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Nanodiamonds (NDs) were prepared by uƟlizing a microplasma facility. Ethanol
and Argon mixture was decomposed in microplasma for the formaƟon of NDs.
In order to stabilize the NDs growth, the Hydrogen was added in the mixture
during the growth process. Hydrogen flow rate was changed from 1 to 5 L/min to
find out the opƟmum flow rate for the growth of stabilized NDs. The experiments
were also performed without the introducƟon of Hydrogen for the comparison.
TEM and Raman analysis confirm that the highest quality diamonds are obtained
at Hydrogen flow rate of 3L/min. In the case of Hydrogen, the SAED paƩerns
reveal the presence of pure diamond phases which in turn envisages the etching
of graphiƟc shell. TEM micrographs reveal that the size of NDs produced at 3
L/min Hydrogen flow rate ranges from 1~20 nm which is much smaller than that
of without Hydrogen (4-32 nm). EDX spectra also disclose the Carbon peak with a
maximum intensity for 3 L/min flow rate. UV-Visible and PL spectroscopy analysis
indicate the presence of Nitrogen-Hydrogen defect centers. However, a decrease in
defect density at 3L/min indicates the producƟon of improved quality NDs. FTIR also
verifies the removal of graphiƟc shell around NDs at 3 L/min flow rate. Moreover,
high hydrogen flow rates effecƟvely incorporate nitrogen vacancy (NV) defects.
Prepared NDs offer emerging applicaƟons in optoelectronic systems, biomedical
nanodevices and nanoscale sensors for electric field, magneƟc field & temperature

Keywords: Microplasma, Quenching, Nanodiamonds, SAED, Nitrogen Vacancy (NV) Defects

INTRODUCTION

N anodiamonds (NDs) have
received considerable attention
across the world in the past

decades. NDs offer potential applications

in electronics, spintronics, electrochem-
istry, miniaturized mechanical and opto-
electronic systems, seed during chemi-
cal vapor deposition (CVD) of diamond
films, biomedical nanodevices, humidity
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resistant membrane, etc. NDs can be
synthesized by using various methods
such as detonation, pulsed laser abla-
tion, CVD etc6,7. But the issues related
to NDs properties (structural, morpho-
logical, surface) and overall cost (pro-
duction rate, safety) of the processing
are still under consideration8.

Atmospheric pressure microplasma
(AMP) or microplasma is a new class
of plasmas. Microplasma is stabilized
by a large concentration of energetic
electrons (1-10 eV) at high pressure
while maintaining relatively low gas
temperature. The current and energy
densities in plasma are found to be
high enough to maintain the extreme
conditions required for NDs produc-
tion9–12. The structure and phase state
of NDs are effectively controlled by
microplasma parameters such as gas
flow rate, composition, pressure and
voltage, etc.2,12–15

Gas flow is a valuable parameter to
maintain the non-equilibrium condition
of microplasma2,15 . Gas phase synthe-
sis of nanoparticles requires decompo-
sition of vapor precursors by electron
impact dissociation in microplasma.
This process creates radical moieties
which can nucleate particles. High gas
flow rates restrict the excessive particle
growth in the reactor9.

The role of hydrogen can’t be
ignored in production of high good
quality NDs14 . The desorption and dif-
fusion of Hydrogen tune phase tran-
sitions. Atomic Hydrogen dissociates
methane (CH4) intomethyl radical CH3
which plays critical role in diamond
growth14,16 . The saturation of dan-
gling bonds prevents the graphitiza-
tion of diamond surfa. The etching rate
of hydrogen to sp2 Carbon (Graphite)
is much faster than sp3 Carbon (dia-
mond)12,14,16 . Finally, rapid decompo-
sition of larger hydrocarbon fragments
via atomic hydrogen prevents polymers
or ring structure formation14,16 .

In this project, we have employed
a micro plasma facility for the fabrica-
tion of NDs. The purpose is to explore
the role of Hydrogen flow rate on struc-

tural, optical, and surface properties of
NDs.

