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ABSTRACT: The effects of Cu and Au ion implantation on the structural and
electron field emission (EFE) properties of ultrananocrystalline diamond
(UNCD) films were investigated. High electrical conductivity of 186 (Ω•cm)‑1
and enhanced EFE properties with low turn-on field of 4.5 V/μm and high EFE
current density of 6.70 mA/cm2 have been detected for Au-ion implanted UNCD
(Au-UNCD) films that are superior to those of Cu-ion implanted UNCD (Cu-
UNCD) ones. Transmission electron microscopic investigations revealed that Au-
ion implantation induced a larger proportion of nanographitic phases at the grain
boundaries for the Au-UNCD films in addition to the formation of uniformly
distributed spherically shaped Au nanoparticles. In contrast, for Cu-UNCD films,
plate-like Cu nanoparticles arranged in the row-like pattern were formed, and only
a smaller proportion of nanographite phases along the grain boundaries was
induced. From current imaging tunneling spectroscopy and local current−voltage
curves of scanning tunneling spectroscopic measurements, it is observed that the
electrons are dominantly emitted from the grain boundaries. Consequently, the presence of nanosized Au particles and the
induction of abundant nanographitic phases in the grain boundaries of Au-UNCD films are believed to be the authentic factors,
ensuing in high electrical conductivity and outstanding EFE properties of the films.

KEYWORDS: ultrananocrystalline diamond films, ion implantation, nanographite, electron field emission,
transmission electron microscopy, scanning tunneling spectroscopy

■ INTRODUCTION

Diamond films have been examined extensively for their
application as electron field emitters owing to their negative
electron affinity and low effective work function.1,2 Because of
its excellent physical properties, such as high hardness, high
surface acoustic wave velocity, high electron mobility, high
thermal conductivity, and good chemical and thermal stability,
there is considerable interest in the use of diamond as a
semiconductor for the fabrication of high performance
electronic devices applied in high temperature and heavy
radiation environments.3 Ultrananocrystalline diamond
(UNCD) film is a special form of diamond film that has
recently attracted increasing attention from researchers because
of its exclusive granular structure.4 The UNCD film has
ultrasmall diamond grains (5−10 nm) and smooth surface
characteristics. The grains of UNCD films have an sp3 character
and the grain boundaries have a mixture of sp2, sp3,
hydrocarbon, and amorphous carbon (a-C), in which the sp2

character is predominant.5 Because of outstanding electron field
emission (EFE) behavior from UNCD films as compared to

other forms of diamond films (microcrystalline or nanocrystal-
line), UNCD films show large potential for applications such as
cold cathode field emitters and other vacuum microelectronic
devices.6

The high potential that the diamond or the UNCD films
bears as a material for the fabrication of cold cathode emitting
devices requires the films to be conductive. Incorporating N2

into the growth plasma of UNCD films gives rise to a
conversion of a-C phase to graphite phase at the grain
boundaries, increasing the number of conduction paths in the
material and hence improving the electrical conductivity and
the EFE properties of the films.7−10 However, N2 incorporation
via the addition of N2 gas to the growth plasma requires high
growth temperature (700 °C).11,12

On the other hand, ion implantation has long been utilized to
tailor the properties of materials through controlled doping
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with the selection of dopants.13−15 Ion implantation can break
the C−C and hydrocarbon bonds to form sp2 carbon.
Moreover, compared with the surface modification process
such as hydrogen plasma treatment on nanostructured diamond
particles,2 ion implantation modifies the diamond film to a
larger depth, and enhanced EFE properties will last longer.
Recent reports showed that oxygen,16 phosphorous,17 and
nitrogen18,19 ion implantation induce a-C phases in the grain
boundaries of UNCD films which provide n-type conductivity.
However, the electrical conductivity of a-C phases enclosed in
the grain boundaries of UNCD films is not adequately high
and, consequently, confines the EFE properties achievable for
UNCD films. Hence, an ion implantation process, which can
efficiently induce the graphitic phases in the grain boundaries of
UNCD films to accomplish high conductivity, is thus called for.
In this paper, we reported the effects of Cu and Au ion

implantations on enhancing the conductivity and EFE proper-
ties of UNCD films. We also investigated in depth the
microstructural evolution of UNCD films induced by these ion
implantation processes by using transmission electron micros-
copy (TEM). Moreover, we explored the mechanism on the
enhanced EFE characteristics of ion implanted UNCD films
from a microscopic viewpoint by using scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS). The conducting regimes at both grains and grain
boundaries were examined in detail. Most importantly, we
demonstrated that the high EFE UNCD films developed in this
paper have better potential for device applications, since both
the processes for growing UNCD films and the ion
implantation are simple, repeatable, robust, and scalable.

