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Abstract: This paper describes research focused on investigating the effect of hydrogen (H) atom
insertion into the grain boundaries of polycrystalline diamond (PCD) films. This is required in
order to understand the key morphological, chemical, physical, and electronic properties of the films.
The PCD films were grown using the hot filament chemical vapor deposition (HFCVD) process,
with flowing Ar gas mixed with CH4 and H2 gases to control film growth into microcrystalline
diamond (MCD, 0.5–3 µm grain sizes), nanocrystalline diamond (NCD, 10–500 nm grain sizes), and
ultrananocrystalline diamond (UNCD, 2–5 nm grain sizes) films depending on the Ar/CH4/H2 flow
ratios. This study focused on measuring the H atom concentration of the PCD films to determine the
effect on the properties indicated above. A simple model is presented, including a hypothesis that
the two dangling bonds per unit cell of C atoms serve as the site of hydrogen incorporation. This
correlates well with the observed concentration of H atoms in the films. Dangling bonds which are not
passivated by hydrogen are postulated to form surface structures which include C double bonds. The
Raman peak from these surface structures are the same as observed for transpolyacetyline (TPA). The
data reveal that the concentration of H atoms at the grain boundaries is around 1.5 × 1015 atoms/cm2

regardless of grain size. Electrical current measurements, using a conductive atomic force microscopy
(CAFM) technique, were performed using an MCD film, showing that the current is concentrated at
the grain boundaries. Ultraviolet photo electron spectroscopy (UPS) confirmed that all the PCD films
exhibited a metallic behavior. This is to be expected if the nature of grain boundaries is the same
regardless of grain size.

Keywords: polycrystalline diamond; hydrogen concentration; grain boundaries; grain size; grain
surface area

1. Introduction

Understanding the mechanical, tribological, and electrical properties of polycrystalline
diamond (PCD) films requires an understanding of the material’s grain boundaries. In
this study we used a variety of analytical techniques to investigate the hypothesis that the
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nature of the grain boundaries is the same and that the variation between polycrystalline
films stem from the difference in the amount of grain boundary present.

PCD films, ranging from ultrananocrystalline diamond (UNCD) films (2–5 nm grain
sizes) to microcrystalline diamond (MCD) films (0.5 to >1 µm grain size), have been shown
to have important technological applications [1,2]. Systematic studies involving varying
ratios of Ar and H2 gas flow in standard cubic centimeters per minute (sccm) during the
growth of PCD films were performed for both hot filament chemical vapor deposition
(HFCVD) as well as microwave plasma chemical vapor deposition (MPCVD) (for example,
see references [3–5] and [1,6–9], respectively). These studies were performed to understand
the role of gas composition during PCD film growth in the insertion of H atoms into the
PCD films and their effect on electrical properties [10] and mechanical properties [6,11].

The relationship between the H2 gas concentration during PCD film growth and the
actual concentration of H atoms incorporated in the films has been characterized using
Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) as tools to extract
qualitative information about H atom concentration on the formation of C–H chemical
bonds [8,12]. To provide more quantitative data, additional analysis techniques have been
used, namely, secondary ion mass spectrometry (SIMS) [13], elastic recoil detection analysis
(ERDA) [14], and nuclear reaction analysis (NRA) [15,16].

These investigations have determined that H is incorporated into the grain boundaries
and there is an indirect relationship between the grain size and the H concentration. There
is also a wide acceptance that the H is responsible for the Raman spectra associated with
C–H bonding.

The aim of this work was to extend these findings over a large range of crystal sizes
and to test the ability of a simple geometrical model to explain the observed hydrogen
incorporation and Raman spectra.

2. Materials and Methods

Table 1 shows the different parameters used to grow PCD films on silicon (Si) sub-
strates using the HFCVD process described in the literature [5,17]. All substrate surfaces
were seeded with 5–10 nm diamond particles from Blueseeds (Adams Nano, Raleigh,
NC< USA 27617) using the standard ultrasonication process described in several pub-
lications [1,2,5,6,9]. For the first 4 films, the film growth time was kept constant at 2 h,
the filament–substrate surface distance was kept at 20 mm, the filament temperature was
retained at 2300 ◦C, and the total pressure during film growth was 10 Torr. The remaining
3 PCD films were grown using the same gas mixture but varying the growth time. The
temperature of the substrate surface during film growth was determined using a calibration
curve based on thermocouple measurements between a thermocouple in the substrate
holder and thermocouples pasted on the surface of a Si substrate.

