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We performed a series of thermal oxidation at different temperatures on nanocrystalline diamond

(NCD) films to construct various surface termination states of NCD grains and investigated their

effects on silicon-vacancy (SiV) photoluminescence (PL) at 738 nm. Experiments and first princi-

ples calculations show that the negative electron affinity surface induced by C-H bond termination

quenches the SiV PL, while the positive electron affinity surface originating from C¼O bond termi-

nation removes this quenching. Moreover, oxidation at 600 �C results in the transition from amor-

phous carbon to graphite loops with an interlayer space of 0.4 nm, so that NCD and graphite loops’

hybridized structure is formed. This allows oxygen atoms to contact with inside NCD grains to

form more C¼O bonds on the surface, producing much larger positive electron affinity in the sur-

face. It traps the excited state electrons, lets them scatter back to the ground state, and emits SiV

PL. These results reveal that C¼O bonds play a crucial role in SiV PL of NCD grains and well

explain the experimentally observed quenching effect. A novel way by changing the surface termi-

nation states is proposed to control the PL of NCD grains with SiV centers for potential quantum

information processing and biological sensing. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4972026]

I. INTRODUCTION

Defect centers in diamond have excellent potential

applications in quantum information technology, photonics,

nano-electronics, and cell biology.1 However, not all defect

centers can satisfy the requirements of an ideal single-photon

source and biological sensing, including structural stability,

high luminous efficiency, excellent spatial coherence, and

short photon lifetimes.2,3 Thus, understanding and eventually

controlling these centers is of paramount importance to

design and improve the luminescence performance of dia-

mond materials.

There are three types of valuable luminescence centers

in diamond including nitrogen-vacancy (NV), nickel-

nitrogen (NE8), and silicon-vacancy (SiV) centers. The neu-

tral (NV0) and negatively charged (NV�) centers are stable,

showing peaks at 575 and 637 nm in the photoluminescence

(PL) spectrum, respectively. These photoluminescent bands

are very wide and have a long lifetime up to 25 ns.4,5 A series

of experimental studies suggested that nickel and nitrogen

could form a kind of complex of NE8 with a sharp and

strong PL peak. However, it was very difficult to form single

NE8 centers without other Ni-related luminescence centers

in diamond at room temperature.6 The observed PL peak

with 1.68 eV (738 nm) originally from SiV centers showed a

very narrow band (�5 nm) and short luminescence lifetime

(�1.2 ns).7–9 This suggests that SiV centers have more excel-

lent performance than other luminescent centers.

For the application of quantum information processing

and biological sensing, nanocrystalline diamond (NCD)

grains with strong SiV PL have outstanding advantages.

However, it is very difficult to prepare NCD grains with

strong SiV PL comparative with NV contained NCD grains,

which can be massively prepared by the explosion method.10

Researchers tried to prepare SiV photoluminescent nanodia-

monds by ultrasonic oscillating microcrystalline diamond

films, while the yield of nano-diamond grains was very

low.11 Fortunately, the NCD film with strong SiV lumines-

cence peaks has been successfully prepared by chemical

vapor deposition (CVD) on silicon,12 which is composed of

NCD grains surrounded by amorphous carbon grain bound-

aries (GBs).13,14 If NCD grains can be separated from the

films, it is more easily to obtain SiV photoluminescent nano-

sized diamond. This first requires strong SiV photolumines-

cent NCD films. However, it was found that some NCD films

deposited on silicon did not exhibit the SiV PL, which was

considered as a quenching effect and its origination and for-

mation mechanism remains largely unexplored. Therefore,

in order to obtain SiV photoluminescent nano-diamond

grains from NCD films, it is very important to discover the

quenching mechanism and ultimately control the PL of SiV

centers in nano-diamond.

It was reported that a similar quenching effect had also

been observed in NV luminescent diamond,15–17 which was

closely related to the surface states of diamond.18–20 The

sp2-hybridized carbon terminated surface layer of both high-

pressure high-temperature (HPHT) and detonation synthe-

sized diamonds quenched the luminescence from embedded

NV-centers.15 This quenching could be partially removed by
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oxidizing the surface of diamond at 400 �C in air, suggesting

that the oxidation caused downwards band bending,

enhanced the ratio of NV� to NV0 centers, and then recov-

ered the luminescence.16 It was also found that the hydrogen

terminated (H-terminated) surface suppressed the NV� fluo-

rescence of single-crystalline diamond,17 while the oxygen

terminated (O-terminated) surface leads to a relatively higher

NV� density and exhibits luminescence.18,19 Recent calcula-

tions showed that the H-terminated surface induced a nega-

tive electron affinity (NEA)17 and carboxyl groups with

C¼O bonds increased the acceptor surface states, which

caused the blinking or bleaching of NV luminescence.20 A

mixture of hydrogen, hydroxyl, and ether terminators on the

diamond surface brought about a slight positive electron

affinity (PEA), which was beneficial for NV luminescence.20

These results show that diamond surface states can signifi-

cantly affect the NV luminescence, but the surface state that

can dominantly control its PL is not clear. Moreover, the

effects of diamond surface states on SiV PL are not known

due to the lack of the efficient experimental method. These

produce a big challenge to control the luminescent properties

of color centers in diamond.