EXPERIMENTAL SETUP
The self-designed microplasma cham-
ber was used to perform experiment.
The details are described in2,14. Flow
setup has been used to control the
flow of precursor (Ethanol), carrier
gas (Argon), and quenching/stabilizing
agent (Hydrogen) via mass flow con-
trollers (MFC) and exhausts. Hydrogen
was introduced indirectly in argon and
ethanol mixture. The details of indi-
rect hydrogen dilution flow setup is
described in14 . Flow rate of Argon
was kept constant at 5 L/min, and flow
rate of Hydrogen was varied from 1-
5 L/min. The microplasma dissociated
the mixture of Argon and Hydrogen
gas with Ethanol vapors in chamber
at atmospheric pressure. The discharge
was obtained at a constant current of 2
mA and voltage of 2.5 kV. This pro-
cess continued for 10 minutes. The syn-
thesized NDs were collected in ace-
tone. NDs were characterized by vari-
ous characterization techniques.

RESULTS AND DISCUSSION

TEM analysis
Figure 1 represents the TEM analy-
ses of NDs (a-b) selected area electron
diffraction (SAED patterns, (c-d) TEM
images and (e-f) EDX in case with-
out and with Hydrogen at a flow rate
of 3 L/min. This specimen was cho-
sen because the highest diamond con-
tents (extracted from Raman analyses)
were obtained at this flow rate. For the
sake of comparison, a specimen of NDs
without Hydrogen was Figure 1 shows
SAED patterns of NDs without (a) and
with Hydrogen at 3 L/min (b). Figure
1 (a) reflects two bright rings associ-
ated with (110) and (100) planes of dia-
mond reference. The d-spacing of NDs
correlates with the lonsdaleite diamond
(JCPDS-19-268)14 . The lonsdaleite is
often found in meteorites12,17 .

There is also the presence of
graphitic shell (002) plane as confirmed
from d-spacing (JCPDS-65-6212)18 .
The lattice d-spacing of three rings cal-
culated from SEAD data is given in
table 1.

Microplasma produces high-density
non-equilibrium plasma within time
intervals ~ millisecond. During nucle-
ation, precursors are introduced into
the microplasma. Electron impact dis-
sociation of precursor resulted in reac-
tive radical species (C2H+, C H 3)
and simultaneous formation of sp3 and
sp2 Carbons14 . The buckling of the
basal planes of Graphite as a diffusion
less process results in lonsdaleite dia-
mond formation14,19 . It is considered
as an intermediate state of transforming
Graphite into diamond20. Lonsdaleite
and graphite have same orientation
relation. Thus, less coherent energy is
required at Graphite/lonsdaleite inter-
face. This makes lonsdaleite diamond
formation kinetically favorable over
cubic diamond21 .

Figure 1b exhibits that the introduc-
tion of Hydrogen produces (100) and
(102) planes of lonsdaleite diamond.
The appearance of new (002) plane is
associated with n-diamond (metastable
Carbon polymorph). it is occasionally
occurred along with lonsdaleite dia-
monds14,17 .

Another way to produce diamond
is diffusion-controlled nucleation and
successive crystal growth process.
Lattice defects and crystal surfaces
with dominant sp3 hybridized dangling
bounds are origin of this process14,19
. Enough supply of Hydrogen is effi-
ciently incorporated to lead the dif-
fusion mechanism. The saturation of
dangling bonds via Hydrogen prevents
graphitization of diamond surface14,16.
It etches sp2 Carbon much faster than
sp3 Carbon14 . Thus, hydrogen pro-
motes diamond growth and suppresses
non-diamond phases. The absence of
graphitic shell in NDs (Figure 1b) is
taken as evidence.

Figure 1 represents the TEM images
of NDs in case without Hydrogen (Fig-
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Figure 1. TEM images of NDs (a) without Hydrogen and (b) with Hydrogen at flow rate of 3 L/min along with corresponding
SAED patterns (c, d) and EDX (e, f). Inset is histogram of NDs representing particle size distribution. The main reflections of
NDs are indexed in the pattern.

