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The spin orbital dynamics properties of vacancy diamond
films using enhanced Raman scattering spectroscopy
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Dept. of Optics, Xi’an Jiao Tong University, Xian, 710054, China

We investigated the Raman scattering spectrums of difference residual stress and thickness of diamond/Si films. The
spin-orbital dynamics is caused by disordered lattice coupling and electronphonons in diamond/Si. The diamond films were
prepared on a Si substrate by MPCVD with methyl-hydrogen gas mixture. The Raman scattering spectrum of
diamond/Si(100) hetero-junction was found as a function of crystal size, orientation, and film thickness. A sharp peak at
1360cm™ is of D graphite sp?, while the broad peak 1550 cm™ of a broad band mode G, which corresponds to disordered sp”
hybridization. The transfer of diamond sp2 content extracted from C=C peak and converted to the sp3spin related effect. The

diamond/Si(100) density state shows spin-related couple ofsp3, p and d orbital hybridization.
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1. Introduction

Nitrogen vacancy diamond is one of the most
promising materials for the fabrication of optoelectronic
power devices [1]. Semiconducting diamond is a most
popular semiconductor with a wide band gap (5.45 ev),
electric  mobility ~ 4500(cm?/V.s), hole  mobility
3800(cm?/V.:s), electric breakdown field 10000(KV/cm)
and thermal conductivity 22 (W/K.cm) [2, 3]. The
diamond surface could be a better alternative to oxygen
terminated diamond for shallow NV centre. N type Si is a
semiconductor with a wide band gap (3.37 ev) and large
exciton binding energy (60 Mev) which potentially
possesses the characteristics of high efficiency, light
emitting, lower power and laser diodes. The doped
diamond/Si hetero-structure displays charge carriers at the
hydrogen-terminated surface of diamond and competition
coupling of spin, lattice, and charge order. Meanwhile,
Raman scattering is known to be a powerful technique to
study the diamond/Si  dynamics caused by
electron-phonons [4-6]. Diamond is an electrical insulator
but can withstand very high electrical fields. The
hetero-structure diamond/Si induced a metallic state with
high mobility in diamond and spin-related anomalous
electrons transport behavior can be obtained [15]. Wu H
reported on the improvement of single crystal diamond
(SCD) nanoelectromechanical system (NEMS) resonators
through annealing in oxygen [12]. Awschalom proposed a
controlled spin of two NV centers in a optical cavity and
driven by two off-resonant lasers with long spin coherence
times and efficient single-Qubit quantum control [13].
Although Raman spectra of other diamond have been
reported, there is no information on the lattice diamond in

hetero-structure films as well as to analyze more specific
aspects of phonon-electron interaction and isotopic doped
nitrogen vacancy of diamond effects [14].

In this letter, we reported the different Ilattice
orientation and grain size of diamond hetero-structure to
investigate spin-related dynamics of
different doped surface  of diamond. The  crystal
diamond/Si(100) was prepared to explore charge transport
and carrier injection of diamond/Si(100). A spin orbital
coupling dependence of diamond energy band was
observed in this junction that the diamond semiconductor
had wide band gap, better electric mobility, high efficiency,
[8, 9] resistive switching, [10-13], tunnel junctions [14,15],
high-performance quantum information and ultraviolet
fast-response device properties [15].

2. Experiments

The measurements were carried out on the diamond
films on Si(100) single silicon substrate by the MPCVD
with assisted microwave. Microwave reaction gas CH, and
H, are inspired to produce ionization plasma. The
ionization degree of reaction gas increased in 10% high
density plasma [27].

The diamond (100) heterostructure thin films were
fabricated on Si(100) substrate with microwave frequency
2.45GHz. The diamond (100) thin film of 720nm
(estimated by SpecEl-2000-VIS ellipsometer) was
deposited on Si(100) at the condition of hydrogen
pressures 0.07 MPa, methane CH, pressures 4.9 MPa and
800°C. The diamond (100) thin films morphology had
been observed by JEOL SEM scanning electron
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microscope operating at the voltage of 25kV. The
diamond/Si(100) structure was characterized by X-ray
diffraction pattern at 300K shown in Fig. 1. The crystal
size and orientation of deposited films were measured by
XRD (Bruker D8 Advance XRD, smallest angular step
0.0001°, 40mA, 40KV). Raman spectrums of films were
recorded using the olid laser A =632 nm, the power of
8mW at roomtemperature with a back scattering and were
collected by Raman spectrometer (HR800, HORZBA,
Jobin Yvon) equipped with confocal microscope and a
nitrogen cooled charge-coupled detector. The spectrometer
resolution was set at 4cm™. Data were taken with a step
size of 0.2 cm™ over the (50-3000) cm* range to determine
exact peak positionand the FWHM.
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Fig. 1. The X-ray diffraction of diamond/Si(100) films. The
diamond/Si(100) (111) and (220) diffraction peaks occurred
at 2 @=44.258 %and 2 @ =75.747°