Table 1. Process parameters used for the growth of different PDC films on silicon (Si) substrates.
Column 1 shows the cross-referenced name use for each condition.

Sample Name H2-CH4-Ar
(sccm)

Deposition
Time (h)

Filament-Substrate
Distance (mm)

Temperature
(◦C)

A 10-2-90 2 20 550
B 25-2-75 2 20 575
C 50-2-50 2 20 600
D 75-2-25 2 20 675
E 200-3-0 2 10 725
F 200-3-0 4 10 725
G 200-3-0 8 10 725

To be able to vary the grain size, two procedures were used: (1) PCD films grown with
constant total flow of 102 sccm, varying the H2:Ar flow rate from 10:90 to 75:25, and (2).
PCD films grown with the same H2:CH4 flow (no Ar flow) but with increased film growth
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time. The CH4 gas flow was kept constant at 2 sccm, while changing the H2:Ar flow
ratios (10:90, 25:75, 50:50, and 75:25 sccm, respectively). The PCD films grown under the
conditions described above are marked in this paper as A, B, C, and D, respectively. In
addition, 3 other films were grown using a high H2:CH4:Ar flow ratio (200 H2/3 CH4/0
Ar sccm), varying the film growth times to 2, 4, and 8 h. These samples are marked as E, F,
and G, respectively. The parameters described in Table 1 were used in order to increase
the grain size from UNCD (2–5 nm) to MCD (≥1 µm) based on prior research [18,19]. The
films were cooled in a hydrogen atmosphere via flowing H2 gas into the chamber. No other
surface treatment was performed on these samples.

The type of carbon chemical bonding in the films was analyzed via visible Raman
spectroscopy using a Thermo DXR Raman spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA 02451) with a 532 nm wavelength laser beam. The deconvolution of the peaks
was done using the program Fityk (https://fityk.nieto.pl/ (accessed on 14 March 2021)).
The morphology, grain size, and thickness of the PCD films were characterized using
scanning electron microscopy (SEM, ZEISS SUPRA-40, Zeiss Corporation, Oberkochen,
Germany). The grain size was determined using Digital Micrograph software from the
Gatan Microscopy Suite (GMS-3, Pleasanton, CA, USA 94588). After uploading the high-
resolution SEM image and adjusting the contrast to determine the grain boundaries, the
software processed the image to determine the mean size and standard deviation of
the grain in the specified area. XRD patterns were obtained with a Rigaku Ultima III
X-ray diffractometer (Rigaku, Tokyo, Japan) using the CuKα radiation (λ = 1.5406 Å)
and an angular region of 2θ = 10–100◦ with step-scanning of 0.05◦. The grain sizes for
samples A and B were calculated from the XRD analysis using the Scherrer equation. The
hydrogen concentration distribution in the films was studied using the secondary ion mass
spectrometry (SIMS) TOF-SIMS-5 secondary ion mass spectrometer from ION-TOF GmbH
(ionTOF Corp., Heisenbergstrade, Germany).

The electrical conductivity through the grain boundaries and film surface potential
were characterized using an atomic force microscope operated in conductive (CAFM) and
Kelvin probe modes (KPFM). The average surface potential was measured using a Kelvin
probe system (KP Technology system, Beavercreek, OH, USA 45431).

UPS analysis was performed using a Versa Probe II (VPII) XPS apparatus from Physical
Electronics, Chanhassen, MN, USA 55317, at a base pressure of 4 × 10−8 Pa, equipped with
an He(I) source of 20.2 eV. The takeoff angle was set to 90◦. The data were recorded with a
pass energy of 1.175 eV, and the pressure in the chamber during UPS operation was kept at
6 × 10−2 mbar. The samples were vertically aligned using the XPS mode. Surface cleaning
was performed prior to the measurements in an area of 1 µm2 using Ar+ at 3 KeV. There
was no charge accumulation on the surface of the samples.

3. Results and Discussion

This section is divided in two parts regarding (1) the chemical and structural charac-
terization of the films, and (2) their electrical characteristics.