Table 1. d-spacing measured from SEAD pattern (Where, G= graphite, L= lonsdaleite diamond and *C= forbidden cubic
diamond)

Sample Calculated d-spacing (nm) Experimental d-spacing (nm) hkl

Without Hydrogen
0.330 0.335 (002)G
0.250 0.252 (110)L
0.212 0.218 (100)L

With Hydrogen at 3L/min
0.217 0.218 (100)L
0.181 0.178 (002)∗C

0.148 0.150 (102) L

ure 1 c), and with Hydrogen at 3
L/min (Figure 1 d). It was observed
that NDs have nearly spherical geom-
etry in both the cases. A reduction in
particle size is observed because with
the introduction of Hydrogen, the non-
diamond phases are etched away, and
only crystalline phases remain. It is
confirmed by particle size histogram
inset in Figure 1 (c-d). The particle
size of NDs was evaluated by using
Image J software. NDs are synthesized
in four steps. Initially, hydrocarbons-
Hydrogen gas mixture is dissociated.
The simultaneous formation of sp3 and
sp2 Carbons occur in second step. Dia-

mond as kinetically stable state of Car-
bon requires rapid cooling. Hydrogen
quenches the dissociated gas mixture
to preserve sp3 Carbon. Hydrogen also
etches the sp2 Carbons (non-diamond
form)14 . Thus, smaller and crystallized
NDs are obtained upon using Hydro-
gen compared to growth of NDs with-
out Hydrogen.

Figure 1 shows the EDX spectra
of NDs without (Figure 1 e) and with
Hydrogen at flow rate 3 L/min (Figure
1 f). EDX spectra confirm the purity
of synthesized NDs. It contains only
three elemental peaks of Carbon, Oxy-
gen and Silicon. Carbon peak is related

to the formation of diamond and non-
diamond contents. Silicon peak appears
due to the substrate. Oxygen peak
might originate from the environment
or due to the substrate.

Raman spectroscopy

Figure 2 (a) shows Raman spectra (after
base subtraction) obtained from NDs
produced without and with Hydrogen
at different flow rates. All the spectra
show broad bands located around 1081-
1142 cm−1(t-PA-band),1301-1329
cm−1(Dia-band), 1355-1412 cm−1(D-
band) and 1571-1587 cm−1(G-band).
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Figure 2. (a) Raman spectra of NDs without and with different Hydrogen flow rates, (b) variation of diamond peak position
and stress at different Hydrogen flow rates. where Eth= constant Argon flow rate= 5 L/min, Ethi= Hydrogen flow rate, i= 1-5
L/min.

Deconvolution and Gaussian peak fit-
ting of Raman spectrum of NDs at
Hydrogen at 3 L/min is presented in
supporting material Figure S1. This
particular flow rate has been selected
because at this flow rate maximum
intensity of diamond band is obtained.

Raman line (1081-1142 cm−1)
is considered as direct evidence of
nanocrystalline diamond (NCD)2,14
. Ferrari and Robertson, related the
observed bands at 1080-1150 cm−1

and 1426-1472 cm−1with Trans- poly-
acetylene (t-PA) at the surface and
grain boundaries of NCD22 . The
degree of inhomogeneity of trans-
CHx chains strongly affect the posi-
tion, shape and intensities of trans-CHx
modes.2,14

Ethanol conversion proceeds
through two main reactions,

C2H5OH → 2.5 H2+CO+0.5 C2H2
(1)

C2H5OH→ H2+CO+ CH4 (2)
Conversion of Ethanol into acety-

lene (reaction 1) is the main process
throughout the Hydrogen flow range.
The dominance of Ethanol conversion
to methane over acetylene (reaction 2)
results in decreasing trend of t-PA with
increasing Hydrogen flow rate. How-
ever, the D and G band intensities are

found to be increasing with the increase
in the flow rate of Hydrogen.

