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The present work studies the incorporation of hydrogen and its bonding configuration in diamond
films composed of diamond grains of varying size which were deposited by three different methods:
hot filament (HF), microwave (MW), and direct current glow discharge (dc GD) chemical vapor
deposition (CVD). The size of diamond grains which constitute the films varies in the following
way: hundreds of nanometers in the case of HF CVD (“submicron size,” ~300 nm), tens of
nanometers in the case of MW CVD (3-30 nm), and a few nanometers in the case of dc GD CVD
(“ultrananocrystalline diamond,” ~5 nm). Raman spectroscopy, secondary ion mass spectroscopy,
and high resolution electron energy loss spectroscopy (HR-EELS) were applied to investigate the
hydrogen trapping in the films. The hydrogen retention of the diamond films increases with
decreasing grain size, indicating that most likely, hydrogen is bonded and trapped in grain
boundaries as well as on the internal grain surfaces. Raman and HR-EELS analyses show that at
least part of this hydrogen is bonded to sp>- and sp3-hybridized carbon, thus giving rise to typical
C—H vibration modes. Both vibrational spectroscopies show the increase of (sp*)-C—H mode
intensity in transition from submicron to ultrananocrystalline grain size. The impact of diamond
grain size on the shape of the Raman and HR-EELS hydrogenated diamond spectra is reported and

discussed. © 2007 American Institute of Physics. [DOIL: 10.1063/1.2818372]

I. INTRODUCTION

The carbon science and technology has developed exten-
sively in the last few decades due to discoveries of various
polycrystalline diamond film deposition methods, synthesis
of nanotubes, fullerenes, carbon fibers, etc. Nanocrystalline
diamond films represent a new remarkable material that at-
tracts a lot of attention of the scientific world due to its
promising potential in many possible applications, such as
tribology,l’2 field emission,™ electrochemistry,s’6 protective
optical windows”® as well as its unique ability to incorporate
n-type dopants9 compared to microcrystalline and single
crystal diamond.

The microstructure and properties of carbon-based thin
films depend on the deposition process and conditions used,
including pressure, gas phase composition, and substrate
temperature, as well as the energy of the reactive species
(atoms or ions). Nanodiamond films may be deposited by a
number of deposition processes, which differ in the growth
species and deposition parameters. In fact, each method re-
sults in different types of nanodiamond films. These may
differ in terms of the diamond particle size, grain boundary
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nature, hydrogen content, defect density, amorphous or gra-
phitic component of the films, morphological properties of
the films, and different chemical and physical properties.
Also, the formation mechanisms of the different films are
dis-similar. For example, the growth of nanodiamond films
deposited by microwave (MW) chemical vapor deposition
(CVD) from Ar-rich plasma was suggested to occur from C,
dimers on the film surfa(:e,10 whereas deposition from
hydrogen-rich direct current (dc) energetic plasma is a sub-
surface or subplantation process.

The ability to deposit diamond films with nanoscale or-
dered surfaces and defined crystalline size is crucial for pos-
sible practical applications. The well-known negative elec-
tron affinity and high conductivity of diamond surfaces are
properties of fully hydrogenated diamond surfaces.'> ™"
Similarly, diamond grain size may influence the electronic
and optical properties of the films.""® The properties and
associated practical applications of diamond films are signifi-
cantly modified by their surface structure and chemical com-
position. However, the chemical and physical characteriza-
tion of the uppermost surface atomic layers of diamond films
presents a great challenge. Common surface sensitive tech-
niques [x-ray photoelectron spectroscopy (XPS), Auger elec-
tron spectroscopy (AES), electron energy loss spectroscopy

© 2007 American Institute of Physics
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(EELS), etc.] usually deal with a few nanometer surface re-
gion rather than with atomic monolayer coverage. Similarly,
the characterization of diamond grain size (especially in na-
nometric scale) requires the use of complicated transmission
electron microscopy (TEM) usually combined with x-ray dif-
fraction analysis. Therefore, the quest of additional comple-
mentary techniques providing information about the grain
size and surface properties is of high importance.

In our previous studies related to hydrogen concentration
and bonding configuration on the surface and within dia-
mond films, we applied vibrational spectroscopy and second-
ary ion mass spectroscopy. 19:20 Hydrogen is a key component
of the gas mixture usually used for diamond nucleation and
growth by CVD methods. It is, thus, involved in many dif-
ferent processes related to diamond nucleation and growth
including (1) formation of clusters necessary for growth
(CH, or C,H,), (2) stabilization of diamond clusters and sur-
faces, (3) preferential etching and removal of nondiamond
constituents, and (4) abstraction of hydrogen from the dia-
mond surface to allow incorporation of additional C contain-
ing growth species. In the case of nanodiamond films depos-
ited from energetic species, hydrogen is physically
incorporated into the films and most likely it stabilizes the
nanodiamond phase.11 It is no wonder that the hydrogen
must be incorporated in some quantity in diamond films and
the questions to be asked are (1) in what quantities, (2) in
what locations [in the grains as interstitials, forming defect-H
clusters in the grains, on the diamond surfaces, in grain
boundaries, and in a nondiamond constituent between the
grains (e.g., when nanodiamond crystallites are embedded in
an a-C/graphitic matrix)], and (3) in what bonding configu-
ration.