■ EXPERIMENTAL METHODS
The UNCD films were grown on n-type silicon substrates in a
microwave plasma enhanced chemical vapor deposition (2.45 GHz
IPLAS-CYRANNUS-I, Troisdorf, Germany) system. The substrates
were ultrasonicated in methanol solution containing the mixture of
diamond powders (about 4 nm in size) and titanium powders
(SIGMA-ALDRICH; 365 mesh) for 45 min to facilitate the nucleation
process. The UNCD films were grown in Ar(99%)/CH4(1%) plasma
(100 sccm), at 1200 W and 200 mbar for 3 h, without heating the
substrate. The substrates were heated due to the bombardment of the
plasma species and the substrate temperature was estimated to be
around 475 °C during the growth of UNCD films. Ion implantation of
the UNCD films was carried out in a 1.7 MV tandetran accelerator at
room temperature and at pressure below 2 × 10‑7 mbar with Au ions
of 500 keV or Cu ions of 300 keV kinetic energy. Ion beam current for
Au and Cu implantation was maintained at 220 nA, rastered over an
aperture of 1 cm diameter which corresponds to a dose rate of 1.75 ×
1012 ions/cm2/s. The ion fluence of both Cu and Au ion implantations
was 1 × 1017 ions/cm2. SRIM2003 Monte Carlo program gives a
projected ion range of 80 nm, straggling of 8.6 nm, electronic energy
loss of 2876 eV/nm, and nuclear energy loss of 5070 eV/nm for 500
keV Au ions in diamond. 300 keV Cu ions in diamond show a
projected ion range of 134 nm, straggling of 22 nm, electronic energy
loss of 729 eV/nm, nuclear energy loss of 1320 eV/nm. Au ions
deposit nearly three times the energy deposited by Cu ions. The Au
and the Cu ion implanted UNCD films are designated as “Au-UNCD”
and “Cu-UNCD”, respectively.
The morphology and microstructure of the UNCD films were

examined using field emission scanning electron microscopy (FESEM;
JEOL 6500) and high resolution transmission electron microscopy
(HRTEM; JEOL 2100F), respectively. The elemental distributions of
the species in these films were examined using high angle annular dark
field (HAADF) technique and three dimensional (3D)-tomography in
scanning transmission electron microscopy mode. The 3D-tomog-
raphy is the sequential replay of the HAADF images taken with the

samples tilted step wisely (2°) using a software DIGITAL-MICRO-
GRAPH (JEOL).20 The crystalline quality and chemical bonding
structures of the UNCD films were characterized by Raman
spectroscopy (Lab Raman HR800, Jobin Yvon; λ = 632 nm) and X-
ray photoelectron spectroscopy (XPS; PHI 1600), respectively.

Hall measurements were carried out in a van der Pauw
configuration (ECOPIA HMS-3000) to observe the conducting
behavior of these films. The EFE experiments were carried out using
a homemade tunable parallel plate capacitor setup, where a
molybdenum rod of 2 mm diameter was used as anode. The current
density versus electrical field (Je−E) characteristics were obtained
using Keithley 2410 electrometer. The EFE properties of the materials
were analyzed using the Fowler-Nordheim (F−N) theory.21 The local
electron emission behavior in the ion implanted UNCD films was
investigated by ultra-high-vacuum STM (UHV STM; 150 Aarhus,
SPECS GmbH, Germany). The STM tips were prepared by
electrochemical etching of tungsten wires and the measurements
were carried out at room temperature with a base pressure of 10‑10

mbar. The STM imaging was performed with a constant current of
0.59 nA and a bias voltage of −5.0 V. Current imaging tunneling
spectra (CITS) with voltages ramping from −5.0 to 5.0 V were
measured concurrently during the STM image scanning at fixed height
of tip over the examined region. A STS spectrum was computed from
an average of many I−V curves taken at different positions in the STM
image.