In this work, we utilize the unique hybrid microstructure

of SiV centers containing nano-sized diamond grains and

hydrogenated GBs in NCD films, to obtain H-terminated sur-

face states for nano-diamond grains. It is also known that the

amorphous carbon GBs can be first oxidized in thermal oxi-

dation,21–23 which gives a chance to oxidize the inside nano-

diamond grains and then produces an O-terminated surface

for nanocrystalline diamond. Therefore, we constructed vari-

ous surface termination states for nano-sized diamond grains

by performing thermal oxidation at different temperatures on

NCD film, and their effects on SiV PL were systematically

investigated from experiment and first principles calcula-

tions. The results show that C-H bond termination induces

the NEA surface, quenching the SiV PL, while the C¼O

bond terminated surface causes the PEA surface, removing

this quenching and making them exhibit SiV PL. This study

discovers the quenching mechanism of SiV centers in dia-

mond and gives a novel way to control SiV PL of nano-

diamond grains by adjusting its surface termination states. It

has important significance for the application of nanodia-

mond grains in quantum technology and biosensing.

II. EXPERIMENTAL SECTION

NCD films were grown on Si (111) wafers with a diame-

ter of 4 cm and a thickness of 0.7 mm by hot-filament CVD

(HFCVD). In order to increase the nucleation density of

nano-diamond grains, the substrate was carefully polished

for 30 min with the mixture of diamond powder and acetone

before deposition. The HFCVD parameters were chosen as:

the hot filament power of 2.2 kW, the substrate temperature

of �850 �C, the reaction chamber pressures of 0.5–1.4 kPa,

the gas mixture composition of CH3COCH3:H2 ¼ 2:80

sccm, and the deposition time of 4 h.

The as-deposited films were oxidized in air at 500, 600,

and 700 �C, respectively, to obtain different surface termina-

tion states of nano-sized diamond. Due to the small effects

of the oxidation at 500 �C on the PL of NCD films, we

choose 30 min as the time interval with oxidation times of

30, 60, 90, 120, 150, and 180 min in the case of 500 �C oxi-

dation. The corresponding samples were named as 500-30,

500-60, 500-90, 500-120, 500-150, and 500-180, respec-

tively. In the case of 600 �C oxidation, a shorter time interval

of 10 min with oxidation times of 10, 20, 30, 40, and 60 min

was chosen due to stronger oxidation effects under this tem-

perature. The samples were named 600-10, 600-20, 600-30,

600-40, and 600-60, respectively. When the oxidation tem-

perature increased to 700 �C, NCD films might be severely

damaged. Thus, the sample was oxidized at 700 �C only for

5 min, which is named as sample 700-5.

The luminescent properties of the samples were character-

ized by PL spectroscopy with the wavelength of k¼ 514 nm.

The film microstructure was analyzed by visible Raman spec-

troscopy (Lab RAM HRUV80C) with k¼ 514 nm. The atomic

concentration of elements and their chemical bonding were

characterized by using X-ray photoelectron spectroscopy

(XPS, Axis Ultra DLD spectrometer). Transmission electron

microscopy (TEM, Jeol 2100F) was used to analyze the micro-

structure of the samples. Electron energy loss spectroscopy

(EELS, Gatan, Enfina) was used to examine the bonding struc-

ture of samples.

We performed first principles calculation to investigate

the effects of surface termination states on the structure and

properties of the diamond lattice with a SiV defect center. The

structural optimizations and property predictions were carried

out by using the density functional theory (DFT) in applying

general gradient approximation (GGA) in the Perdew-Burke-

Ernzerhof (PBE) parametrization for exchange-correlation

potential as implemented in the Vienna ab initio simulation

package (VASP).24,25 The plane wave cut off energy was

500 eV and the periodic boundary condition was used. A

(1� 1� 1) Monkhorst-pack grid is used to sample for the

Brillouin zone during relaxation and self-consistent calculation

in order to obtain the properties of the electronic ground state.