The presence of H in diamond lattice has serious reper-
cussion on its characteristics.”’ While hydrogen incorpora-
tion and effects in hydrogenated amorphous carbon films,
which may contain up to 45 at % hydrogen,22 are relatively
well studied,zz_27 only little information is available on hy-
drogen distribution, concentration, and location in diamond
films.?"**' Fourier transform infrared absorption and elas-
tic recoil detection analysis (ERDA) were used to evaluate
the location of hydrogen in diamond. It has been found that
the hydrogen in CVD diamond is incorporated in both grain
boundaries' 2! [on diamond surfaces and in nondiamond
(graphitic and amorphous carbon) regions] and also is
trapped in grain defects.”!

In this paper, we investigate the hydrogen concentration
and bonding configuration in diamond films of varying grain
size.'”??7* The films consist of diamond crystallites of sizes
from ~5 to ~300 nm depending on deposition methods and
conditions.""**** The thickness of continuous films varies
from ~70 to ~ 1000 nm depending on deposition time. The
investigated diamond films were grown by three different
kinds of CVD methods: (1) hot filament (HF) CVD, (2) di-
rect current glow discharge (dc GD) CVD and (3) MW CVD.
The first two methods utilize hydrogen rich gas mixtures
(CH,4/H, ratios were 1/99 and 9/91 correspondingly), while
the third one uses a plasma mostly comprised of Ar gas
(>95%) while hydrogen atoms originate mainly from meth-
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ane species. The three investigated kinds of diamond films,
grown by different techniques, have different microstructures
and phase compositions.

Il. EXPERIMENTAL

A. The polycrystalline diamond films: Brief
description of deposition methods and microstructure
of the films

Three kinds of CVD diamond films were grown on sili-
con substrates by different methods. Below, the main differ-
ences in the deposition method, growth mechanism and film
microstructure are briefly discussed.

(I) MW CVD nanodiamond films were grown from a hy-
drogen poor gas mixture.”* The films were grown on Si
substrates maintained at 800 °C using a microwave
power of 1200 W and total gas pressure of 200 Torr.
Prior to deposition the silicon substrates were seeded
mechanically in solution with diamond powder. Two gas
mixtures were used to deposit nanodiamond films. (i)
1.4% CH, and 98.6% A, in this case, the growth rate is
0.96 um/h and diamond grain size is 3—20 nm (film
labeled MW-CVD-3-20 nm). (ii) 1.4% CH,, 1%H,,
and 97.6% Ar, in this case, the growth rate is 2.7 um/h
and grain size is 10-30 nm (film labeled MW-CVD-
10-30 nm).34 The mechanism of the film formation was
investigated to a great extent'® and is considered as a
surface process occurring from C, molecule as the main
growth species. Nanodiamond film growth from C, spe-
cies requires a surface pretreatment aimed to introduce
diamond growth centers onto which the film grows. The
as-deposited films are characterized by a high sp* con-
tent of ~95% and nanometric grain size'® (in the present
study, in the range of 3—30 nm), homogeneously distrib-
uted over the whole thickness.

(2) HF CVD diamond films were grown from a hydrogen
rich gas mixture (CH,/H, ratio was 1/99). The evolu-
tion of the film occurs on nucleation centers immersed
into the substrate by ultrasonic abrasion with polydis-
persed mixed diamond slurry.33 This pretreatment results
in an initial diamond particle density (DPD) of ~5
% 10'° cm2. This high DPD value allows deposition of
continuous films with a minimal thickness of
~70-100 nm."** The nucleation is a surface process,
while the main growth species are CH, and hydrogen
radicals. The diamond growth occurs on nucleation cen-
ters, which gradually merge and coalesce into continu-
ous film. The crystal size evolves from ~50-70 nm in
the nearly coalescent film [~100 nm film thickness,
~10 min deposition, Fig. 1(a)] and reaches nearly a
constant value of 300—400 nm in micron thick films
[deposition time of ~1 h, Fig. 1(b)]. The increased crys-
talline size observed in the high resolution scanning
electron microscopy (HR-SEM) images (Fig. 1) is a re-
sult of the suppression of small crystallites by fast grow-
ing crystallites which comprise the faceted surface. All
the deposited films are characterized by high diamond
quality (>98%sp?) and well-defined diamond facets.

(3) dc GD CVD films were grown from hydrogen rich
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FIG. 1. HR-SEM micrographs of as-deposited HF CVD diamond films: (a)
film deposited from CHy+H, gas mixture for 10 min (thickness of
~100 nm, grain size of ~50-70 nm) and (b) film deposited from CH,
+H, gas mixture for 60 min (thickness of ~700 nm, grain size of
~300 nm).

plasma (CH4/H, ratio was 9/91) by means of continu-
ous substrate bombardment by positive hydrocarbon and
hydrogen ions of ~100-200 eV kinetic energy.“’32 No
pretreatment procedure is needed to induce diamond
nucleation. The nanodiamond growth occurs in the sub-
surface region of the film resulting in the upper surface
region consisting of hydrogenated amorphous carbon.
The film evolves on top of a hydrogenated carbonaceous
precursor containing a mixture of an amorphous and
graphitic carbon formed during the first ~20 min of
deposition (~300 nm thickness). When the precursor
density reaches ~3 g/cm?, nanodiamond particles pre-
cipitate and grow to a final size of ~5 nm by means of
preferential displacement of loosely bonded carbon at-
oms by energetic ions."'”? The sp® content of the film
grown for 1 h reaches ~80%. The nanodiamond par-
ticles are embedded in hydrogenated amorphous carbon
matrix. Table I summarizes the deposition methods and
the resulting grain size of all the investigated diamond
films.