The Raman peak of bulk diamond is
found at 1332 cm-112 . The observed
Raman peak position of NDs with-
out Hydrogen is found at 1301 cm−1

and the ones with Hydrogen at dif-
ferent flow rates are found at, 1306
cm−1(1 L/min), 1325 cm−1 (2 L/min),
1302 cm−1(3 L/min) and 1329 cm−1(4
L/min). The Raman peak appearing in
the range of 1301-1329 cm−1 at differ-
ent Hydrogen flow rates are associated
with crystalline diamond and is known
as diamond band. The phonon confine-
ment effect is the main reason behind
this downshifting of the Raman peak
with respect to bulk diamond1,23,24 and
decrease in grain size. The smallest
grain size is obtained at a flow rate of
3 L/min.

Figure 2(b) shows a corelation
between stress and diamond peak posi-
tion at different Hydrogen flow rates.
The degree of stress was estimated
using the formula in25 . For Hydro-
gen flow rate (0-1 L/min), the higher
value of tensile stresses (see support-
ing material (table 2)) generated from
vacancies, dislocation and grain bound-
ary26 red shift diamond peak position
as compared to bulk (1332 to 1301

cm−1). The decrease in tensile stresses
with the increment in Hydrogen flow
rate (1-4 L/min) shift the peak to rel-
atively higher wave number ( from
1301 to1329 cm−1). The dominance
of non -diamond phases on the highest
Hydrogen flow rate (5 L/min) creates
compressive stresses. These stresses
are responsible for further shift the
peak from 1329-1388 cm−1. Thus, at
highest flow rate, we got the lowest
diamond quality (as compared to other
flow rates), higher disordered struc-
ture26 . D (disorder)-band (1355-1413
cm−1) is a combination of highly defec-
tive sp3 Carbon (diamond-like Carbon
(DLC)) and disordered sp2 Carbon
(graphitic D-band)2,14 . G-band (1573-
1587cm−1), structural nanographite is
related to zone-center phonon scatter-
ing of E2g symmetry of sp2Carbon
materials12 . With the increase in
Hydrogen flow rate from (0-5 L/min),
G-band is shifted towards lower wave
number until the lowest value from
1587 to 1571 cm−1, respectively. The
structural defects as origin of stresses
shift the G-band. These stresses (see
supporting material (table S1)) change
the bond length. The G-band shifting
towards higher wavenumber is related
to shorter bond length or vice versa.
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Table 2. Raman spectroscopy data of NDs without and with different Hydrogen flow rates
Sample Peak posi-

tion
(cm−1)

Raman bands FWHM
(cm−1)

IDia/G LDia
(nm)

ID/G LD
(nm)

Amount
of Dia-
mond
(%)

sp3

con-
tent

Stress
(dia-
mond)
(Gpa)

Eth (Ar=5L/min)

1092.58 t-PA (v1 mode) 97.21

0.299 14.61 0 0 90.79 0.210 0.0351301.33 Dia-band 44.25
1456.79 t-PA (v3 mode) 83.35
1586.10 G-band 67.27

Eth1 (Ar=5L/min+
H=1L/min)

1089.71 t-PA (v1 mode) 51.97

0.118 36.86 0.188 23.21 86.821 0.216 0.042
1306.21 Dia-band 15.69
1368 D-band 24.92
1426.45 t-PA (v3 mode) 11.32
1584.92 G-band 132.17

Eth2 (Ar=5L/min+
H=2L/min)

1096.72 t-PA (v1 mode) 47.37

0.287 15.23 0.142 30.94 94.81 0.215
0.1681325.58 Dia-band 48.91

1413.79 D-band 24.08
1584.97 G-band 170.16

Eth3 (Ar=5L/min+
H=3L/min)