We used 25 Å in a vacuum along the z-direction to avoid the

direct interaction between the bottom and top surface. The

positions of atoms were allowed to relax with the converged

gradient method until the forces were less than 0.01 eV/Å and

the energy converged to 10�4 eV. The electron affinity (EA) is

defined as the energy obtained from moving an electron from

the vacuum to the bottom of the conduction band: EEA

¼�(ECBM�VVac), where EVac and ECBM are the vacuum

potential and conduction band minimum (CBM), respectively.

Next, we calculated the average potential in the slab and vac-

uum regions in the direction perpendicular to the diamond

(100) surface. From the vacuum potential, we can compute the

EA by subtracting the experimental bulk band gap

(Eg¼ 5.47 eV).

III. RESULTS AND DISCUSSION

Figure 1 shows the PL spectra of the as-deposited and

oxidized NCD films. It is observed that the as-deposited sam-

ple does not emit SiV luminescence. For the samples oxi-

dized at 500 �C, there is still no peak at 738 nm observed in

PL spectra even if the oxidation time is increased to 180 min.
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After the film was oxidized at 600 �C for 20 min and above,

an obvious peak at 738 nm (SiV luminescent peak) appears

in the spectra. The intensity ratio of the peak at 738 nm to

the peak at 560 nm (diamond Raman signal) characterizes

the normalized intensity of the SiV PL peak. In our experi-

ment, there are similar normalized intensity values of about

0.5 in samples 600-30, 600-40, and 700-5, while the value is

increased to about 0.6 for sample 600-60. This indicates that

the films emit SiV PL after oxidizing under 600 or 700 �C
for some times. Moreover, the required oxidization time at

700 �C is obviously shorter than that of 600 �C oxidation.

For comparison, the pure silicon substrates were also oxi-

dized at 500 and 600 �C for 30 min and their PL spectra were

measured (see supplementary material S1). The results show

that there is no SiV luminescence peak in PL spectra of sili-

con either before or after oxidation. This indicates that the

SiV luminescence peak is not originated from the silicon

substrate but NCD films. Moreover, there are two slight

bulges at about 602 and 642 nm for all samples, which are

not NV-related peaks at about 575 and 637 nm for NV0 and

NV� centers,4,5 while they correspond to the 2nd and 3rd

order Raman peaks for graphitic carbon, respectively.26 In

addition, the intensity of these bulges does not significantly

change with the variation of oxidation time, and there is no

evidenced regular relationship between the intensity of

bulges and that of the SiV photoluminescent peak.

To find the inherent origination of the change in SiV PL

of NCD films under different oxidization conditions, the

Raman spectra in the range of 900–1800 cm�1 were first col-

lected to know the phase composition evolution of the films,

as shown in Fig. 2(a). Each Raman spectrum in Fig. 2(a)

shows the typical characteristics of NCD films and can be

well fitted with six Gaussian peaks. The fitted peaks at about

1332, 1350, and 1530–1580 cm�1 are attributed to diamond

peak and D and G bands of sp2-bonded carbon, respec-

tively.22,27 The peaks at about 1140 and 1470 cm�1 are due

to reflection of the trans-polyacetylene (TPA),22,27 which is

related to hydrogen in amorphous carbon GBs of the films.

FIG. 1. PL spectra obtained from the as-deposited and oxidized NCD films.

FIG. 2. (a) Typical visible Raman spectra of NCD films oxidized at different thermal conditions. Dependences of (b) the ratio of ITPA/ISum and diamond phase

content, (c) the diamond peak position and its FWHM, and (d) the G band position and its FWHM on different oxidized conditions.
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Figure 2 also shows the information of the diamond

phase, TPA, and G band derived from the Gaussian fitted

peaks. As shown in Fig. 2(b), the area intensity ratio of TPA

peaks (1140 and 1470 cm�1) to all peaks (ITPA/ISum) charac-

terizes the hydrogen content in GBs of the films. In the case

of 500 �C oxidation, TPA contents decrease with the increase

in oxidation time. When the oxidation time is more than

120 min, the TPA contents decrease to 8%. With a further

increase in the oxidation time, the TPA contents nearly keep

steady. The decreased TPA content shows that there is a

desorption process for hydrogen in the film. For TPA exist-

ing in amorphous carbon GBs, the decrease of TPA indicates

the decrease of GBs, revealing that the GBs are preferably

oxidized. When oxidation temperature increases to 600 �C,

the TPA content continues to decline and drops below 5%

with oxidation time increasing to 60 min. This reveals that

amorphous carbon GBs were more seriously destroyed under

higher temperature oxidation.