3.1. Characterization of Morphology and Chemical States of Polycrystalline Diamond Films
3.1.1. SEM Analysis

The different gas mixtures and deposition times described in Table 1 achieved the
desired results of producing PCD films with different grain sizes, as shown in Figure 1A–G.
These results demonstrate, as described in previous references, the sensitivity of the partial
pressure of the gases and the time of deposition on the morphology of the PDC films. The
SEM images were used to directly measure the grain size for samples C–G (greater than
20 nm).

https://fityk.nieto.pl/
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Figure 1. The morphology of the PCD films (A–G in Table 1). (H) shows a plot of the grain size and
the thickness of the films for samples A–G.

SEM images in Figure 1A,B show the surface texture typical of UNCD, which tends to
grow in crystal clusters. Figure 1C shows a typical NCD (Nano Crystalline Diamond) film
where the grains are sufficiently large to be distinguishable with the SEM. Figure 1D–G
are considered MCD films, and their structure and grain size can easily be studied with
this technique.

The thickness of the PCD films was obtained using the direct measurement of the
cross-section SEM of the PCD films. The data are plotted in Figure 1H. PCD films grown
for the same length of time but with lower concentrations of argon resulted in thicker
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films and larger grains. PCD films grown with no argon and longer times also resulted in
thicker films and larger grains, but in this case the thickness was directly proportional to
the growth time. The relationship between the grain size and the thickness of the films was
discussed in a prior article [5].

3.1.2. X-ray Diffraction (XRD) Analysis

XRD analysis was used to determine the presence of the diamond crystals in the PCD
films as well as to determine the grain size (less than 20 nm) for samples A and B. Figure 2
shows results from X-ray diffraction (XRD) analysis of PCD films A to D (a) and E to G (b).

Figure 2. X-ray diffraction (XRD) spectra from PCD films grown with different grain sizes. (a) Samples A–D grown for 2 h
with different Ar:H gas mixtures. (b) Samples E–G grown with H (no Ar) gas flow for different deposition time (Table 1).

The XRD results from Figure 2 show a typical diffraction pattern [19] for PCD films
with polycrystalline diamond growth. The broad peak around 2θ~55◦ is related to the
substrate and growing conditions.

Table 2 shows the measured 2θ XRD diffraction angle for each of the allowed reflections
for a faced centered cubic structure. The values for an unbounded single crystal diamond
(SCD) are also shown in the table. The interplanar d-spacing for each Miller index was
calculated using Braggs law (Equation (1)).

d =
n λ

2 sin θ
(1)

where λ = 1.5406 Å (Cu Kα radiation) is the X-ray wavelength, n = 1, and θ is the scatter-
ing angle.

Table 2. Calculation of d-spacing for (hkl) planes for samples A–G compared with a single crystal diamond (SCD).

Miller Indices (hkl) A B C D E F G SCD

(111)
2 θ 43.75 43.9 43.94 43.95 43.94 43.95 43.95 43.93

d (Å) 2.07 2.06 2.06 2.06 2.06 2.06 2.06 2.06

(220)
2 θ 75.5 75.33 75.37 75.32 75.33 75.31 75.34 75.3

d (Å) 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.26

(311)
2 θ 90.75 91.41 91.71 91.51 91.48 91.5 91.49 91.5

d (Å) 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
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It can be inferred from the table that the diamond crystal in the PCD is not strained
due to the packing of the grains in the PCD films or due to the presence of defects. The
difference in unit cell sizes does not exceed 0.3% of the expected value from an SCD.

The grain size was obtained for samples A and B from the peak (111), which is the
only peak with sufficient resolution to calculate the FWHM. The FWHM was calculated
using OriginPro 9.0 software and by applying the Scherrer equation (Equation (2)):

T =
K λ

β Cos θ
(2)

where K is a shape factor that varies from 0.89 to 0.94. Usually, the shape factor is set to
0.9 for particles of unknown size, λ is the X-ray wavelength, and β is the line broadening
at half the maximum intensity (FWHM). The Scherrer equation is used to determine
crystallite size (T) from XRD spectra for small particles where the FWHM is greater than
the instrument limitations. After subtracting the instrumental line broadening in radians
(also sometimes denoted as ∆(2θ)), we obtained a grain size of 5 nm for sample A and 7 nm
for sample B. These values are within the range of previously measured grain sizes using
high resolution transmission electron microscopy (HRTEM) for similar growth conditions.
The variation in size for a particular sample is about 30%. The combined measurements for
grain size are shown in Figure 3.

Figure 3. Grain size for PCD films (samples A–G from Table 1). The grain sizes of PCD films A and B
were determined using the XRD peaks, while for PCD films C to G the grain sizes were determine
using SEM analysis.