B. Experimental methods

The hydrogen concentration within the three different
kinds of polycrystalline diamond films described above were
analyzed by secondary ion mass spectroscopy (SIMS)
technique.w’3 5 SIMS analysis was carried out in a dynamic
mode in a Cameca IMS4f ion microscope using a 14.5 keV
Cs* ion beam. The sampling area was about 64 um?. The
basic chamber pressure was 8 X 107'° Torr, while the ion
current was about 1 X 1078 A.

The Raman measurements were carried out using a
DILOR XY system. The measurements were performed us-
ing the Ar line at 514.5 nm in a backscattering geometry. The
laser beam spot size was ~1 um in diameter and the inci-
dent power was 10 mw. %

The electron spectroscopy measurements were carried
out using an ultrahigh vacuum (UHV) system consisting of
two chambers connected in tandem. In the first chamber an-
nealing, XPS and ion irradiation experiments were carried
out, whereas the second chamber is dedicated to HR-EELS.
The samples can be heated in situ up to ~1000 °C and ex-
posed to thermally activated hydrogen. The HR-EELS cham-
ber is equipped with a Delta 0.5 spectrometer (VSI-SPECS)
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TABLE I. Summary of grain sizes and deposition methods of the investi-
gated diamond films.

Gas
Grain composition
Film name size (nm) Deposition method (CH4/H,/ Ar)
dc-GD-CVD-5 nm* ~5 dc glow discharge CVD 9/91/0
HF-CVD-300 nm® 300 Hot filament CVD 1/99/0
MW-CVD-3-20 nm®  3-20 Microwave CVD 1.4/0/98.6
MW-CVD-10-30 nm® 10-30 Microwave CVD 1.4/1/97.6

“Reference 32.
PReference 33.
“Reference 34.

consisting of a double monochromator and a single analyzer
housed in an UHV system with a base pressure of ~8
X 1071° Torr. All spectra were recorded up to loss energies
of 800 meV at room temperature in the specular geometry
with an incident angle of 55° from the surface normal, inci-
dent energy of 5 eV, and energy resolution of 5-8 meV [ac-
cording to full width half maximum (FWHM) of the elastic
peak]. The XPS measurements were carried out using Al K«
(1486.6 €V) photon irradiation. The surface quality and
phase composition of the films were investigated by C(1s)
photoelectron energy loss spectra and EELS (plasmon
losses) in the reflective mode at primary electron energy of
500 eV.

lll. RESULTS AND DISCUSSION

A. Hydrogen atom concentrations in polycrystalline
diamond films as a function of grain size
studied by secondary ion mass spectroscopy

SIMS depth profiles of hydrogen concentration within
the different diamond films are shown in Fig. 2. Profile 2(a)
was measured for an ~1.6 um thick HF CVD sample grown
for 2 h from CHy+H, gas mixture. Its initial grain size
(close to the film-Si substrate interface) is ~50 nm and de-
velops during the deposition to a final grain size of
300—400 nm, thus allowing a direct measurement of the cor-
relation between the hydrogen trapping and the crystalline
size.'”* Note that the sampling depth given in Fig. 2 repre-
sents the film surface at a depth of O and the Si substrate
region at a depth of 1.6 um. It is very clear that the hydrogen
concentration of this film decreases from 6 X 10%° at./cm? at
the region close to the Si substrate (50 nm grain size) to
1.2X10?° at./cm? in the region close to the film’s surface
formed after a deposition time of ~2 h (~300 nm grain
size).'??

The profile of hydrogen atoms in dc GD CVD film
grown for 1 hour is shown in Fig. 2, curve (b). In our previ-
ous works,ll’32 we showed that the growth of the dc GD
CVD film advances through the following stages: (1) gra-
phitic film with its basal plane perpendicular to the substrate,
a low H concentration and low (~2.2 g/cm?) density, (2) an
increase of the density followed by incorporation of hydro-
gen, and (3) the formation of a dense (~3 g/cm?), hydrogen
rich layer in which diamond nucleates and grows. The hy-
drogen concentration in the nanodiamond film deposited by
dc GD CVD increases from 3.3 10%' at the nanographitic
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FIG. 2. (Color online) SIMS profile of hydrogen atoms within three differ-
ent types of diamond films. (a) HF CVD film deposited from CH,+H, gas
mixture for 2 h. Note the decrease of H concentration from 6
X 10%° at./cm? at initial growth region (grain size of ~50 nm) to 1.2
X 10?2 H/cm? for thicker film (grain size of ~300 nm). (b) 700 nm thick
nanodiamond film deposited by dc GD CVD. The hydrogen concentration
increases from 3.3 10?! at./cm?® at the initial stage of film evolution (pre-
dominantly graphitic precursor) up to 1.45X 10?2 at./cm® in the region
where ~5 nm sized nanodiamond grains are embedded in an amorphous
carbon matrix. (c) MW CVD diamond film with grain size of 3—20 nm. (d)
MW CVD diamond film with grain size in the range of 10—30 nm.

precursor region to 1.45% 10?2 at./cm? in the ~5 nm sized
nanodiamond crystallite region.28 The hydrogen concentra-
tion depth profile of the dc GD film reflects the evolution of
its structure from an initial low density, low hydrogen con-
centration graphitic film through a medium density, hydrogen
containing film until a dense, hydrogen containing matrix
evolves, in which ~5 nm sized nanodiamond crystallites
precipitate. Our previous measurements of absolute hydro-
gen concentration within these films by means of ERDA
revealed hydrogen concentration of 15-20 at. %,*® which
confirms the present SIMS measurements.

