of up to 165um/h was
obtained for the single crystal diamond up to 18 mm in thickness at high power density[15].

Until now, to achieve high pure single crystal diamond deposition with limited impurities is
another topic. Generally the background concentration of nitrogen and silicon is hard to be
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limited. High pure single crystal diamond layers have always been obtained on the high quali-
ty single crystal diamond seed under the harsh growth conditions, which leads to a high pro-
duction cost. Moreover, as one of the best choices for electronics and quantum computing,
requirement of high pure diamond crystal is an even greater obstacle, which requires the
background concentration of nitrogen and silicon to reach less than one part per billion[16]. It
is an effective method to improve the crystalline quality of single crystal diamond by adding
special reaction groups in the CVD environment. The high growth rate of single crystal di-
amond was obtained without any loss of crystalline quality by incorporating argon(Ar) due to
the higher gas temperature of the plasma and activated H atoms[17]. N-related gas addition
such as N»O could generate a much smooth growing surface and improve the crystallographic
quality and orientation of SCDs due to the step flow mode[18]. O-related gas addition includ-
ing Oz, CO and CO; could be used to improve the quality of diamond by the preferential
etching of the non-diamond carbon by activated O atoms[19]. Besides this, it can also hinder
the diamond cracks to promote the growth of thicker single crystal diamond layer[20].
Although it has been found that the O-related gas addition could improve the quality obvious-
ly, the growth mechanism related with the reaction dynamics in the plasma is not systematic.
The single crystal diamond growth with O-related gas addition is a very competitive method
to control the impurity for application in the electronic-grade or quantum- grade diamond. The
research on the growth characteristics of the single crystal diamond with O-related gas addi-
tion is necessary.

In this paper, the pure oxygen was introduced into the growth environment of the single
crystal diamond with different contents. The reaction dynamics in the plasma was analyzed.
Correspondingly, the crystal quality of single crystal diamond with different O, addition was
characterized. This research will provide the fundamental results for the high pure diamond
growth and possibility of application in the diamond electronics and quantum calculation.

2. Experime ntal
2.1 Epitaxial growth of the single crystal diamond

The single crystal diamond growth experiments were conducted in a 2.45GHz microwave
chemical vapor deposition (CVD) system with a typical quartz-bell structure. Before the
growth, the commercial tool- grade high pressure high temperature (HPHT) seeds with rough-
ness of less than 5nm were boiled in the solution of H,SO4 mixed HNO3; with volume ratio of
5:1 for 30 min to remove the residue inclusions and contaminations on the surface. The HPHT
diamond seeds shows typical peak at about 59.8° in the rocking curve of X-ray diffraction
(XRD), indicating the (004) plane orientation. Then the seeds were placed in a molybdenum
holder. After the chamber pressure was below 0.1Pa, hydrogen with purification of higher
than 99.999% was filled in. The plasma was ignited after the chamber pressure reached 1kPa
and the seed temperature was adjusted by increasing the MW power and chamber pressure
correspondingly. After the carbon source and different content O, were added to grow di-
amond epitaxially without intentional plasma etching, the growth temperature was kept at
900°C. The detailed growth parameters were shown in Table 1. During the growth stage, the
optical emission spectroscopy (OES) was used to test the reaction groups in the plasma, as
shown in Fig.1. The optical fiber probe was fixed at 10cm from the center of plasma. The opt-
ical spectrum ranges from 300nm to 700nm, which covers all the characteristic peak of acti-
vated groups. The relative intensity changes of the peaks corresponding to the different radi-
cals were used to show the reaction dynamics in the O incorporated environment.
2.2 Epitaxial growth of the single crystal diamond

After the epitaxial layer growth, the surface morphology was observed by optical micro-
scope and atomic force microscope(AFM). The impurity content in the grown diamond layers
was detected by photoluminescence (PL) spectrum with laser wavelength of 532 nm. The
crystal quality of the diamond seeds and the epitaxial layers was characterized systematically



by Raman spectroscopy with laser wavelength of 514nm. To exclude the effect of diamond
seed on the Raman characteristics, the declined percentage of the full width at half maximum
(FWHM) of feature peak after epitaxial growth was calculated based on the Equation (1) and
analyzed, where F WHMs and FWHME are the FWHM of the feature peak of the diamond seed

and epitaxial layer, respectively.
FWHMg—FWHMg

Declined percentage =
FWHMg

Equation (1)