Figure 2(b) also shows the variation of diamond phase

contents, which are calculated by the fitted peak area of the

diamond peak and other non-diamond peaks in Fig. 2(a)

according to the formula in reference 28. It is observed that

with the oxidation time increasing, diamond phase contents

increase gradually. For the as-deposited sample, its diamond

phase content is only 19%. In the case of 500 �C oxidation,

the diamond phase content increases gradually and reaches

�30% or above when the oxidation time is more than

90 min. For samples oxidized at 600 �C, the diamond phase

contents further increase to 32% when the oxidation time is

only 10 min and it increases to 40% or above when the oxi-

dation time is more than 20 min. In the thermal oxidation

process, the content of the non-diamond phase in amorphous

carbon GBs is decreased, so that the diamond phase content

increases. This result also confirms that the GBs are more

easily oxidized than the diamond grains. It is worth noting

that the luminescent peak at 738 nm in PL spectra was

observed with the oxidation time reaching 20 min. This

means that the increased diamond contents accompanied by

the decreased TPA contents prefer to emit the SiV PL in

NCD films. This interesting observation suggests that the

quenching effect is related to the hydrogen in TPA located at

amorphous carbon GBs.

Figure 2(b) indicates that the contents of TPA and dia-

mond are 9.7% and 42.3%, respectively, for sample 700-5.

These data are similar to those of sample 600-20. However,

the SiV peak intensity of sample 700-5 is stronger than that

of sample 600-20. This observation provides the evidence

that if the oxidation temperature is high enough, a stronger

SiV PL peak can be realized after oxidization for a shorter

time, even though the TPA contents are not very low and

diamond contents are not very high. These results reveal that

the TPA and diamond contents are not the crucial factors,

which control the SiV photoluminescent properties in NCD

films. There must be other factors to affect the SiV PL in the

films.

Figure 2(c) shows the changes of the diamond peak posi-

tion and its full width at half maximum (FWHM) for all sam-

ples. With increasing the oxidation time and temperature, the

diamond peak position downshifts and its FWHM value

increases, indicating that the quality of the crystal diamond

structure is deteriorated and the stress mode for diamond

grains gradually transforms to tension. That is to say, diamond

grains are also oxidized with increasing oxidization time. For

sample 700-5, the diamond peak position approaches to that

of the perfect diamond lattice of 1332 cm�1 and its FWHM

value of 11.1 cm�1 is smaller than that of sample either

600-40 or 600-60. This indicates that the quality of diamond

grains in sample 700-5 is better than that of samples 600-40

and 600-60, revealing that the longer time oxidation will

cause a much heavier damage in nano-diamond grains.

As shown in Fig. 2(d), for samples oxidized at 500 �C,

with increasing oxidation time, the position of the G band

moves from 1551 to 1542 cm�1 and the FWHM value

increases from 133 to 152 cm�1. These data indicate that the

graphitic clusters become larger and sp2 configuration transits

from olefinic groups to a ring structure.27 It is also noted that

these collected values for samples oxidized at 600 �C with

short times are similar to those for oxidization at 500 �C with

long times. However, when the oxidation time is increased to

60 min, the G band position and FWHM values turn to 1538

and 166 cm�1, respectively. For sample 700-5, the G band

position and FWHM values are 1544 and 140 cm�1, respec-

tively. This means that for samples oxidized at 600 and

700 �C, the stronger oxidation occurs, leading to more ring

structures of the sp2 configuration. Considering that both the

TPA and G bands are related to amorphous carbon GBs, we

suggest that GBs are more easily oxidized than nano-diamond

grains.

To further find the insight mechanism that controls the

SiV PL in NCD films, we performed XPS measurements on

as-deposited and oxidized samples to study the change of

chemical bonding. For the as-deposited sample, the XPS

spectrum shows that the oxygen content of the surface is

only 2.4% because the surface of the as-deposited sample

was mainly terminated by hydrogen. After thermal oxidation

under 500 �C, the oxygen content in the surface is increased

from 2.4% to about 9%–10%. When the temperature

increases to 600 �C, the oxygen content is further increased

to about 11%–12%. These results indicate that more oxygen

atoms are terminated on the surface of NCD films after ther-

mal oxidation. The results of XPS wide-scan spectra confirm

that there is not a complex contamination on the surface

before and after oxidation (see supplementary material S2).