1081.66 t-PA (v1 mode) 46.91

2.67 1.64 2.61 1.67 99.63 0.241 0.036

1126.95 t-PA (v2 mode) 35.28
1302.14 Dia-band 10.61
1355.16 D-band 5.31
1411.13 D-band 10.36
1472.23 t-PA (v3 mode) 5.04
1522.46 A-band 11.04
1579.76 G-band 3.97
1616.45 D’-band 5.05
1648.69 OH-group 12.04

Eth 4 (Ar=5L/min+
H=4L/min)

1089.74 t-PA (v1 mode) 31.14

0.217 20.08 0.171 25.71 91.34 0.205 0.3631329.02 Dia-band 37.11
1387.34 D-band 29.04
1587.01 G-band 170.27

Eth5 (Ar=5L/min+
H=5 L/min)

1084.28 t-PA (v1 mode) 86.87

0 0 0.812 5.38 0 0.282 0
1142.48 Dia-band 89.61
1388.12 D-band 97.56
1504.06 A-band 112.31
1571.35 G-band 84.76

Figure 3 (a) shows a graph between
IDia/IG and amount of diamond at vary-
ing Hydrogen flow rate. Both display
similar trend. With the increase in the
Hydrogen flow rate (0-2 L/min), a
decrease in the IDia/ IG ratio or amount
of diamond is obseved. At this point,
Hydrogen flow is too low or Argon
dilution is too high for the produc-
tion of diamond. The IDia/ IG ratio or
amount of diamond starts increasing
until obtained the highest value at the
optimal Hydrogen flow rate of 3 L/min
due to etching effect of Hydrogen [].
This flow rate 3L/min appears to be the

optimum flow rate for the production of
high quality NDs due to the highest dia-
mond contents. Further increase in the
Hydrogen flow rate (4-5L/min) reduces
the value of IDia/IG or amount of dia-
mond. In other words, higher Hydrogen
flow rate decreases Ethanol residence
time in reactor. Higher velocity profile
pushes off the Ethanol at a faster rate
from the reaction zone. Thereby, sup-
pressing the formation of diamonds2,14
.

Figure 3 (b) shows varation of and
ID/IG and sp3 content with Hydrogen
flow rate. Both follow the amorphiza-

tion trajectory. The transformation of
graphite to nanocrystalline graphite (0-
3 L/min), nanocrystalline graphite to
low sp3 content (3-4 L/min) and finally
conversion to highly sp3content occurs
at 5L/min. The suppression of diamond
at high Hydrogen flow rates as dis-
cussed earlier enhances the chances of
non-diamond growth (such as DLC).
The transformation of trigonal bonds
into tetrahedral bond results in an
enhancement in bond angle disorder27
. Thus, DLC instead of diamond is
obtained as depicted by increasing
trend of sp3 content as well ID/IG ratio.
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Figure 3. Variation of (a) IDia /IG and ID/IG, (b) amount of diamond and sp3 content without Hydrogen and with different
Hydrogen flow rates: 1-5 L/min (c) Variation of calculated amount of diamond (calculated from Raman spectra and amount
of Carbon (obtained from EDX) present within NDs at different Hydrogenn low rates.

The detail of Raman bands is given in
supporting material (table S1)).

Figure 3 (c) shows a graph between
the amount of Carbon (obtained from
EDX) and amount of diamond (calcu-
lated from Raman) at different Hydro-
gen flow rates. Hydrogen quenched the
diamond phases and etched the non-
diamond phases of carbon inside the
plasma volume. Finally, it comes out of
the reactor volume. Thus, the resident
time (flow rate) is important param-
eter to control this steady state pro-
cess13 . The relative amount of Car-
bon increases with diamond, confirm-
ing that most of the Carbon detected in
EDX is in diamond form at 3 L/min.
Thus, EDX supports Raman results.
The flow rates higher or lower than
the optimal value makes Hydrogen less
efficient resulting into non-diamond
Carbon.