■ RESULTS AND DISCUSSION

A. Materials Characteristics. Figure 1a depicts the
FESEM image of pristine UNCD films, revealing the
nanometer scale of grain size with root-mean-square (rms)
roughness of 0.7 nm, which were estimated from STM
measurements (figure not shown). The cross-sectional
FESEM image (inset of Figure 1a) reveals that the thickness

Figure 1. FESEM images of (a) pristine UNCD films with cross-
section FESEM image shown as inset. (b) Typical morphology of Cu
(or Au) ion implanted UNCD films. (c) Raman spectra of (I) pristine
UNCD, (II) Cu-UNCD, and (III) Au-UNCD films.
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of the pristine film is about 1.0 μm. After ion implantation,
pronounced change in the surface morphology is evident. The
equi-axed granular structure of the pristine UNCD films was
changed into featureless surface morphologies for both Cu-
UNCD and Au-UNCD films as illustrated in Figure 1b. Figure
1c shows the Raman spectra of pristine UNCD films, Cu-
UNCD films, and Au-UNCD films. The Raman spectra were
deconvoluted by using the multi-peak Lorentzian fitting
method. Six peaks were observed in pristine UNCD films
which were designated as ν1 (1162 cm‑1), ν3 (1482 cm‑1), D
(1306 cm‑1), D* (1353 cm‑1), G (1539 cm‑1), and G′ (1594
cm‑1) as illustrated in curve I of Figure 1c. The D-band
resonance peak at 1306 cm‑1 is the characteristic of diamond
phase. ν1 at 1162 cm‑1 and ν3 at 1482 cm‑1 are the peaks
attributed to the trans-polyacetylene (t-PA) phases present in
the grain boundaries of UNCD films.22 Moreover, D*-band
(1353 cm‑1) and G-band (1539 cm‑1) represent the disordered
and ordered carbons, i.e., the a-C and graphitic content in the
UNCD films, respectively.23−25 A shoulder peak at 1594 cm‑1

(designated as G′ band) is seen that possibly arises from the
nanocrystalline graphitic content of the UNCD films. The
effects of Cu and Au ion implantation on altering the bonding
characteristics of UNCD films are shown as curves II and III of
Figure 1c. The higher intensities of D* and G peaks in curves II
and III of Figure 1c indicate, respectively, amorphization and
graphitization types of transitions in the UNCD films due to
ion implantation. It is to be noted that visible-Raman
spectroscopy can only give information on sp2-bonded carbon
and indirect information regarding sp3 content. More detailed
investigation on the phase constituents contained in the UNCD
films will be illustrated by TEM shortly.
The C1s photoemission spectra of the XPS measurements

for the UNCD films are shown in Figure 2. The background
was subtracted by using Shirley’s method.26 The measurement
was conducted without ion sputtering etching to avoid
reconfiguration of the bonds. The data are fitted with
Lorentzian peaks with binding energies at 284.4, 285.0, and
287.0 eV corresponding to sp2 CC, sp3 CC, and CO/C
OC bonds, respectively, and their relative intensities are
tabulated in Table 1. In pristine UNCD films, sp3 CC
bonding is predominant with a peak intensity of 67.5%, while
sp2 CC intensity is 27.9% (Figure 2a). The CO/COC
peak is seen with an intensity of 3.6% at binding energy of 287
eV, and it disappears if surface is ion sputtering etched. After
Cu-ion implantation, sp3 CC peak intensity decreases to
47.0% and sp2 CC peak intensity increases to 45.4% (Figure
2b). Moreover, the Au-UNCD films shows the sp3 CC peak
of 25.4% with sp2 CC peak intensity of 71.5% (Figure 2c).
The increase in sp2 content upon Cu- (or Au-) ion
implantation is consistent with our Raman data (cf. Figure 1c).
B. Electrical Properties. The Hall measurements in van

der Pauw configuration indicates that, while the resistivity of
the pristine UNCD films is too large to be measurable by van
der Pauw configuration, the Cu-UNCD films possess the
electrical conductivity of σ = 0.07 Ω•cm‑1 with sheet carrier
concentration of n = 1.3 × 1014 cm‑2 and mobility of μ = 0.3 ×
102 cm2/V•s. Interestingly, the higher conductivity of 186
Ω•cm‑1 with n = 5.5 × 1020 cm‑2 and μ = 8.5 × 102 cm2/V•s is
achieved for Au-UNCD films.
Figure 3 shows the enhancement in the EFE properties of

UNCD films due to ion implantation, whereas the inset shows
the F−N plot, the variation of ln (Je/E