3.Results and Discussion

The surface morphology ofepitaxial single crystal diamond layers with different concentra-
tions of O, addition are shown in Fig.2. It shows smooth surface composing of the rounded
hillocks in Fig.2(Al), which may be due to the low supersaturation of active carbon related
radicals. At the edge of the sample, it presents the pyramid growth mode resulting from the
defects of the diamond seeds. As the O, concentration increases, the epitaxial layer surface
shows similar hillock morphology and the pyramids at the edge disappear because the O re-
lated species remove the defects induced “unepitaxial crystallites”[21]. When the O, concen-
tration is up to 1.5%, besides the hillock morphology, the black dots in the center appear com-
ing from the plasma etching. It means in the diamond growth environment, the etching effect
instead of growth becomes dominate in the center. As the O, content increases, the etching
dots become more and more. It is easy to understand that the O related groups such as OH
have higher etching efficiency. We further investigated the etching dots on the surface of the
grown epitaxial layer with O, concentration of 2.5% in Fig2(A6), as shown in Fig.3. The
black dots in different size show the similar shaped pits with eight symmetric crystallographic
planes, which is obviously different from the ones in the H,/O, etching plasma and CH4/H;
growth environment[22]. In the Fig.3(b), it shows the typical etching pit. The 3D morphology
shows the crystallographic faces clearly combined with the smaller pits. Until now there have
been few reports on this kind of etching dots. In order to confirm the crystallographic facet-
ing, the surface profile cross the center of one crystallographic plane was tested by AFM and
the results are shown in Fig4. The angle between the plane of the etching pits and the sample
surface was obtained by calculating the slope of the surface profile, and angle of about is
13.9°. Furthermore, we calculated the angle between the assumed plane of (h; k; 1;) and the
surface plane of the epitaxial layer (004) using the equation for cubic system. It could be
deduced that the crystal indices of the etching pits satisfy the relationship of 16.2 (h;*+k>)=/>
Based on this relationship, {129} crystal planes for the etching pits may be predicted. It indi-
cates this crystal planes will be etched preferentially in the current composition of CH4/H,/O»
plasma environment. The relationship between the apexes of the pits and the defects cannot
be confirmed. However, these geometry is induced by the plasma containing O composition,
depending on the ratio of etching rate between the vertical direction and the face direction
[23]. Meanwhile, the Raman mapping of sample A6 based on the intensity of characteristic
peak of diamond was measured and shown in Fig.5. Two distinguished kinds of characteristic
peak intensity can be found from the etching pits and the normal surface. It is noteworthy that
in all the etching pits areas, there is one plane showing the similar intensity with the surface.
The reasonable explanation for this phenomenon is under investigation.

OES is a sensitive technique to in-situ monitor the species in the plasma during the CVD
SCDs growth[24]. The optical emission spectra while growing SCD with addition of O, in
different concentrations were recorded and shown in Fig.6. The characteristic radicals of
C2(470, 516.5 and 563.1nm), CH(431.5nm), Ha(656nm), Hy(434.1nm), and Hp(468.1nm) are
all presented and the intensities vary with increase of O, concentration. The OH radicals re-
sponsible for the etching effect cannot be seen due to relative low O, addition concentration.
The high intensity C, peak shows a typical feature under the plasma conditions of high pres-
sure, CH4/H2(5%) ratio and power density. It can be observed that intensities of C,, CH, Ha
radicals decrease in Fig.7. Meanwhile, the band at 400-405nm gradually disappears with O,
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addition and emissions at 390nm become stronger, indicating the amount increase of CO
present in the plasma[25]. The decrease rate of C, radicals is much larger than that of CH and
radicals. As the O, concentration increases, the active O atoms will react with the carbon
containing species and the H atoms. Correspondingly, the CO and OH species generate.
Although no obvious OH groups were found in the OES due to the small concentration, it can
be speculated that OH groups were generated because of its strong etching effect. Then
increase of the O atoms reduce the contents of the C,, CH and H, in the plasma. Based on the
change of the reaction groups, the existed chemical reactions in the plasma are speculated
below.
CH4—C,H¢+H, CH4/C,H,—CH+H, C,H,/CH+0,—CO+0OH, H,/H+O,—OH+O