UV-Vis Spectroscopy

Figure 4 (a) shows UV Visible spec-
tra of NDs at different Hydrogen flow
rates. All the spectra show an absorp-
tion peak at 390 nm with a peak around
363 nm and extended tail in the red
region (600 nm). An additional peak at
536 nm is an interesting feature which
has appeared at an optimal flow rate
of 3 L/min. This peak is present for
higher Hydrogen flow rate (4-5 L/min)
as well. Broad absorption bands around
360, 390, 520-550 nm can be observed
in type I, IIa synthetic diamond grown

in Nitrogen environment2,14,28 .

Far UV to visible absorption of dia-
mond is result of Nitrogen, vacancy,
and Hydrogen. NV is formed when
an isolated Nitrogen atom is trapped
by adjacent Carbon vacancy oriented
along <111> in diamond lattice [, ].
The negatively charged vacancy defect
(NVH−) is responsible for 393 nm
and NV0 defect is ascribed to 536 nm
absorption in diamond29 . The concen-
trations of NVH− is higher than the NV
centers. The intensities of UV-Visible
absorption bands follow the order 393
nm (NVH) > 550 nm (possibly NV
related) as previously reported in liter-
ature30 .

Diamond is expected to be transpar-
ent in far UV to visible rang due to
large band gap (~5.5 eV). However,
any absorption in this region is result
of defect formation during the growth
process. Diamond growth takes place
layer by layer on the nuclei. Slight dis-
turbances in diamond formation cre-
ates spaces in planes for fluorescent
optical defects2,14 . The pinkish brown
color emerges due to vacancy disks
in{111} plane24. This coloration cov-
ers over whole visible spectral range
with two additional bands (550 and
380 nm)28. Nitrogen is always found
as a residual impurity in the chamber.
Diamond fabricated at higher Hydro-
gen flow rate contains defects such as
vacancy clusters. Nitrogen and Hydro-
gen incorporated them as NVH−. At

low flow rate (0-2 L/min) absorption
is dominated only by these defects. As
the optimal flow rate is attained (3
L/min), there is a reduction in absorp-
tion related to NVH followed by the
introduction of NV is observed. The
lower energy (~ 1 eV) formation of
NVH complex makes them a compet-
itive candidate of NV defect in dia-
mond growth. The formation of sta-
ble C-H bonds on {111} plane of NDs
phases enhances the mobility of Hydro-
gen2,14 . Thus, the decrease in NVH
defect correspondingly increases the
NV. At higher flow rate (4-5 L/min),
UV-Vis curves are signified by expo-
nentially decay tail. The higher concen-
tration of defects or unsaturated bonds
is responsible for the existence of local-
ized states in amorphous region2,14 .
Thus, high absorption in far UV to Vis-
ible is observed.

Various properties of NDs such as
size, size distribution, shape, lattice
parameters effect wavelength, position,
and FWHM of surface plasmon res-
onance bands. The increase in num-
ber of peaks confirms the asymmetry
in nanoparticles31 . With the introduc-
tion of Hydrogen regardless of the flow
rate, the peak is asymmetrically broad-
ened towards higher wavelength. A sta-
ble position of absorbing peak at 393
nm indicates that particles do not aggre-
gate32 .

Figure 4 (b) shows a variation of
the optical band gap and amount of
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Figure 4. (a) UV-Visible spectrum of NDs at different Hydrogen flow rates, where Eth=constant Argon flow rate= 5L/min.
Ethi= Hydrogen flow rate, i= 1-5 L/min (b) variation of IDia/IG and band gap of NDs without and with Hydrogen at different
flow rates=1-5 L/min.