2) versus 1/E, of the
corresponding field emission data. The turn-on field (E0) was

assigned as the interception of the straight lines extrapolated
from the low field and high field segments of the F−N plots.
The E0 value for inducing EFE process decreased from 16.2 V/
μm for pristine UNCD films (curve I, Figure 3) to 7.9 V/m for
Cu-UNCD films (curve II, Figure 3), whereas the Je value
increased from 0.96 mA/cm2 at an applied field of 30.3 V/μm
for pristine UNCD films to a value of 2.86 mA/cm2 (at an
applied field of 13.8 V/μm) for Cu-UNCD films. The EFE
properties are even better for the Au-UNCD films, viz., with the
smallest E0 value of 4.5 V/μm and the highest Je value of 6.7
mA/cm2 at an applied field of 7.8 V/μm (curve III, Figure 3).
Moreover, the effective work function, φeff, is defined as φ/β,

Figure 2. C1s XPS spectra from (a) pristine UNCD, (b) Cu-UNCD,
and (c) Au-UNCD films.

Table 1. Relative Intensities of Various Components of C1s
XPS Spectra for the Cu and Au Ion Implanted UNCD Films

chemical bonding (%)

samples
sp2 CC
(284.4)

sp3 C−C
(285.0)

CO/C−O−C
(287.0)

Pristine UNCD 27.9 67.5 3.6
Cu-UNCD 45.4 47.0 7.6
Au-UNCD 71.5 25.4 3.1
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where φ is the work function of the diamond materials and β is
the field enhancement factor of the emission sites; φeff values of
these UNCD films calculated from the slope of the F−N plots
show that the φeff values of these UNCD films are φpristine UNCD
= 0.0205 eV, φCu‑UNCD = 0.0173 eV, and φAu‑UNCD = 0.0155 eV.
However, the difference in φeff values is not very large and does
not seem to be the prime factor altering the EFE properties of
these films. The details of the electrical conductivity, the
effective work function, and the EFE properties of the pristine
and the Au- (or Cu-) ion implanted UNCD films are listed in
Table 2, where those parameters of the UNCD films implanted
with other kinds of species were included to facilitate the
comparison. Notably, both the Au-UNCD and the Cu-UNCD
films show overwhelmingly better electrical conductivity and
EFE characteristics than those of other diamond based field
emitting materials (see Table 2).2,10,16,17,27 These results
indicate that the improvement of the EFE properties of the
ion implanted films is closely related to the enhancement in the
electrical properties of the films that, in turn, is owed to the
increase in the proportion of the sp2-bonded carbon in these
films. The change in the φeff values does not seem to be the
prime factor altering the EFE properties for the UNCD films.
C. Scanning Tunneling Spectroscopy. The local EFE

properties of the films were investigated by CITS mode in STS
to directly reveal the distribution of the emission sites in these
films. Notably, only the high conductivity Au-UNCD (Cu-
UNCD) films show prominent signals in CITS (STS) mode
and the pristine UNCD films are too high in resistivity for STS
measurements. Figure 4a shows the high resolution STM
(HRSTM) image of Cu-UNCD films. The grains are of
nanometer size and the rms roughness is found to be ∼0.6 nm.
The typical grains and grain boundaries are marked as ‘G’ and

‘GB’, respectively. Figure 5a shows the CITS image
corresponding to Figure 4a taken at a sample bias of −5.0 V,
where the bright spots represent large emission current and vice
versa. Bright and dark regions in CITS image are visible with
their shapes resembling the shapes of GB and G of the HRSTM
image shown in Figure 4a, respectively. The CITS image
depicted in Figure 5a shows evidently that the electrons are
mostly emitted from the GBs (bright regions) rather than
grains. In contrast, Figure 4b shows the HRSTM image of Au-
UNCD films. The grain size and the rms roughness are almost
the same as those of the Cu-UNCD films. The CITS image
taken at a sample bias of −5.0 V corresponding to Figure 4b is
shown in Figure 5b, revealing again that the GBs are the
prominent electron emission sites in comparison to that of the
grains. It is to be noted that some large clusters in the Au-
UNCD films also emit like the GBs, which may be from the
carbon-coated Au nanoparticles which are residually present on
the surface of the Au-UNCD films and are thus marked ‘Au’ in
Figure 5b. Moreover, in comparison with the CITS image of
Cu-UNCD films, it is clearly evident that the emission sites

Figure 3. Electron field emission properties (Je−E curves) of (I)
pristine UNCD, (II) Cu-UNCD, and (III) Au-UNCD films. The inset
shows the corresponding Fowler-Nordheim plots.