Figure 3(a) shows typical high resolution C1s core

energy level spectra and their deconvolution of some sam-

ples. For all samples, it is observed that the C1s peaks can be

deconvoluted into four peaks centered at 284.8, 285.2, 286.2,

and 287.5 eV, which are attributed to sp2 carbon, sp3 bulk

carbon, C-O-C bonds, and C¼O bonds, respectively.22,29 It

is also observed that there is a characteristic peak at

�283.7 eV after thermal oxidation, which is related to C-Si

bonds, in which silicon mainly comes from the substrate.30

After 500 �C oxidation, C-Si bonds are formed while there is

still no SiV PL, so we think that there is no direct relation-

ship between the C-Si bond and SiV luminescence in NCD

films. Besides sample 600-60, the percentage of sp2 carbon

varies from 38% to 68%, which is more than that of sp3 car-

bon with contents from 14% to 39%. This is consistent with
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the structure of the NCD film. The situation is reversed for

sample 600-60, in which the percentage of sp2 and sp3 car-

bon is 7.1% and 71.7%, respectively. Raman results in Fig. 2

show that sample 600-60 has the largest diamond contents

and the least TPA contents, indicating that the contents of

sp3 are larger than those of sp2. This confirms that the amor-

phous carbon GBs are significantly reduced after long time

oxidization at high temperature.

Figure 3(b) shows that the content of C-O-C is larger

than that of C¼O in each sample. For the C-O-C bond, it

increases with the increase in oxidation temperature and

time, except sample 500-120. For sample 700-5, the C-O-C

content is 2.9% and slightly higher than that of the as-

deposited sample due to the short oxidation time of only

5 min. More importantly, the content of C¼O bonds presents

a stepped increase under different oxidizing conditions.

Before oxidation, the percentage of C¼O bonds is very low

of only 0.5% and there is no SiV peak observed in the PL

spectrum (see Fig. 1). When samples are oxidized at 500 �C,

the contents of C¼O bonds increase to about 1.4�1.5%. In

this case, there is still no SiV peak observed. With oxidation

temperature increasing to 600 and 700 �C, the content of

C¼O bonds further increases to about 2.0�2.2% and there

are obvious SiV luminescence peaks in PL spectra. In each

temperature stage, the C¼O bond content has a tiny change

although the oxidation time continuously increases. This

result means that the percentage of C¼O bonds would reach

a saturation level at a certain temperature and SiV PL inten-

sity is closely related to the contents of C¼O bonds.

Moreover, for sample 700-5 with obvious SiV luminescence,

the C¼O bond content increases to a higher level while the

C-O-C bond content is still low. This indicates that by com-

parison to the C-O-C bonds, the C¼O bonds play a more

important role in the SiV luminescence of nano-diamond

grains.

To further understand the reason of more C¼O bond

formation under higher oxidation temperature, we investi-

gated the microstructure of as-deposited and oxidized sam-

ples by using HRTEM. Figs. 4(a)–4(c) show typical TEM

images obtained from the as-deposited sample. Fig. 4(a)

shows the bright field (BF) TEM microstructure with the

inset of the selected area electron diffraction (SAED) pat-

tern. The SAED pattern contains sharp diffraction rings cor-

responding to (111), (220), and (311) lattice planes of

diamond, which confirms that the nano-sized diamond grains

exist in the films. It is also observed that there appears a dif-

fused ring in the center of SAED pattern, indicating the exis-

tence of amorphous carbon in NCD films. The as-deposited

film contains both large diamond grains and small ones,

whose sizes are about 40–60 nm and 10–20 nm, respectively.

The big black grains in the BF image actually consisted of

several neighboring small grains. These diamond grains are

more clearly shown by the dark field (DF) TEM microstruc-

ture in Fig. 4(b), which takes from different portions of (111)

diffraction rings and then superimpose. Fig. 4(c) shows

HRTEM images of the red square area in Fig. 4(a) and the

Fourier-transformed (FT) diffractogram of the whole image

depicted as FT0. The diffraction spots in the external and dif-

fuse diffraction ring in the internal are contributed from dia-

mond (111) lattice planes and graphite phase, respectively.

The FT images of FT1, FT2, and FT3 correspond to the

selected areas 1, 2, and 3 in the HRTEM image, respectively.

Bright diffraction points in FT1 indicate the diamond phase

and the symmetric distribution implies the twin structure,

which is also clearly demonstrated in area 1. FT2 also shows

the diffraction spots of the diamond phase. In the GBs

between two diamond grains, the short stripe clusters with

zonal distribution are widely observed as selected area 3,

whose FT image is shown as FT3. The diffuse diffraction

ring implies the graphite phase in this area, indicating that

the graphite phase is the main component in GBs of the as-

deposited sample. We measured the distance between two

layers in the graphite phase, showing the average value of

�0.36 nm.