diamond for different Hydrogen flow
rates. To calculate the optical band
gap energy fromUVVisible absorption
spectra, the Tauc relation is used. The
reduction in effective band gap with
the increase in Hydrogen flow rate (0-2
L/min) is attributed to reduced amount
of diamond. The increased sp2 Carbon
content produces defect states within
the electronic band gap (mid gap or
localized states). Non-diamond phases
introduce n to π transition within dia-
mond band gap, shorten the lifetime of
excited states and reduce the effective
band gap of NDs33. Afterward, it starts
increasing and obtains the maximum
value at the optimum Hydrogen flow
rate (3 L/min). Hydrogen efficiently
removes the non-diamond phases and
results in the increase in band gap.
An enhancement in amount of non-
diamond phases at higher Hydrogen
flow rates (4-5 L/min) decreases the
band gap. NDs have a mixture of
sp2 and sp3 sites in highly disordered
grain boundary matrix. The conjugated
bonds on the surface of NDs introduced
microstrain which create deep and shal-
low levels within the band gap. An
enhancement in π-σ bond mixing is
observed due to bond angle distortion.
This will result in transitions from sp2

sites to the antibonding distorted sp3
states.34 The Nitrogen vacancy defects

offer emerging application as quan-
tum computer, fluorescence marker,
and nanoscale sensors for electric field,
magnetic field, temperature, ion con-
centration and spin densities.2,35,36

Photoluminescence spectroscopy

PL spectra of NDs without and with
hydrogen at 3L/min is shown in Fig-
ure 5 (a). It exhibits broad PL response
from 375-625 nm at an excitation
wavelength of 325 nm. The broad
PL emission centered at 468 nm was
observed from the NDs (without hydro-
gen). It is related to N2 defect cen-
ter37–40 . It is part of the well-known
“cape” spectrum in many yellow dia-
mon29. It is attributed to a vibronic
transition at the N3 center in which the
electronic excitation is forbidden41.

With the introduction of hydrogen,
the PL peak at 440 nm occurs predomi-
nantly due to N3 defect which naturally
exists in type Ia diamond.38–40 The
N3 center is the most common color-
producing defect in diamond, consist-
ing of a vacancy surrounded by three
nitrogen atoms on a {111} plane.

Figure 5 (b) shows a variation of
PL maximum peak position and IDia/IG
of NDs without and with hydrogen
at 3L/min. A blue shift in peak posi-
tion is observed with the introduction

of hydrogen. PL peaks appeared due
to defects or impurities produced in
the crystallization process42 . The blue
shift of maximum PL is related to
the annihilation of defect or removal
of non-diamond phase on the sur-
face. An increase in diamond qual-
ity decreases the defect density and
shifts the corresponding peaks towards
lower wave number43 . Figure 5 (b)
shows the variation of PL intensity
and IDia /IG of NDs without and with
hydrogen at 3L/min. PL intensity and
IDia/IG exhibits almost opposite behav-
ior. With the increase in diamond qual-
ity, a decrease in degeneration sp2

bonds on the diamond structure is
observed42 . The reduction in the size
of NDs reduces the total number of
nitrogen-vacancy and contributes to the
decrease in PL intensity44 . As in our
case, NDs produced at optimal flow
rate has smaller grain size (~1-20 nm)
as compared to the sizes (4-32 nm)
obtained without hydrogen. Thus one
expects lower absorption1 .

From detail examination, small
spikes appear on the continuum contour
of PL spectrum at 380 nm, 400 nm, 415
nm, 503 nm, 540 nm, and 612 nm. The
different emission peak originates from
diamond surface defect, vacancies and
impurities (nitrogen, hydrogen, carbon
as graphite) attached to the surface45
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Figure 5. (a) PL spectra of NDs without Hydrogen and with Hydrogen at 3 L/min flow rate. Inset is enlarged image of NDs with
Hydrogen at 3 L/min flow rate. (b) Variation of IDia/IG with PL peak position and PL intensity of NDs where Eth= constant
Argon flow rate= 5L/min. Ethi= Hydrogen flow rate, i= 1-5 L/min.

as confirmed later from FTIR (Figure
6). The small intensity peaks around
380 nm are related to band edge transi-
tions46. These PL lines at 413 nm,503
nm and 612 nm are related toN3, H3and
NV− defect29.

Fourier transform infrared
spectroscopy

The FTIR in Figure 6 shows the evo-
lution of surface bonded molecules on
NDs without and with Hydrogen at
different flow rates. The position and
shape of bands strongly depend on the
interaction between the surface func-
tional groups of NDs and Hydrogen2 .