The dependence of growth rate on the varying O, concentration is shown in Fig8. It de-
creases from 5.05 to 2.86 with increasing oxygen from 0% to 2.5%(O2/H;) in the plasma,
which means O; incorporation reduces the deposition rate of the single crystal diamond. The
dependence of the ratio of CH to H, emission intensity, /(CH)/I(H,), and Hy to Hg emission
intensity (/(Hy)/I(Hp),) on the O, addition is shown in Fig.8(a) and Fig.8(b). Both of them
show the similar trends with the growth rate. In fact, the growth rate of the single crystal di-
amond is associated with the carbon source concentration and the electron temperature in the
diamond growth environment. Generally, the CH radicals related to CHy species in the plasma
are the precursor of diamond growth, and radicals have the function of the etching of non-
diamond phase. More CH radicals can promote the epitaxial growth of diamond and more
radicals will slower the growth of diamond relatively, even though radicals are beneficial to
high-quality growth of diamond. As the O, concentration increases, the carbon source
concentration decreases, which will affect the growth rates. Meanwhile, is generally used to
characterize the electron temperature in the plasma[26]. Without O, addition, high electron
temperature has long mean free path for the electron. The electrons collide with H, molecules,
promote the ionization of gas, accelerate the activation reaction, and ultimately enhance the
growth rate. As O, was added, the electron temperature decreases, the ionization degree of
gas lowers, and the reaction process suppresses. It leads to the decrease of growth rate with O,
concentration increase. Though all samples were deposited at 900°C, O, incorporation
changes the electron temperature and the intensity ofall radicals in plasma, which induces the
difference of growth rate.

C, radical is the product of carbon-containing radicals under high power density. In Fig.9,
dependence of and on O, concentration is shown and it is found that rises firstly and then
falls with increasing O, concentration. It is because that O, will react with CH radicals prefe-
rentially under low concentration of O, [25]. With increasing O, concentration, the consump-
tion of CH radicals reaches saturation. O, will combine more with C; radicals and lead to the
reaction rate increase. Therefore, we can find that decreases obviously at O, concentration of
1.5%. The changes slightly between 0.5% O, and 1% O,, which indicates dynamic
equilibrium of CH and C, radicals reaches. During the epitaxial growth process, the relative
intensity of radicals plays a significant role to grow high quality single diamond. C, radical is
also an important part for diamond growth, but high intensity of C, radicals will increase the
non-diamond component. Although the intensity of radicals decrease with the increasing O»
concentration, the also decreases as shown in Fig.9. The decrease of indicates that the crystal
quality of single diamond could be improved with high O, concentration addition.

The PL spectra were used to show the impurities in the epitaxial diamond layer in Fig.10.
Without O, addition, the diamond epitaxial layer shows obvious fluorescence characteristics.
Two sharp peaks at 575nm and 637nm respectively, shows a large amount of [N-V]° and [N-
V] impurities existing in the layer. As the O, concentration increases, no obvious impurity
peaks could be found, which mean the epitaxial layer was purified by O, incorporation. It is
noteworthy that the diamond feature peak shows the highest intensity at O, concentration of
1.5%, which indicates the highest crystal quality. Due to O, addition in plasma, it suppresses
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the formation of nitrogen vacancy and reduced the introduction of impurities during the
epitaxial growth process. There are some reports on the quality improvement of the diamond
by the oxygen plasma treatment [27] or oxygen addition into the hydrogen-methane plasma
[20]. It was shown that oxygen addition can not only remove the nitrogen, silicon and
hydrogen related impurities, but also hinder the diamond cracks to promote the growth of
thicker single crystal diamond layer. Although no clear evidence was found, it can be
speculated that the OH and O radicals in the plasma will react with these impurity and form
such nonreactive species, such as NO/NO,, SiO/SiOH, H,O and so on.

Raman spectroscopy was used to characterize the crystal quality of epitaxial growth layers
with different concentrations of O, incorporation, as shown in Fig.11. Fig.11(a) shows the
first order Raman peaks of the diamond seeds and the grown layer under different
concentrations of O;. In the atmosphere of no O, addition and small amount O, addition until
1.0%, the Raman feature peak positions shift to higher wave number, which means there ex-
ists the compressive stress in the epitaxial layer. As the O, concentration increases, the Raman
shift difference between the diamond seed and the epitaxial layer becomes small, which may
be attributed to the reduced thickness and the increased etching pits density. Meanwhile, the
FWHM of feature peaks of the samples are shown in Fig.11(b). All of the FWHM decreases
dramatically after the epitaxial growth. FWHM is a typical index to characterize the
crystallinity. The impurities and the defects incorporated in the crystal lattice distortion will
make the Raman peaks broaden. In our situation, all the crystal quality of the epitaxial layers
grown with varying O, concentration are improved though there are still many impurities in
the epitaxial layer for the epitaxial layer without O, growth. Except the A2 sample with
FWHM of 3.68cm™’, the FWHM of all samples are about 2.6cm™', which are comparable with
the natural type Ila SCD without stress[28].