3.1.3. Secondary Ion Mass Spectrometry (SIMS) Analysis

Figure 4 shows two examples of the secondary ion mass spectrometry (SIMS) spectra
from analyses of PCD films A and E, which have over an order of magnitude difference in
grain size.

The SIMS measurements show that the C atom concentration, as a function of depth
from the surface, is constant for all films around 1023 atoms/cm3 (Figure 4 red line), while
the H atom concentration decreases as the grain size of the PCD films increases (see Figure 5,
black lines). An increased H2 flow did not result in an increase in H incorporation in the
sample. The availability of H during crystal growth was not a limiting factor, as evidenced
by the insensitivity of H2 flow on H atom incorporation. The H atom concentration vs.
grain size is plotted in Figure 5 (see left y-axis).
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Figure 4. Spectra from SIMS analysis for PCD films with different grain sizes (A and E) show the C and H element
distribution and content through the depth of the PCD films. The O and Si atoms from the SiO2 layer on the Si substrate are
present at the substrate–film interface. (a) Sample A, UNCD, (b) Sample E, MCD.

Figure 5. C and H atom concentration [H] vs. PCD film grain size, and number of dangling bonds
per site. [H] data are extracted from Sims measurements. The solid line indicates the calculated
density of dangling bonds assuming 2 C atom dangling bonds per unit cell per bulk sample volume.

A simple order-of-magnitude calculation was performed assuming two dangling
bonds per diamond unit cell (one per each C atom) on either side of the grain boundary,
and a homogeneous grain size for each of the samples. The density of C atoms dangling
bonds in the sample (D) was calculated using Formula (3) below:

D =
s N b

V
=

(
6 l2)(V

l3

)(
2
a2

)
V

=
12

(l a2)
(3)
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where s is the surface area of a diamond single crystal, N is the number of crystals in a unit
volume, b is the number of C atom dangling bonds per area, V is the volume of the sample
(for example 1 cm3), l is the grain size, and a is the diamond lattice constant.

This simple function is plotted on the secondary axis of Figure 5 (solid line). The
good alignment between the calculated density of the dangling bonds and the H atom
concentration supports the hypothesis that H atoms are incorporated primarily into the
grain boundaries rather than into the bulk of the diamond crystalline grains. The higher
concentration of H atoms in UNCD vs. MCD films can be explained by the increased
availability of C atom dangling bonds in the grain boundaries of UNCD films. The data
and calculations presented in Figure 5 indicate that the available sites for H atom insertion
in grain boundaries are dominated by geometrical features. C atom dangling bonds are
passivated by the introduction of H atoms, suggesting that the surface of the crystalline
diamond grains is the primary location of incorporation of H atoms.

The slope of the density of dangling bonds (sites/cm3) per grain size (Figure 5
solid line) is the surface concentration of dangling bonds, and it is calculated to be
1.56 × 1015 sites/cm2. Assuming that the nature of all grain boundaries, regardless of grain
size, is similar, the concentration of H atoms per unit area should be the same. Calculations
of the surface concentration of H atoms per unit area show that the values for all the PCD
films in this study are between 1 × 1015 and 3 × 1015 atoms/cm2. Sample D (Figure 1D),
which is the furthest from the line (Figure 5), has a very heterogeneous distribution of
grain size, and the overestimation of grain size could account for higher-than-expected H
concentration.

3.1.4. Raman Analysis

Figure 6 shows the Raman spectra for PCD films (samples A–D (a) and E–G (b)).
The broad signal from 1100 to 1700 cm−1 is typical of PCD films excited with a visible
laser light.

Figure 6. (a) Raman spectra from PCD films grown with H2:Ar:CH4 ratios of 10:90:2, 25:75:2, 50:50:2, and 75:25:2 sccm flow
during film growth. (b) MCD films grown with H2 (200 sccm):CH4 (3 sccm) gas mixture flow for different growth times (the
2, 4, and 8 h samples correspond to E, F, G in Table 1). (The peaks are indicated by the excitation modes, where D* is the
broad peak from disordered carbon and D is from crystal diamond).