In Fig. 2, curves (c) and (d) show the hydrogen concen-
trations in two nanodiamond films deposited by MW CVD
with grain size of 3-20 and 10-30 nm, respectively. The
measured hydrogen concentrations for samples MW-CVD-
3-20 nm and MW-CVD-10-30 nm were 6.1X10?! and
5.1 X 10?! at./cm?, correspondingly. Note the slightly larger
hydrogen concentration in MW-CVD-3-20 nm (CH,/Ar ra-
tio of 1.4/98.6, grain size of 3—20 nm) than in MW-CVD-
10-30 nm (CH4/H,/Ar ratio of 1.4/1/97.6, grain size of
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10-30 nm), e.g., despite the higher hydrogen concentration
in the gas phase, its retention within the film is lower for the
last sample. Moreover, the hydrogen concentration in MW
CVD films (grown from hydrogen poor gas mixture) largely
exceeds that measured for the HF CVD grown films (carried
out in a hydrogen rich atmosphere). Therefore, one may sug-
gest that the hydrogen incorporation within the diamond film
is governed by another factor beyond gas mixture composi-
tion. The most evident factor which influences the hydrogen
atom retention within the films is diamond grain size. Our
results clearly show that the smaller diamond crystallites are,
the higher the hydrogen concentration within the films is.
Note that all samples were mounted at the same time in the
SIMS chamber and measured at the same conditions. There-
fore, while the absolute hydrogen concentration values
within the films may depend on the correct relative sensitiv-
ity factor, the relative measured concentrations can be com-
pared.

Table II summarizes the H concentrations in the different
films, the atomic percentages of H (assuming a C density of
10?3 at./cm?), the crystalline sizes deduced from HR-SEM
and HR-TEM, and the surface to volume atom ratios of fcc
crystallites with the same crystalline size. It is very clear that
the hydrogen concentration in the diamond films increases
with decreasing crystalline size. This result strongly suggests
that hydrogen atoms decorate the internal grain interface of
the bulk diamond films. The trapping of hydrogen in grain
boundaries is a natural consequence of the accepted diamond
growth mechanism which involves adsorption of a CH,
growth species first and then abstraction of one hydrogen
atom from the surface by atomic hydrogen in the gas phase,
allowing the diamond carbon atom to be bonded to another
CH, radical. Coalescence of adjacent diamond crystallites
most likely does not result in complete hydrogen desorption
from touching surfaces, leading to the incorporation of hy-
drogen on the touching crystallite surfaces (grain bound-
aries). In the case of nanodiamond film deposition from en-
ergetic species, hydrogen stabilizes the nanodiamond grains
as discussed in our previous studies.''?

B. The impact of diamond grain size and hydrogen
concentration on the shape of the Raman
spectra

Raman spectra of polycrystalline diamond films display
the diamond optical phonon line at 1332 cm™! and other con-
tributions originated in sp?-carbon related features (e.g., the

TABLE II. Hydrogen concentration vs the crystalline size and the surface to volume atom ratio.

H H Surface to
concentration concentration Crystalline size volume atom

Film type (at./cm?) (at. %)* (nm) ratio (%)°
HF CVD (1 h) 1.2x10% 0.12 300 0.5
HF CVD (10 min) 6X10% 0.6 50 3
MW-CVD-3-20 nm 6.1X10?! 6.1 3-20 50-7.5
MW-CVD-10-30 nm 5.1%10?! 5.1 10-30 15-5
dc-GD-CVD-5 nm 1.45x10% 14.5 5 28

*Assuming a C concentration of 1X 10 at. cm™.

"Surface to volume atom ratio of fcc crystallite with the same crystalline size.
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1350 cm™" D line and the 1580 cm™" G line), whose relative
intensity depends on diamond crystal size, grain quality,
etc.’>” For nanodiamond films additional features around
1140 and 1480 cm™! are commonly observed.”*** Tt was
shown by Raman®* and surface enhanced Raman
spectlroscopies44 that these peaks are associated with v; and
vy vibration modes of frans-polyacetylene (-PA) codepos-
ited with diamond phase. The 1140 cm™' Raman peak is as-
sociated most likely with a C—H bending mode of hydro-
genated sp> carbon bonded to diamond grain internal
surfaces and boundaries. Our studies of dc GD CVD nano-
diamond film evolution on hydrogenated graphitic/
amorphous carbon precursor clearly show that this mode is
absent from the spectrum of hydrogenated carbon of a pre-
dominant graphitic character (~20 min deposition) and ap-
pears only when nanodiamond crystallites precipitate in
dense hydrogenated amorphous carbon matrix (~30 min
deposition).45 Since hydrogen concentration nearly scales
with diamond grain surface ratio (Sec. III A), it strongly sug-
gests that this mode is related to diamond phase itself, e.g.,
belongs to sp? carbon bonded to diamond grain internal sur-
faces. Our work on thermal stability of carbon-hydrogen
bonding45 provides a direct evidence that 1140 cm~! Raman
mode is stable up to temperatures typically high for hydro-
gen desorption from diamond grains (up to 1000 °C). On the
other hand, nearly all kinds of hydrogenated carbon with
different sp?/sp’® ratios decompose at temperatures up to
~600 °C. In Sec. III C, we correlate this Raman mode with
(sp?)-C—H stretching vibration detected by HR-EELS.