Figures 4(d)–4(f) show the TEM results of sample

500-120. The bright field TEM microstructure is shown in

Fig. 4(d) and the inset SAED image also shows the diffrac-

tions rings with (111), (220), and (311) lattice planes of dia-

mond. Comparing the TEM microstructure of sample

500-120 with that of the as-deposited sample, we find that

they have a similar structure, which implies that there is

less structure change in the NCD film after being oxidized

under 500 �C for 120 min on the scale of BF. The large

FIG. 3. (a) Typical XPS electron core level spectra of C1s and their decon-

volution for as-deposited and oxidized NCD films and (b) percentage of

C-O-C bonds and C¼O bonds.
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grains with the size of 30–50 nm and the small grains with

the size of 10–20 nm are also observed from Fig. 4(e), in

which DF TEM images are taken from different portions of

(111) diffraction rings and then superimposed. The

HRTEM image for the red square area in the BF image is

shown in Fig. 4(f). The FT diffractogram of the whole TEM

image is shown as FT0, which reveals the diamond grains

and graphite structure confirmed by the diffraction point of

the circular distribution and diffuse diffraction ring, respec-

tively. The diffraction spots in FT1 and FT2 images in Fig.

4(f) show the diamond structure, which is consistent with

the clear lattice fringes in the HRTEM image. In GBs, the

short stripe clusters are also observed in area 3 and the FT

confirms the graphite phase structure. However, compared

to the as-deposited sample, we find that the stripe graphite

clusters in GBs of sample 500-120 are randomly distributed

rather than zonal distributed as those in as-deposited sam-

ple. Moreover, the distance between two graphite layers of

about 0.37 nm is similar to that of the as-deposited sample.

Also, the structure of GBs and diamond grains does not sig-

nificantly change.

Figures 4(g)–4(i) show the TEM results of sample

600-40. Fig. 4(g) shows that besides the black grains and the

gray grains, the white strip structures are also observed,

which is different from those of the as-deposited sample and

sample 500-120. The inset SAED graph of Fig. 4(g) contains

three diffraction rings of (111), (220), and (311) diamond lat-

tices, confirming the basic NCD structure with nano-sized

diamond grains in sample 600-40. Fig. 4(h) shows the DF

image, which was taken from different portions of (111) dif-

fraction rings and then superimposed. Fig. 4(i) shows the

grains with clear lattice fringes and the FT1 confirms the dia-

mond phase of those grains. It is observed that the short

stripe clusters in GBs disappear, which are replaced by the

widely observed loops around the diamond grains. The FT2

and FT3 correspond to areas 2 and 3, respectively, confirm-

ing that the loops are also the graphite phase. This means

that the composition of GBs transits from short stripe graph-

ite clusters to graphite loops around diamond grains, so that

the nanocrystalline diamond and graphite loops’ hybridized

structure was formed. This evolution process is in a very

good agreement with the results of the Raman spectrum, in

FIG. 4. (a), (d), and (g) BF TEM images, (b), (e), and (h) DF TEM images, and (c), (f), and (i) HRTEM images of as-deposited, 500-120, and 600-40 samples,

respectively. The (j) core-loss and (k) low-loss EELS spectra collected from as-deposited, 500-120, and 600-40 samples.
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which the G peak position downshifts and produces the tran-

sition of the sp2 configuration from olefinic groups to rings.

The distance between two graphite layers increases to

0.40 nm. The layered graphite loops have a larger distance

between two layers, so that it is more loosened than that of

randomly distributed short stripe graphite clusters. This sup-

plies the chance for nano-diamond grains to contact with

more oxygen atoms, so that the diamond surface is oxidized

and C¼O bonds are formed.

Based on the results of Raman and TEM, we believe

that under 600 �C and above temperature oxidation, C¼O

bonds mainly form on the diamond grain surface. This result

is in agreement with that diamond grains can more easily

bond to oxygen to form C¼O bonds than amorphous carbon

GBs when they are both oxidized.31–33 As a result, the inside

nano-diamond grains are oxidized under 600 �C and the sur-

face state of diamond grains transit from H-terminated to

O-terminated. In this case, the film emits SiV PL, showing

that the O-terminated surface with C¼O bonds removes the

quenching and recover the luminescence. Those TEM

images also indicate that the TPA in GBs has mostly been

oxidized and the diamond contents increase, giving the

favorable evidence for the decrease of TPA and the increase

of diamond from Raman results. It is clearly shown that there

are significant differences in the microstructure between

sample 600-40 and sample 500-120, and the nanocrystalline

diamond and graphite loops’ hybridized structure was

formed after 600 �C oxidation. This result confirms that oxi-

dation under 600 �C for 40 min can deeply affect the struc-

ture and composition of the NCD film.