A graphical interpretation of the Raman spectra shows that the diamond film structure
changes from a typical UNCD Raman shape (black and red curves in Figure 6a) [2,5,17,20,21]
for the PCD film grown with 10 sccm of H2 flow, to the characteristic NCD (film D, blue
curve in Figure 6a), and finally to MCD film (sample G in Table 1—purple curve in
Figure 6b). This dependence of grain size on H2 flow has been well established by several
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different groups [12–14,16,22], but seldom done in a single experiment in a sequential
approach. Figure 6b shows the Raman spectra for MCD films grown for 2, 4, and 8 h using
the H2 (200 sccm):CH4 (3 sccm) gas mixture flow. Figure 6b shows the characteristic sharp
diamond peak at 1332 cm−1 and the square-type peak (920–980 cm−1) representing the
SiC [23] interface layer between the Si substrates and the MCD film. The SiC peak intensity
decreases as the film thickness increases from 2 h to 8 h of growth.

The spectra can be deconvoluted into four contributions: G and D* bands associated
with sp2 C atoms bonds located at 1380 and 1580 cm−1 and representing disordered and
graphic carbon, respectively, and 2 trans-polyacetylene (TPA) vibrational bands (v1 and v2)
which are typical of PCD material at 1140 and 1480 cm−1 [8,24]. All four of these bands
are associated with the grain boundaries [25] The results of the deconvolution using a
Lorentzian distribution are presented in Table 3.

Table 3. Deconvoluted parameters of the Raman spectra using a Lorentzian distribution function.

Samples Fit
Parameters

v1
1150 cm−1

Diamond
1332 cm−1

D*
1350 cm−1

v2
1480 cm−1

G
1580 cm−1

(v1 + v2)
%

(D* + G)
%

A
Center 1161 1345 1487 1572 14% 86%

FWHM 80 160 100 110

B
Center 1147 1343 1474 1559 40% 60%

FWHM 90 110 120 120

C
Center 1136 1333 1358 1473 1537 38% 60%

FWHM 50 10 130 100 114

D
Center 1134 1334 1358 1466 1553 56% 36%

FWHM 40 12 80 120 80

E
Center 1263 1334 1374 1467 1566 40% 48%

FWHM 44 15 69 120 100

F
Center 1270 1332 1376 1460 1562 31% 61%

FWHM 54 8 80 120 160

G
Center 1285 1332 1367 1460 1555 30% 62%

FWHM 120 8 80 120 160

The column (v1 + v2) is the area under peaks for v1 and v2 divided by the total area
under all peaks. Similarly, the last column is the area under peaks D* and G divided by
the total area. The information on the H atom contents in the grain boundaries is mainly
related to the contribution of peaks v1 and v2 [20].

Figure 7 represents a drawing of the evolution of the Raman peaks as the grain
size increases.

In the studied PCD films, the initial layers are composed of smaller diamond grains.
The TPA bond excitations (v1 and v2) and sp2 bond excitations (D* and G) increase with the
size of the grain boundary network, whereas the signal from sp3 diamond-bond excitations
(D) increases with the amount of crystalline material. The data show that the thicker the
PCD films are, the larger the diamond grains are, correlating with a stronger sp3 C-bonds
signal characteristic of diamond. This effect is represented in Figure 7 with blue arrows
and the red arrows. The absorption of the 532 nm incident laser light by sp2 C atom bonds
and TPA-type bonds means that PCD films with smaller grains are less transparent due to
the high concentration of grain boundaries that trap the light more efficiently. On the other
hand, PCD films with large grains, smaller grain boundary networks, and a higher degree
of sp3 diamond C-atoms bonds are more transparent.
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Figure 7. Schematic showing 532 nm wavelength laser beam interaction with (a) UNCD, (b) NCD,
and (c) MCD films grown on Si substrates. For UNCD films the laser light is mostly absorbed by
C atoms, with sp2 bonds making this signal the highest contribution. As the grain size increases
and the film becomes more transparent to the visible laser, the H atoms settle in the grain boundary,
increasing the v1 and v2 signals. For large grain sizes, there are fewer available sites for the H to
settle, and v1, v2, and sp2 decrease, making the sp3 the dominant contribution.

It is expected that the contribution of v1 and v2 decreases with large grain sizes
(Figure 7c purple arrow) since the H atom concentration decreases. The reduction in the
TPA signal from NCD to UNCD (Figure 7 purple arrows from (b) to (a)) and the fact that H2
flow is lower during the growth of UNCD may suggest that there are not enough H atoms
to saturate all the dangling bonds in the diamond crystals. This will make the C=C more
common at the surface of the diamond grain and with the adjacent diamond grain. The
initial UNCD growth forms hemispherical structures which then merge into a continuous
film. The large presence of D* and G for UNCD could be due to filling between the cluster
of crystals (up to ~1 µm) that is typical in UNCD film growth [12,26].