The hydrogen bonding and the crystalline nature of the
different films were characterized by Raman (Fig. 3). Spectra
3(a) and 3(b) correspond to the MW CVD films grown for
1'h, samples MW-CVD-3-20nm and MW-CVD-
10-30 nm, respectively. Spectra 3(c) and 3(d) were mea-
sured on the HF CVD diamond films grown for 10 min
[~100 nm film thickness, 3(c)] and 60 min [~700 nm thick-
ness, 3(d))] (their SEM micrographs were shown in Fig. 1).
Spectrum 3(e) corresponds to the dc GD CVD film grown
for 60 min. Besides spectrum 3(d), all spectra display most
of the characteristic Raman modes of nanodiamond films
discussed previously: two broad peaks at ~1350 (D peak)
and 1530 cm™! (G peak), 1140 and 1480 cm™!, associated
with nanodiamond. Spectra 3(c) and 3(d) display an addi-
tional peak positioned at 1332 cm™! characteristic to dia-
mond. Spectrum 3(d) was measured on a thick HF CVD
diamond film and is attributed to high quality diamond film.
Here, the diamond peak at ~1332 cm™ is sharp, well pro-
nounced, and large compared to the background contribu-
tions of the sp>-related D and G peaks, reflecting the much
larger diamond crystalline size, reduced grain boundary, and
defects densities. The #-PA vibrational modes at 1140 and
1480 cm™! are practically absent, indicating much smaller
amount of C—H bonding at grain boundaries in comparison
with the 100 nm thick HF CVD film.

It was shown above that the three different classes of
diamond films follow the same tendency: the smaller grain
size results in the higher hydrogen retention. It is possible,
therefore, to associate the shape of the Raman spectrum with
diamond grain size and hydrogen content therein. The high
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FIG. 3. Raman spectra of the different diamond samples. (a) MW CVD
sample with grain size of 3—20 nm. (b) MW CVD sample with grain size of
10-30 nm. (¢) HF CVD diamond film deposited for 10 min (~50 nm grain
size). (d) HF CVD diamond film deposited for 1 h (~300 nm grain size). (¢)
dc GD CVD diamond film deposited for 1 h (~5 nm grain size).

hydrogen concentration results in appearance of pronounced
t-PA associated Raman modes at 1140 and 1480 cm™'. In
addition, the sharp diamond optical phonon mode at
1332 cm™! is broadened for grain size smaller than 50 nm
and for 10-30 nm crystallites, the graphitic D peak at
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1350 cm™! appears. For the smallest grain size [e.g., ~5 nm
in the case of dc GD nanodiamond films, spectrum 3 (e)],
however, the intensity of 1140 cm™! is diminished relative to
carbon associated D and G peaks in comparison with spectra
3(b) and 3(c). From the SIMS measurements described
above, the dc GD nanodiamond film contains the highest
(among the investigated films) concentration of trapped hy-
drogen.

Our results suggest that for diamond films composed of
crystallites of ~5 nm, the intensity of carbon-hydrogen as-
sociated peaks is diminished relative to the pure carbon-
carbon modes. Additional evidence of this phenomenon
comes from HR-EELS measurements of C—H stretching
vibrations of these films, as described in the following sec-
tion. A similar tendency was found in IR measurements of
diamond C—H stretching mode as a function of diamond
grain size.***® The intensity of C—H stretching mode at
2834 cm™! decreases with decreasing diamond grain size
(350—5 nm). In that case, the proposed explanation of this
phenomenon (based on density functional calculations) was
associated with the absence of well-defined facets on the
surface of 5 nm size diamond crystallites.%’47

We conclude that the shape of the Raman spectrum is
strongly affected by diamond grain size (and, therefore, by
hydrogen atom concentration within the film). While the
spectrum of the film consists of diamond grains with the size
of a few hundred nanometers is dominated by diamond op-
tical phonon loss at 1332 cm™! with minor contribution from
mixed sp?/sp? carbon (the band near 1500 cm™'), the smaller
diamond crystallites result in enhanced sp?-carbon-hydrogen
peaks near 1140 and 1480 cm™'. However, this tendency is
reversed for the smaller grain size of ~5 nm: in this case, the
intensity of these peaks decreases and the spectrum is domi-
nated by graphitic D and G peaks at 1350 and 1580 cm™'. In
addition, reducing grain size may affect the complex bonding
configuration of carbon atom within the film, namely,
sp*/sp? ratio, the ordering of sp?> component, etc., not just
the amount of hydrogen atoms bonded to sp? hybridized car-
bon. The physical explanation of this phenomenon is under
current investigation in our laboratory.