3. Results and discussion

Raman spectroscopy allows identifying different
carbon allotropes in the sample. The Fig. 2 is shown
Raman spectra of DLC fabricated by microwave assisted
CVvD. The sharp spectrum curve was fitted with
Lorentzian diamond peak at 1332 cm ! having FWHM of
about 2 cm™ and two Gaussian bands at 1360 cm® and
1550 cm . In the same time, the Raman spectrum can be
signed to the D-band of carbon and sp? -bonded carbon,
respectively.

The films nucleation is the first step in diamond
growth process. For CHy4-H,, the dissociation gas brought
large amounts of carbon and hydrogen atoms, which the
group carbon is reconstructed on the surface of the
substrates. It is easy to grow diamond homo-epitaxial
junction on a single diamond crystal using MOCVD.
Because of the atomic hydrogen etching on SP?, the
carbon atoms are far greater than SP® carbon atoms. After
self-assembly of sample, SP* and C = C bond of the
diamond structure are retained. The in-depth profile

analysis shows that diamond layer closed to the interface
of diamond has large compressive stress and the stress
distribution along the film thickness is not distributed
homogenously. The initial diamond nucleation process is
very slow with nucleation density about 10cm?. The
micro-crystal have different shapes, did not show any
preferential orientation in respect to the substrate at the
beginning, and their size increase to the deposition time.
The diamond Raman peak from the (111) crystal planes is
almost twice broader in comparison to that from (100)
crystal plane.
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Fig. 2. The Raman spectra diamond/Si sample different
crystal size scale of 5um(a),11um(b),13um (c)

The Raman spectrum indicated the diamond (111)
crystal planes were more defective than (111) crystal
planes shown in Fig. 2. The Raman spectrum taken from
(111) crystal planes is twice broader than that from (100)
crystal planes. The diamond/Si Raman spectrums of
various crystal size and scales of 5um, 11um, 13um.(a,b,c)
are indicated in Fig. 2. The FWHM on diamond crystal is
dependence on crystal size, can be explained by the scale
size effect but phonon confinement effect can not be
ignored.

The diamond 2DHG has 2D holes gas 5 nm-10 nm
below diamond surface. The diamond sp? extracts from n*
(C=C) peak and converts to the sp°. It is so called spin
coupling to the lattice strongly. Moreover, the C 1s-0 *
and C 1s-n* coupling produce C=C bond due to the sp, sp*,
sp? strong correlation through anomalous magnetization
respectively [10]. The reduced surface density is sensitive
to metal potential function and has high carrier density
1x10"% (cm™).

Second, the nucleation density is increased about two
orders of magnitude high than the previous case shown in
Fig. 3. The growth of continuous polycrystalline diamond
films begins with nucleation of individual crystallites on
the surface defects. The crystal cells are growing
increasingly, faceting and coalescence with neighboring
crystallites, and finally growth of continuous layer in the
perpendicular direction. The grain refinements showed
diamond sample crystal belong to the cubic or faceted
pyramid structures (space group: Fd 3 m) with C=C band
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and apical carbon sites. The XRD image indicated that the
diamond/Si(100) (111) and (220) diffraction peaks
occurred at 2 @=44.258 %and 2 @ =75.747°, diamond (100)
FWHM 0.878, (200) FWHM 0.326, respectively, while the
diamond diffraction peak occurred at 2 6 =24.622°,
25.306°, 34.219°, 43.555°, 44.721°, 75.075° shown in
Fig. 1.

Fig. 3. The SEM microcopy of diamond/Si(100) films

Third, the surface SEM of diamond films exhibited
predominantly faceted pyramidal structures and grains
shown in Fig. 3, 4. The diamond morphology is imaged in
Fig. 3. The laser confocal microscopy was used to detect
in-depth profile analysis of diamond/Si(100) film in Fig. 4.
As the laser close to the surface of diamond layer and the
intensity increased, the Raman peak under strong
compressive strain is shift +35 cm™ due to diamond
mono-crystal. The compressive stress reduces with
increased distance from the wafer and is finally fully
relaxed. When the distance is greater than 10um, the
center position of Raman peaks is characteristics for
diamond mono-crystal. Similar behavior indicates that the
FWHM of diamond films is much sharp with increasing
distance from the wafer. The Raman peak is broader while
laser closes to the substrate.