To elucidate the modification of the bonding structure of

NCD films due to the oxidation process, the selective area

electron energy loss spectra (EELS) are acquired from the

same area of the BF view. Figs. 4(j) and 4(k) show the core-

loss and low-loss EELS of three samples. Fig. 4(j) shows

that all the films contain an r*-peak near 289.5 eV and a

deep valley near 302 eV, which corresponds to the diamond

phase.13,34 It is observed that the change in r*-peak is not

obvious after the oxidation process, which is probably due to

the pronounced interaction of electrons with the surface

bonds in diamond grains. It is suggested that the small hump

called p*-peak at about 284.5 eV is related to sp2 bonded

carbon.13,34 Compared with that in the as-deposited sample,

it is found that there is almost no change in the p*-peak

when the sample is oxidized under 500 �C for 120 min.

However, the p*-peak becomes stronger after the sample is

oxidized under 600 �C for 40 min. It indicates that some

compositions with the p bond structure appear in such condi-

tions. The low-loss spectra of Fig. 4(k) show four peaks.

Two peaks at about 23 (wd1) and 33 eV (wd2) correspond to

the diamond phase.13,34 The peaks at about 22 (wa) and

27 eV (wa) are related to amorphous carbon and graphite

phase, respectively.13,34 It has a similar shape of the spectral

line between the as-deposited sample and sample 500-120,

while the xg peak in sample 600-40 becomes very strong.

This indicates that a lot of graphite phase was generated after

oxidizing under 600 �C for 40 min. The result of low-loss is

consistent with that of core-loss, implying that the main part

of the increase in p*-peak is the graphite phase. This result

confirms the HRTEM observations, in which many long

stripe graphite loops appeared around the nano-diamond

grains.

The experiments indicated that the surface termination

state, especially C¼O bonds, plays an important role in

removing the quenching of SiV luminescence in NCD films.

To further confirm the role of C¼O bonds in the SiV lumi-

nescence, we calculated the electronic affinity of hydrogen,

ether bond, and carbonyl group terminated diamond surfaces

with SiV center by using first principles calculation. Fig. 5

shows the calculation model and the results of electronic

affinity in different diamond surfaces. The location of the

valence band maximum (VBM) is fixed at 0 eV and conduc-

tion band minimum (CBM) is at the above position. The dis-

tance between the CBM and VBM is 5.47 eV, which

FIG. 5. The electronic affinity and calculation model of (a) hydrogen (C-H),

(b) ether (C-O-C), and (c) carbonyl (C¼O) terminated surfaces,

respectively.
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represents the band gap of diamond. For the H-terminated

surface model, as shown in Fig. 5(a), the vacuum level is in

the forbidden band and below the CBM of 0.77 eV, indicat-

ing the NEA with v ¼ �0.77 eV. This NEA result is similar

to that of the H-terminated diamond with NV defect cen-

ter.20,35 The NEA makes electrons active and any electrons

excitation will lead to a temporary or permanent loss of the

excited electrons. That is, the electron cannot jump back to

the ground state, so that the luminescence is absent. These

results were successfully used to explain the quenching

mechanism of NV luminescence.17,20,36,37 In the ether bond

model as shown in Fig. 5(b), the vacuum level is above the

CBM with the distance of 1.28 eV. That is to say, the ether

bond terminated diamond surface has the PEA with

v¼þ1.28 eV. On this occasion, the excited electrons tend to

be trapped, so they have more possibility to relax and transit

to ground state and finally generate the luminescence under

the laser excitation.19,20 Fig. 5(c) shows that carbonyl group

terminated diamond surface exhibits the PEA surface with

v¼þ2.34 eV, which is larger than that of the ether bond ter-

minated one. In such a higher positive value, the excited

electrons are more stable and have more possibilities to tran-

sit to the ground state, so that the luminescence appears

more easily. These calculations provide strong evidence that

the O-terminated surface of diamond grains, especially C¼O

bonds, plays an important role in removing the quenching of

SiV PL in nano-diamond grains. This observation also sug-

gests that the quenching effect of SiV luminescence in NCD

films is originated from the H-terminated surface of nano-

diamond grains. These results are in good agreement with

the experimental findings.