C. Hydrogen bonding configuration on diamond film
surface studied by high resolution electron
energy loss spectroscopy

Different HR-EELS modes of diamond surface were re-
cently studied by us by means of isotopic substitution of
hydrogen by deuterium as well as 1>C by B3¢0 We refer to
the spectrum presented in Fig. 4(a) as the basic hydrogenated
diamond HR-EEL spectrum. The different vibrational modes
are enumerated on the plot. Mode 1 at ~155 meV is a su-
perposition of a C—C stretch and a C—H bending vibra-
tions (the later shifts to 108 meV upon replacement of H by
D). The energy loss peaks around 300 and 450 meV (modes
2 and 4) are pure C—C vibrations, most likely the first and
second overtones of the diamond optical phonon positioned
at 150 meV.*** Peak 3 at ~360 meV is attributed to C—H
stretching mode, while peak 5 at ~510 mV is a coupled
C—H stretch mode positioned at ~360 and ~155 meV po-

J. Appl. Phys. 102, 113516 (2007)

sitioned bands. The nature of these peaks and their sensitivity
to ion beam damage were recently investigated by us.”!

We start with the analysis of C—H stretching mode of
as-deposited HF CVD diamond film (grain size of
~300 nm) as a function of thermal annealing. In Fig. 4, the
HR-EEL spectra of HF CVD diamond sample are shown as a
function of annealing temperature. The shape of the spectra
is nearly unaffected by 7<<800 °C, while 7=1000 °C re-
sults in elimination of hydrogen associated features (360 and
510 meV peaks) and addition of ~90 meV peak associated
with C=C dimer. EEL spectra (primary energy E,
=500 eV) of the same film as a function of the same anneal-
ing temperatures are shown in Fig. 5. Diamond plasmon
losses are nearly unaffected by heating at 7<<800 °C, while
heating at 7=1000 °C results in appearance of graphitic
electrons (~6 eV energy loss). Note the correlation between
hydrogen desorption detected by HR-EELS at 7,=1000 °C
(Fig. 4) and graphitic feature appearance detected by EELS
(Fig. 5). Hydrogen desorption at elevated temperature results
in rearrangement of carbon bonds and appearance of C=C
dimer (~90 meV on HR-EEL spectrum). These dimers may
form graphitic monolayer on the top of diamond surface,
which contribute to 6 eV graphitic m-plasmon losses, de-
tected by EELS.

The detailed peak fitting procedure of C—H stretching
HR-EELS mode [Fig. 4(b)] reveals at least three different
contributions at ~350, ~360, and ~373 meV. The first two
are most likely associated with diamond (111) and (100)
surfaces,”” while the last one may be attributed to
sp*-hybridized carbon.”* This assignment is being verified
at the present time by performing HR-EELS measurements
on (100) and (111) single crystal surfaces in our system for
internal calibration of the vibrational spectra. However, for
the purpose of the present analysis, it is sufficient to associ-
ate the 350 and 360 meV modes with hydrogen atoms
bonded to sp® C and this is certainly the case.”” Upon an-
nealing to 800 °C, the maximum peak position is slightly
shifted to smaller loss energies (from 359 to 357 meV),
while the sp?-associated mode at ~373 meV is still promi-
nent. According to thermal stability studies of different kinds
of hydrogenated amorphous carbon matrices,”> ' annealing
to a temperature of >600 °C results in desorption of hydro-
gen atoms alongside with hydrocarbon species, independent
of the method used for amorphous carbon film preparation.
This allows us to attribute the 373 meV HR-EELS mode to
hydrogen bonded to sp>-hybridized carbon positioned at dia-
mond grain surface and boundary, which may be stable up to
these high temperatures. This suggestion may be confirmed
by HR-EELS studies of the nanodiamond film discussed be-
low.

Now, we turn to analyze the vibrational modes on the
surface of nanodiamond films deposited by MW CVD. Fig-
ure 6 shows the EEL spectra of the MW-CVD-3-20 nm film
recorded at primary electron energy E,=500 eV before and
after ex situ MW hydrogenation. Both spectra are dominated
by characteristic diamond losses, namely, bulk and surface
diamond plasmons at 33 and 23 eV, correspondingly. It can
be concluded from the comparison of the spectra of as-
deposited films and the ex situ MW hydrogenated films that



113516-7 Michaelson et al.

Energy Loss [em™]

403 1209 2015 2821 3627 4433

#1
grain size ~ 300 nm

(a) #3

J. Appl. Phys. 102, 113516 (2007)

Detailed C-H line fitting

2740

Energy Loss [cm™']

FIG. 4. (a) HR-EEL spectra of as-

2901 3062 deposited HF CVD films as a function

£l
S,
3
2 : 600° C
Q |
£
5
S,
2
2
o []
800° C g
1000° C

0 50 100150200 250 300 350 400 450 500 550 600
Energy Loss [meV]

ex situ MW hydrogenation results in increasing intensity of
the diamond surface plasmon at 23 eV, which may be asso-
ciated with etching of amorphous carbon component present
on the surface of as-deposited film. The direct evidence of
this fact comes from HR-EELS analysis of these samples
discussed below.