An intense and broadband around
(3426-3451 cm−1) is assigned to the O-
H vibrations. Intra- and inter-molecular
bonds of Hydrogen to the surface of
NDs are responsible for this broaden-
ing2,14. The peak at 2361 cm−1 is due
to the adsorption vibration of CO247.
The band around 3400 cm−1 also
assigned to N-H vibration14. A well-

defined absorbance band (1640 cm−1)
is ascribed to skeletal vibrations of aro-
matic groups C=C2,14. The peak at
3018 cm−1 also corresponds to C=C48

. The amorphous or disordered sp2

Carbon acts as catalytic effect. Some
of these fragments could be removed
from NDs surface in the form of gas
phase radicals (C2, or C3,) under low
temperature. The high energy carbon
radicals collide and transform molec-
ular Hydrogen into atomic Hydrogen.
The lowest density Hydrogen gains
the highest kinetic energy and inter-
acts dominantly with the surface Car-
bon dangling bond. This ultimately
results into the CH adsorption on NDs
along with the dissociation of oxygen-
related groups and etching of graphitic
shell/ non-diamond phase. The Hydro-
genation efficiency is dependent on
production of atomic Hydrogen in
microplasma2,14 .

Asymmetric CH3(1362-1366
cm−1), asymmetric CH2(1427-1436
cm−1), rocking CH (898.6 cm−1) bands

confirm the Hydrogenation of NDs
surface2,14 . All the peaks (3006-3012
cm−1,1429 cm−1,898.6 cm−1) confirm
the presence of t-PA [trans-(CH)x]
as suggested by our Raman results
(Figure 2). Carbonyl, C=O stretch-
ing bands (1712.48-1738.51 cm−1)
together with the OH stretching bands
(3414 cm−1) from the COOH groups
indicating the presence of carboxylic
acid. Peaks at 1090 cm−1 and 1263
cm−1 arise from the various stretching
mode of carboxylic, ester, ether and
alcohol moieties (COC, C-OH)2,14 .
Hydrogenation contributes to the elim-
ination of hydrophilic surface func-
tional groups such as Carbonyl and
carboxyl. The disappearance of C-OH
is related to depletion of OH group (as
confirmed from FTIR). The removal of
oxygen-related groups with increasing
Hydrogen flow rate is related to high
reaction cross section of Hydrogen to
oxygen as compared to Carbon or other
species (such as Nitrogen). The FTIR
spectra of Hydrogenated NDs show
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Figure 6. FTIR spectra of NDs without and with Hydrogen at different flow rates=1-5 L/min. where Eth= constant Argon flow
rate= 5L/min. Ethi= Hydrogen flow rate, i= 1-5 L/min.

a significant blue shift and weaken-
ing of C=C stretching band. Hydrogen
etches the non-diamond phases as pred-
icated from literature12 . The highest
graphitic characteristic at high flow
rate (4 L/min) is confirmed from ID/IG
ratio.

CONCLUSIONS
The objective of this work was to ana-
lyze the impact of Hydrogen flow rate
on NDs synthesis. The 3 L/minis found
to be the optimal Hydrogen flow rate
for the growth of quality NDs. The
smallest size and near stress-free NDs
are obtained at this flow rate. The

highest amount of Carbon in diamond
form also confirmed that the required
residence time to satisfy the Hydro-
gen role (such as quenching, etching,
and stabilizing) was finally obtained at
flow rate of 3 L/min. Nitrogen-vacancy
center along with Nitrogen Hydrogen
vacancy complex became active at this
optimal flow rate. Nature of nitrogen
vacancy complexes can be controlled
with the flow rate. These defect centers
make diamond a promising material
for atomic physicist. The optical trans-
parency of diamond allows long room
temperature lifetimes for color cen-
ters. NDs offer emerging applications
in optoelectronic systems, biomedical

nanodevices and nanoscale sensors for
electric field, magnetic field & temper-
ature.
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