Interestingly, the signal from the silicon carbide nucleation layer on the Si substrate
(white arrows) was higher for PCD films with intermediate thickness (Figure 7b) than for
either much thinner PCD (Figure 7a) or thicker PCD films (Figure 7c). The hypothesis is
that for the UNCD film-type samples the high degree of absorption prevented penetration
into the SiC nucleation layer. For the thick PCD films, correlating with MCD, the signal
corresponding to SiC was reduced simply due to the depth of the SiC layer from the surface
of the PCD film.

Using the diagram as a representation of the grain growth, all samples started with
smaller grains at the nucleation site. The SIMS data (Figure 4b) show a decrease in H
atom concentration going from the substrate to the surface. The smaller crystals, especially
near the substrate, have a greater grain boundary surface area and thus a higher H atom
concentration. This effect is consistent with the proposed model, which attributes the H
incorporation primarily to the passivation of dangling C bonds at the grain boundaries.

3.2. Atomic Force Microscopy-Based Characterization of Surface Structure and Associated
Electrical Performance of PCD Films
3.2.1. Conductive Atomic Force Microscopy (CAFM) Measurements of Electrical
Conduction through PCD Films

Figure 8 shows AFM measurements of electrical conduction through the PCD films
using the CAFM mode to measure electrical conduction through an MCD film (sample F in
Table 1).
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Figure 8. Conductive atomic force microscopy (CAFM) from MCD film grown for 4 h with 200 sccm H2 sccm CH4 gas flow
(see Table 1). (A) AFM topography mapping from a 1 × 1 µm area. (B) Electrical current mapping. (C) Curves I-V from the
spots indicated in (A). (D) Curves I-V for voltages in the range −10 V to +10 V, applied to spot 3 as shown in (A).

This sample was used for this analysis because the gold-coated silicon AFM tip radius
(~50 nm) is much smaller than the grain size (400 nm) of the MCD film grown for 4 h,
thus enabling the differentiation of the electrical conduction between grains and grain
boundaries. Figure 8A shows the topography mapping from an area of 1 × 1 µm2, in
which enough grains were detected to observe the peaks and valleys. Figure 8B shows
the electrical current mapping from the same area mapped in Figure 8A. The white areas
observed in Figure 8B represent the maximum current flow (1 × 10−8 A), while the dark
areas represent the minimum current flow (1 × 10−12 A) while applying a potential from
−2 V to +2 V. A comparison of Figure 8A,B indicates that areas where the maximum current
flow was measured correspond to those areas where the grain boundaries are. Figure 8C
shows curves I-V obtained from the spots indicated in Figure 8A. For the spots numbered 4,
5, and 8, for which the AFM tip was located over the grain boundaries, an ohmic response
was observed as compared to measurements on spots 1, 2, 3, 6, and 7, on top of grains, for
which a minimum current flow was detected.

These measurements indicate that the current flows mainly through grain boundaries.
In order to confirm the hypothesis on electrical conduction through grain boundaries in the
MCD films studied here, different voltages were applied on top of a diamond grain until
an electronic current was observed. Figure 8D shows curves I-V for the different voltages
applied on spot 3 (−1.5 to +1.5 and −3 to +3 V) for which the current was very small. On
the other hand, when applying a voltage of around 5 to 5.5 V on spot 3, a small electronic
current signal was detected, which increased rapidly at about +8 V, indicating that the
electric field extending across the surface of the grains was reaching the grain boundaries
to extract electrons much more efficiently.

AFM-KPFM current measurements showed that the interior of the grains does not
conduct electronic charges, but the grain boundaries do. The electrical current of the grain
boundary has a value of 1 × 10−8 A, which is about four orders of magnitude smaller
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than the current which would be expected if all the electrons in the dangling bond were
free electrons.

3.2.2. UPS Analysis of PCD Films

As was shown in the previous section, there is conduction in the grain boundary even
though the current flow is small. Since all the grains are interconnected, there should be
some form of metallic behavior. UPS measurements can show the density of states (DoS)
at the Fermi level if the material is metallic. The work function (Φ) can be inferred from
the measurements if a sufficient DC offset is placed at the stage to differentiate the cutoff
energy at which electrons are accelerated to the vacuum or extracted from the material.