HR-EEL spectra of the MW-CVD-3-20 nm nanodia-
mond film deposited by MW CVD are shown in Fig. 7. The
upper line [Fig. 7(a)] corresponds to the as-deposited sample
following UHV annealing to 700 °C. Detailed analysis of
C—H stretching mode is shown in Fig. 7(d). The spectrum
7(a) is dominated by a mixed C—C stretching and C—H
bending mode at 155 meV, the overtones of the diamond
optical phonon at 300 and 450 meV, and C—H stretching
vibration at 360-375 meV. Note the strong splitting of
C—H stretching mode in this spectrum: the two maxima are
positioned at ~360 and ~375 meV, reflecting hydrogen
bonding to sp? and sp? carbons, correspondingly [spectrum

1000°C

330 340 350 360 370 380 390 400

of annealing temperature. The primary
electron energy was 5 eV and FWHM
of elastic peak was 7—-8 meV. The
shape of the spectrum is nearly un-
changed up to 7,=800°C. The T,
=1000 °C results in complete hydro-
gen desorption (the absence of
~360 meV peak) alongside with ap-
pearance of C=C dimer mode at
~90 meV. (b) Detailed analysis of
HR-EELS C—H stretching mode of
as-deposited HF CVD diamond film
[data were taken from spectrum (a)].
Peak fitting procedure reveals three
different  contributions at ~350,
~360, and ~375 meV energy losses.

Energy Loss [meV]

7(d)]. Following MW hydrogenation and subsequent UHV
annealing to 630 °C [spectrum 7(b)] the diamond overtones
underwent enhancement relative to C—H associated modes.
The splitting of C—H stretching vibrations disappears and
now, this mode is centered at 360 meV indicating preferen-
tial etching of sp” carbon by atomic hydrogen [only sp?
C—H modes are present, spectrum 7(e)]. We conclude,
therefore, that ex sifu exposure to atomic hydrogen results in
preferential etching of sp? carbon leaving well-defined dia-
mond surface with hydrogenation. Annealing to 1000 °C re-
sults in hydrogen desorption and appearance of ~90 meV
peak (C=C dimer) in a similar way as for HF CVD dia-
mond films with ~300 nm grain size (cf. Fig. 4).

Now, we compare the HR-EELS analysis of as-deposited
MW CVD nanodiamond [spectra 7(a) and 7(d)] with the as-
deposited HF CVD submicron crystalline samples (Fig. 4).
As can be seen in Fig. 4(b), the HR-EEL spectrum of as-
deposited HF CVD films with ~300 nm grains also displays
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FIG. 5. EEL spectra of HF CVD diamond films as a function of annealing
temperature. Primary electron energy E,=500 eV. The shape of the spec-
trum is nearly unchanged up to annealing temperature 7,=800 °C, while
T4=1000 °C results in appearance of the graphitic m— associated plas-
mon at ~6 eV. Note the correlation of this graphitic feature with hydrogen
desorption detected by HR-EEL spectroscopy.

contributions at ~350, ~360, and ~375 meV within the
C—H stretching modes which are stable up to 700 °C.
Similar annealing experiments performed on MW-CVD-
10-30 nm sample62 show that the 375 meV mode is stable
up to at least 800 °C. Obviously, the ratio of grain bound-
aries in the case of nanodiamond films (3—20 nm grains)
exceeds that of submicron crystallites (~300 nm grains).

J. Appl. Phys. 102, 113516 (2007)

EELS of MW CVD nano-diamond
sample with grain size 3-20 nm
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/
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Loss Energy [eV]

FIG. 6. EEL spectra of MW CVD nanodiamond film with grain size of
3-20 nm. The primary electron energy E,=500eV. (a) As-deposited
sample annealed to 700 °C. (b) Ex situ MW-H terminated sample annealed
to 630 °C. Note the enhancement of diamond surface plasmon at energy
loss of 23 eV following ex situ MW hydrogenation.

Since the contribution of the ~375 meV mode is much more
prominent in the case of nanometric grains, this mode may
be associated with hydrogen bonded to the surface and grain
boundary of the nanodiamond film. This is a very exciting
feature. In our studies of hydrogen adsorption on ion irradi-
ated diamond surface,51 we concluded that nearly all kinds of
hydrogenated carbon decompose near ~600 °C. This is in
agreement with other studies of thermal stability of diamond-
like carbon which undergoes erosion/destabilization at tem-
perature of <600 °C independently of deposition
process.ssf61 The present results show that sp>-hybridized
carbon is stable up to temperatures above 800 °C. This find-
ing allows one to distinguish the hydrogenated
sp*>-hybridized carbon bonded to diamond grains from
chemi-(or physi)sorbed molecules on polycrystalline dia-
mond surface by simple annealing procedure.

It is very interesting to note at this stage the possible
correlation between the ~375 meV HR-EELS mode and the
well-known Raman 1140 cm™! peak of nanodiamond. It was
shown in the works of many 'cluthors,36’37’43’44 including us,20
that the 1140 cm™! Raman peak is attributed to C—H bend-
ing mode of sp? carbon and positioned most likely in the
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[(d) and (e)] Detailed analysis of HR-
EELS C—H stretching mode [data
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diamond grain boundary. Both peaks (Raman 1140 cm™' and
HR-EELS ~375 meV mode) are attributed to (sp?)-
carbon-hydrogen vibration. Both peaks are stable up to el-
evated temperatulres,45 where hydrogen bonded to amor-
phous carbon undergoes desorption. Both peaks are strongly
enhanced in the case of nanodiamond grains. Therefore, our
results strongly suggest that the ~375 meV mode can be
attributed to the stretching of the same C—H vibration,
which contributes to the 1140 cm™' Raman peak (currently
attributed to v; mode of #-PA, the bending of sp> C—H).
Both peaks may serve as an indication of nanocrystalline
character of diamond films. However, due to different prob-
ing depths of Raman and HR-EEL spectroscopies (tens or
hundreds of nanometers in the case of Raman and 1-2 nm in
the case of HR-EELS), quantitative comparison of these two
peaks is impossible. It should be stressed that this assign-
ment of the 375 meV peak is circumstantial; a computational
study of this mode is in progress in our laboratory.