Combining the above microstructure images, PL analy-

sis, and theoretical calculation results, we consider that the

thermal oxidation that can produce C¼O bonds in the sur-

face of nano-diamond grains provides an important contribu-

tion to the SiV PL intensity of oxidized NCD films. Fig. 6

shows the schematic illustration of the thermal oxidation

process of NCD films. For the as-deposited film, the SiV

luminescence in diamond grain is inhibited due to the hydro-

gen termination surface of nano-diamond grains. The NEA

of this H-terminated state activates the excited electrons and

emits them from the surface, so the SiV luminescence is

absent. In the thermal oxidation process, oxygen can react

with both amorphous carbon in GBs and nano-diamond

grains, leading to the formation of some carbon-oxygen

bonds. In the case of annealing at 500 �C, the oxidation

mode is an outside-in process and oxidation mainly occurs in

the outer layer of amorphous carbon and graphite, so that

some C-O-C bonds and C¼O bonds are formed in GBs. The

C-O-C bond content increases with the increase in oxidation

temperature and time, while the C¼O bond content would

saturate under stationary temperature. At this temperature,

the distance between graphite stripes increases small and the

oxygen is hard to affect the diamond grains, so the content of

C¼O bonds from GBs is basically constant. The surface of

the inside nano-diamond grains is mostly terminated by

hydrogen and only a small amount of carbon-oxygen bonds

is formed. These carbon-oxygen bonds cannot effectively

change the electron affinity of nano-diamond grains. For this

reason, the shielding effect still exists and nano-diamond

grains cannot emit SiV PL.

When temperature is increased to 600 and 700 �C, the

outside amorphous carbon GBs become loosened and the long

graphite loops have been formed outside the nano-diamond

grains with the significantly increased interlayer distance. A

stronger oxidation process occurs in these nanocrystalline dia-

mond and graphite loops’ hybridized films. As a result,

besides the outer layer of amorphous carbon and graphite, the

internal nano-diamond grains and their neighbor carbon atoms

can be oxidized. In this case, nano-diamond grains prefer to

bond to oxygen and then form C¼O bonds; thus, the contents

of C¼O bonds increase to a higher constant value in compari-

son with those of samples oxidized at 500 �C. This means that

more oxygen atoms terminate on the surface of nano-diamond

grains. This reaction transits the surface state of nano-

diamond grains from H-terminated to O-terminated one. The

FIG. 6. Schematic illustration of the

possible modes for thermal oxidation

processes of NCD films.
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O-terminated surface makes the electron affinity of diamond

positive and the electrons of SiV defects are stable, which are

beneficial for luminescence.

From the results and discussion above, the quenching

effect of SiV PL in as-deposited NCD films is originated

from the H-terminated surface of nano-diamond grains.

After oxidizing under high temperature as 600 �C and above,

a certain percentage of C¼O bonds is formed in the surface

of nano-diamond grains. The H-terminated diamond surface

transits to O-terminated one, so that the NCD films exhibit

SiV PL properties. To further confirm this result, we carried

out an additional support experiment by reverting the

oxidized NCD films at 600 �C for 30 min back to the

H-terminated surface. The result is given in attached supple-

mentary material S3. It is indicated that the SiV lumines-

cence disappears when the oxidized NCD film was treated in

hydrogen flow under about 600 �C for 30 min. The finding

further confirms the SiV PL induced by thermal oxidation in

NCD films. Our experimental and calculation results dis-

cover how C¼O bonds play an important role in the SiV PL

of nano-diamond grains. This result supplies a way to control

the SiV PL of nano-diamond grains by adjusting their

surface states, which has important significance for the appli-

cation of nano-diamond grains in single photon source and

bio-sensing.

IV. CONCLUSIONS

We have performed experiments of thermal oxidation

under different temperatures in air to successfully make as-

deposited NCD films without luminescence features to

exhibit SiV PL properties. The thermal oxidation produced

different states in the surface of nano-diamond grains, so that

their effects on SiV PL properties were successfully investi-

gated. When the oxidation temperature was 500 �C, the oxi-

dation dominantly occurred at outside GBs and had only a

slight effect on the inside nano-diamond grains. In this case,

it is not enough to significantly change the surface termina-

tion state of nano-diamond grains, so the samples did not

exhibit any SiV PL properties. When oxidation temperature

was increased to 600 �C or higher, the graphite loops with

wider layer space were formed outside the surface of nano-

diamond grains. This nanocrystalline diamond and graphite

loops hybridized structure supplied a chance for nano-

diamond grains to contact with more oxygen and finally

more C¼O bonds were formed. This reveals that the

H-terminated surface of nano-diamond grains transits to the

O-terminated one, leading to an obvious PL peak at 738 nm.

The theoretical calculation results show that the electron

affinity of diamond changes from negative to positive after

O-terminated surface has been formed, which makes the

excited state electron be stable rather than be active.

Especially, C¼O bonds have a larger value of PEA, which

gives more possibility to emit SiV PL. Our results suggest

that the quenching effect of SiV PL in NCD films is origi-

nated from the H-terminated surface of nano-diamond

grains. Our study gives a way to controllably prepare SiV

photoluminescent nano-diamond grains by adjusting their

surface terminations.

SUPPLEMENTARY MATERIAL

See supplementary material for PL spectra of silicon

substrates, XPS wide-scan spectra, and hydrogenation

experiments of nanocrystalline diamond films.
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