Figure 9a shows the band structure of the PCD films as obtained from UPS measure-
ments. The reference value of 21.2 eV is the energy of the He(I) photon incident on the
samples. Since the reference UV energy is close to the cutoff of the instrument, 9.25 V were
applied between the holder and ground to offset the measurement and better determine
the cutoff energy of the PCD films. The work function was then calculated by subtracting
the cutoff energy from the incident UV energy. For He(I), the cutoff is fairly broad, which
resulted in an approximate value of the Φ.

Figure 9. UPS survey spectra using (a) a He(I) source for all samples A–G; and (b) high-resolution spectra around the Fermi
level for sample G. The insert is a representation of the conduction and valance band relative to the Fermi level for a metal.
BE is the binding energy.

Figure 9b is a closeup of the DoS around the EF. All the samples show the presence
of electrons from the valance band to the Fermi level, which characterizes the metallic
behavior. The binding energy (BE) can be calculated by extending the signal of the valance
band to the intercept and subtracting the EF (0 V). See insert in Figure 9b.

All the Φ measurements are between 4.5 and 5.5 eV, which are in the range of reported
MCD values [27] and in the range of the metal Φ measurements [28]. The Φ is not a
localized measurement but rather an average measurement of a larger area, and the UPS
technique using He(I) does not yield a precise measurement of Φ. However, the point here
is to show that all the samples, regardless of grain size, have characteristic metallic behavior.
This point further emphasizes the suggestion that the nature of the grain boundary is the
same where the diamond surface bonds are either passivated with H atoms or form a C=C
bond from the same crystal or the adjacent crystal. The calculation of the binding energy
BE, as shown in Figure 9b, is a guide to determine whether there is difference in the depth
of the valance band for PCD films with higher grain boundary concentrations. There seems
to be a trend, as BE decreases with smaller grain size (Table 4). Sample D does not follow
the trend, probably because of the grain size overestimation, as previously discussed. This
trend supports the argument that the higher concentration of grain boundaries contributes
to the availability of conduction electrons. More careful measurements need to be taken.
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Table 4. Fermi energy, low energy cutoff, and work function calculations from Figure 9 for all the
PCD films.

Sample BE (eV) E cut-off (eV) Φ (eV)

A 3.3 16.6 4.6
B 4.3 16.7 4.5
C 4.9 16.6 4.6
D 4.6 15.8 5.5
E 5.0 16.1 5.2
F 5.2 16.4 4.8
G 5.1 15.9 5.3

4. Conclusions

The research described in this paper shows that the hydrogenation of the grain bound-
aries of PCD films is directly related to the density of dangling bonds per unit volume. The
H atom concentration measured by SIMS was in accordance with the calculated dangling
bonds available in the grain boundaries. The simplifying assumptions are that there are
two dangling bonds per unit cell at the grain boundary, and the PCD films are homoge-
nous (same grain size throughout the film), providing a first approximation regarding the
makeup of the grain boundaries. The surface concentration of the dangling bonds was
calculated to be 1.56 × 1015 sites/cm2. The hypothesis to explain the results is that the
surface of the diamond crystalline grains forms either a C–H bond or C=C bond The C=C
bond is formed between two non passivated C atoms within the same crystalline grain at
the boundary or between two adjacent crystallites at the boundary. The combination of the
C–H and C=C bonded atoms at the grain boundaries, randomly located, could produce
the characteristic Raman spectrum. (There is no room for strands of TPA molecules to
be present in the interface). From the model presented, it is expected that the UNCD
films would have a larger concentration of v1 and v2 signals. However, UNCD growth
complexity allows for the formation of disordered and graphitic carbon between the cluster
growths, represented as D* and G peaks in the Raman spectrum. This effect will have to be
further investigated with HRTEM. The grain boundary nature (or make up), regardless of
grain size is similar for all PCD films in the studies. Electrical measurements in an MCD
film showed that the grain boundaries are conductive. Conductive atomic force microscopy
(CAFM) measurements showed that electrical conduction through PCD films is mainly
controlled by the grain boundaries, most probably due to electron insertion into the gran
boundaries via H atom bonding to dangling bonds of C atoms, resulting in the release
of electrons. UPS measurements showed that the work function for the electrons in the
PCD films is independent of grain size, reinforcing the idea that the makeup of the grain
boundaries is the same for all PCD films.
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