The HR-EEL spectra of nanodiamond films are different
from those of submicron grain size films in the relative in-
tensities of C—C related modes relative to C—H vibra-
tions. Figure 8 shows a comparison between the HR-EEL
spectra measured for the three kinds of diamond films grown

330 340 350 360 370 380 390 400

Energy Loss [meV]

for 1 h by different methods: HF CVD, dc GD CVD, and
MW CVD. In order to compare these spectra, all films were
exposed to the same ex situ surface treatment in MW hydro-
gen plasma for ~10 min. Since the first strong peak at
~155 meV is composed of mixed C—C and C—H modes,
we should compare only pure C—C vibration modes with
pure C—H modes, namely, overtones of diamond optical
phonon at 300 meV with C—H stretching mode at
360 meV. In the case of HF CVD (grain size of ~300 nm),
the relative ratio of intensity of 360 meV mode with respect
to the intensity of 300 meV phonon overtone is 1.88. In the
case of nanodiamond films deposited by MW CVD (grain
size lies in 3—20 nm range), the same ratio is 1.2, while for
dc GD CVD nanodiamond films (grains of ~5 nm), this ra-
tio is ~0.9. This ratio is correlated with diamond grain size,
namely, the smaller the diamond grain is, the smaller ratio of
the intensity of the pure C—H/C—C associated modes is.
This sensitivity of the HR-EEL spectrum of nanodiamond
compared to that of microcrystalline diamond is speculated
to be associated with the shorter elastic mean free path of the
scattered electrons in the former.®® This is expected consid-
ering the larger density of internal grain boundaries in the
nanosized grain films compared to that of the micron-size
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FIG. 8. Comparison of HR-EEL spectra of three different diamond films
which underwent MW-H treatment: (a) HF CVD film grown for 1 h (grain
size of ~300 nm), (b) nanodiamond film grown by dc GD method (grain
size of ~5 nm), and (c) MW CVD sample (grain size of 3—20 nm). Note
the different ratios of C—C associated modes relative to C—H vibrations.

ones. The shorter mean free path will results in a larger elas-
tic backscattering cross section thus, resulting in an enhance-
ment of the losses associated with the sub-surface region for
the case of nanodiamond—as indeed observed: the relative
intensity of the 155 meV mode (and 300 meV) compared to
that of the ~360 meV mode is larger for nanodiamond than
that for microcrystalline diamond. These very delicate points
are under investigation in our laboratory at the present time.

We conclude, therefore, that the diamond grain size im-
pacts the shape of HR-EEL spectra. Hydrogen bonding to
surfaces and grain boundaries of nanodiamond films displays
a clear contribution to the HR-EELS at ~375 meV which
differs from bonding to the microcrystalline diamond sur-

J. Appl. Phys. 102, 113516 (2007)

faces, whose main contribution is centered around 360 meV.
The ~375 meV mode is stable up to elevated temperatures
of ~800 °C, where all kinds of hydrogenated amorphous
carbon are decomposed. The intensity of this mode is dras-
tically decreased following ex sifu treatment in MW acti-
vated hydrogen plasma, most likely due to preferential etch-
ing of sp? carbon bonded to diamond grain surfaces and
boundaries. In addition, the spectrum of the fully hydrogen-
ated diamond surface (ex situ exposed to atomic hydrogen
plasma) shows a decrease of C—H associated modes rela-
tive to pure C—C modes. The last phenomena are correlated
with our Raman data (Sec. III B) as well as with IR measure-
ments reported by others.**™*® Detailed investigation of this
phenomenon is under current investigation in our laboratory.

IV. SUMMARY

In this paper, we investigated the impact of diamond
grain size on the hydrogen bonding configuration and reten-
tion in polycrystalline diamond films deposited by three dif-
ferent chemical vapor deposition methods. The films were
grown from hydrogen rich gas mixtures (hot filament and dc
GD CVD) and Ar rich/hydrogen poor gas mixture (MW
CVD). SIMS studies provide direct evidence of the correla-
tion between the concentration of hydrogen atom trapped
within the films and the diamond grain size, independent of
deposition conditions: the smaller diamond grains result in
higher hydrogen atom retention within the films. The hydro-
gen atoms are most likely bonded to the internal grain sur-
faces and within the grain boundary region. High hydrogen
concentration in nanodiamond films has impact on the shape
of the Raman and HR-EEL spectra of nanodiamond films.
Thus, the carbon-hydrogen associated 1140 cm™' Raman
peak (C—H bending mode) undergoes enhancement in the
case of nanocrystalline films alongside with HR-EELS
375 meV C—H stretching mode. Based on thermal stability
studies, we associate these vibrational modes with (sp?)-
C—H vibration originated from diamond surfaces and grain
boundaries. HR-EELS C—H associated peaks undergo in-
tensity decrease relative to pure carbon vibrational modes in
the case of ultrananocrystalline diamond (grain size of
~5 nm). A possible explanation is offered to elucidate this
effect.
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