Fourth, Raman spectrum peaks positions and their
FWHM are changing in Fig. 5. Broadening of Raman
peaks is caused by the increased strain stress or by
reducing distance of diamond films. The diamond
spectrum line becomes broader and low with decreasing
crystal size. For diamond faceted pyramid in the Fd3 m
space group, the factor group analysis vyields two
Raman-active phonon modes: 1332 and 1550 cm™. The
Raman active phonon mode of diamond shows sharp first
order Raman peak at 1332 cm™. High stress closed to the
interface between the substrate and diamond between
thermal origin because of difference between thermal
expansion coefficients of diamond and substrate. The
Raman spectrum also shows a broad band with maximum
at 1550 cm*, which corresponds to the non-diamond and
disordered graphitic carbon form with disordered sp?
hybridization.

Fig. 4. The laser confocal microscopy of
nanocrystal-diamond/Si(100) films

Fig. 5shows the Raman spectra in-plane and inter-plane
polarization respectively. The diamond spectrum line
become broader and low with decreasing crystal size. The
results are shown the line 1332cm™ have been recognized
as diamond crystals from sp® characteristic peak. A sharp
peak at 1360 cm indicates the formation of mode D,
while the broad peak 1550 cm™ of a broad band mode G
which corresponds to the nano-diamond with disordered
sp? hybridization. The 1150 cm® corresponds to the
nano-diamond. The transfer of diamond sp® content
extracted from C=C peak and converted to the sp® spin
related effect. A strong peak at 1332cm™ indicates the
formation of diamond, while the broad peak 1550 cm™ of
G indicates the formation of DLC. The 1132cm™ and 1480
cm® are associated with hydrogen bonding of t-PA within
film grain boundaries.
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Fig. 5. The Raman spectra of diamond/Si(100) films of

thickness  75nm. Raman scattering spectrum of

diamond/Si(100) film with wavelength of 632 nm laser.

The thickness is dependence on Raman scattering in

polarization in diamond. The marked lines area guide
for the evolution of (C=C) phonon modes
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For diamond/Si(100), Raman shift is shown in Fig. 5.
The factor group analysis displays four Raman active
phonon modes: 1150, 1332, 1360 and 1550 cm™. The
group analysis yields three Raman active phonon modes.
The bands near 1360 and 1550 cm™ are generally known
as D and G bands related with sp? islands. The D band
appears due to the relaxation in the momentum selection
rule of the Raman scattering SERS which belongs to small
domain size shown in Fig. 5.

Fig. 6 shows energy band of the NV color center of
diamond. NV color center can be thought as a three levels
system. The ground state >A, metastable *A and excited
state °E are a triplet states. The band gap between the
ground state A and excited state °E is 1.945 eV. Both of
two states have zero field splitting corresponding to
quantum number for mg=0 and m==*1. NV zero-field
splitting in the ground state is about 2.88 GHz, which
means that using a microwave can realize transition
between ms=0 and m¢==%1 state. NV color centers have
the special level structure whose nature is of great
significance. We calculate the diamond NV energy band
[19-21], as the result for direct band gap of 7.26 eV, the
width of valence band of 25.84 eV. The diamond band gap
calculated by the molecular orbital method is direct gap
[22-26], which is the equivalent of energy difference of
Brillouin zone T points.

Bandstructure
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Fig. 6. The energy band of the diamond NV color center
of Brillouin zone I" points

4. Conclusions

In summary, the diamond films were fabricated
successfully on N silicon substrate by using epitaxial
MPCVD. We had present Raman scattering spectrum on
the multilayer diamond/Si of spin related system. The spin
transport dynamics made by the disordered spin-orbital
coupling in diamond/Si. The results show that the diamond
peak position and FWHM are dependence of the crystal
size, orientation and strain stress. A strong peak at
1332cm* shows the formation of diamond. A peak at
1360cm™ of D peak indicates the graphite sp?, while the

broad peak 1550 cm® of a broad band mode G which
corresponds to the nano-diamond and disordered graphitic
carbon form with disordered sp? hybridization. We see that
the size of diamond crystals increases linearly with
deposition time. The FWHM depends on the crystal size.
The diamond Raman peak from the (111) crystal planes is
almost twice broader in comparison to that from (100)
crystal plane. In-depth profile analysis shows that the
diamond layers closing to the interface diamond are on
compressive stress and the stress distribution along the
thickness of films is not homogenous distributed. The
energy band of diamond NV color center of Brillouin zone
I' points is 7.26 eV.
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