In addition, the FWHM of the epitaxial layer is strongly dependent on the diamond seed
quality. In order to distinguish the effect of O, addition from the changed FWHM, the
declined percentage of the FWHM after epitaxial growth compared with the original diamond
seed, is shown in Fig.12. The declined percentage of the Raman FWHM shows accelerated
decrease trend as the concentration of O, addition increases. Until 1.5% O, was added, the
declined percentage levels off. Although the FWHM of the characteristic Raman peaks show
decrease in different levels after epitaxial growth, the declined percentage decrease and go to
a stable value excluding the diamond seed effect. Generally it is speculated that the added
oxygen in the source gas, will generate strong etching on the defective part on diamond seed
surface during diamond growth process and the reduced nitrogen, silicon and hydrogen
related impurities will be beneficial to improve the crystal quality of the epitaxial layers. In
our situation, the reverse phenomenon was observed. Meanwhile, it was reported that the
FWHM could be decreased obviously when the O, concentration was up to certain extent
[29]. It should be associated with the concentration ratio among the carbon source, H, and O,.
Under higher CH/H,, O, will mainly play a role to purify the growth environment in a low
concentration and the best crystallinity could be obtained using the certain extent O, as both
improver for the growth environment and repairman on the diamond surface. For our situa-
tion, the CH/H, is not so high; therefore, O, will act as the improver and repairman in the low
concentration. Oy further increase will lead to the obvious etching on the growth surface in
some defective sites, in which situation, the repair effect will be adverse and the crystallinity
could not be improved further.

4.Conclusions

The single crystal diamond epitaxial growth with O, addition in the H,/CH4 plasma was
studied in details. As the ratio of O, to H is up to 1.5%, the unique shaped etching pits with
eight symmetric crystallographic planes appear. Optical emission spectra present typical cha-
racteristic radicals of C,, CH, Hq, Hy, Hg and CO in the O, added growth environment. With



O, increase, the growth rate shows gradual decrease trend due to the low active carbon source
concentration and the electron temperature. In the carbon contained hydrogen plasma, O, will
react with CH radicals preferentially under low concentration of O, and the dynamic
equilibrium of CH and C, radicals was achieved at the O, concentration of 0.5% and 1%. Ac-
companying with the O, addition, it suppresses the formation of nitrogen vacancy and reduces
the introduction of impurities during the epitaxial growth process. Meanwhile, all of the
FWHM decrease obviously after the epitaxial growth without and with O, addition and
FWHM of most samples are about 2.6cm™', which are comparable with the natural type Ila
SCD without stress.
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Fig.1 Schematic diagram of the optical emission spectroscopy to test the active radicals indi-
amond growth environment with O, addition.



Fig.2 The photos of the epitaxial single crystal diamond films grown with different O, con-
centration (A1) 0%, (A2)0.5%, (A3)1%, (A4)1.5%, (A5)2%, and (A6)2.5%
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Fig.3 The laser scanning confocal micrographs ofthe etching pits inFig.1 (A6).
(a) surface morphology, (b) image of contour and (c) 3D morphology
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Fig4 The surface morphology of the etching pits (a) tested by AFM and the surface profile of
one crystallographic plane (b)
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Fig.5 The surface microstructure of A6 (a) and corresponding Raman mapping in the
yellow box (b) based on the intensity of characteristic peak of diamond
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Fig.6 Optical emission spectra of the O contained plasma during diamond deposition varying
O, addition from 0% to 2.5% in the H,/CH4 plasma (a) and comparison of optical emission
spectra of the plasmas with and without O, addition (b).
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Fig.8 Dependence of the relative intensity of CH to H, emissions, (CH)/I(H,) (a), and Hy to
Hp emission intensity (/(Hy)/I(Hg) (b) and growth rate on the O, addition in the Ho/CHy4
plasma.
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Fig.9 Dependence of the relative intensity of C, to CH emissions, and the relative intensity of

C, to Hy, emissions,
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Fig.10 Photoluminescence (PL) spectra taken from the epitaxial diamond layers grown at
different concentrations of O, with laser excitation of 532nm at 77K.
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Fig.11 The comparison of the characteristic peak position (a) and FWHM (b)of the diamond
seeds and epitaxial growth layers with different concentrations of O, addition.
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Fig.12 The declined percentage of the Raman FWHM versus the concentration of O, addition
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Table 1 The growth parameters of'single crystal diamonds with O, addition at different con-
centrations

Power/kW  Chamber Pressure/kPa CHy flow/sccm O, concentration (O,/H,)/% Time/h

0.5
2.6 22-24 15 1 15

1.5

2.5
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