Table 2. Comparison of Electrical and Electron Field Emission Properties of Cu and Au Ion Implanted UNCD Films with Other
Species in Diamond Films

samples
sheet carrier concentration

(cm‑2)
mobility (cm2/

V• s)
conductivity (Ω

•cm)‑1
turn-on field
(V/μm)

EFE current density
(mA/cm2)

effective work function
(eV)

Pristine UNCD --- --- --- 16.2 0.96 @ 30.3 V/μm 0.0205
Cu-UNCD 1.3 × 1014 0.3 0.07 7.9 2.86 @ 13.8 V/μm 0.0173
Au-UNCD 5.5 × 1020 8.5 186 4.5 6.70 @ 7.8 V/μm 0.0155
H-treated
diamond2

--- --- --- 1.5 1 μA/cm2 @ 1.5 V/μm ---

N-doped UNCD10 2 × 1022 --- 185 6.13 3.36 @ 8.8 V/μm ---
O-implanted
UNCD16

1016 11 33.3 --- --- ---

P-implanted
UNCD17

1017 143 0.09 --- --- ---

Li-doped UNCD27 3.6 × 1013 --- 7.4 × 10‑3 12 0.20 @ 20.0 V/μm ---

Figure 4. HRSTM images of (a) Cu-UNCD films and (b) Au-UNCD
films. The typical grains and grain boundaries are marked as ‘G’ and
‘GB’, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405954w | ACS Appl. Mater. Interfaces 2014, 6, 4911−49194914



(bright regions) are more abundant for Au-UNCD films (cf.
Figure 5a and b).
Moreover, I−V curves were taken from STM at various local

positions of grains and grain boundaries corresponding to the
STM images shown in Figure 4a and b, respectively, for Cu-
UNCD and Au-UNCD films and are shown in Figure 6a and b,
respectively. Only the negative portion of the I−V curves,
which indicated the emission of electrons from the films, was
shown here. Reproducible I−V curves were recorded during the

scanning of these UNCD films. The reproducible I−V curves
(10 each) were shown in open symbols and the average of
these curves was plotted as solid symbols. We observed a
significant difference in the I−V characteristic curve at grain
and grain boundary for both samples. The grain boundaries
(GBs, curve II (solid squares) of Figure 6a and b) emit
electrons better than the grains (G, curve I (solid circles) of
Figure 6a and b). The grain boundaries of Au-UNCD films
(curve II (solid squares), Figure 6b) emit electrons at a lower
threshold bias as compared to that of the grain boundaries of
Cu-UNCD films (curve II (solid squares), Figure 6a).
Additionally, the Au residual presence on the surface of Au-
UNCD films, marked as ‘Au’ in the CITS image of Figure 5b,
also showed lower threshold bias (curve III (solid triangles),
Figure 6b) as the grain boundaries of Au-UNCD films (curve II
(solid squares), Figure 6b). Consequently, the Au-UNCD films
not only show more bright emission sites in the grain
boundaries as compared with those of Cu-UNCD films (cf.
Figure 5a and b), but in addition, the grain boundaries of Au-
UNCD films emitted larger STS current than that of the Cu-
UNCD films. Such an observation is in accord with the
enhanced electrical conductivity and EFE behavior of the Au-
UNCD films as compared to that of Cu-UNCD films.

D. Transmission Electron Microscopy. The STS
measurements clearly illustrate the benefit of Au-ion
implantation on increasing the number density of field emission
sites as compared with the Cu-ion implantation on UNCD
films. However, the authentic factor for such an effect is still not
clear. It is expected that the modification of the granular
structure for these films due to ion implantation is the key. To
investigate the possible cause of such phenomena, the detailed
microstructure of these films was examined using TEM.
Notably, in the preparation of TEM thin foil, the samples
were ion milled from both the top and bottom surfaces at the
same time, such that the TEM samples mainly contain the
materials in the interior region of the UNCD films, where the
implanted ions reside. Figure 7 shows the TEM microstructure
of pristine UNCD, Cu-UNCD, and Au-UNCD films with the
corresponding selected area electron diffraction (SAED)
patterns shown as insets. The pristine UNCD films contain
nanosized clusters, which are uniformly distributed (Figure 7a).
The corresponding SAED pattern (inset, Figure 7a) contains
sharp diffraction rings corresponding to (111), (220), and
(311) diamond lattices, which confirms that the nanosized
clustered grains are of diamond structure. There appears to be a
diffused ring in the center of the SAED, indicating the existence
of the t-PA phase located in the grain boundaries of the films.
There is no more diffraction other than diamond observable.
The TEM bright field images of Cu-UNCD and Au-UNCD

films were shown in Figure 7b and c, respectively, which clearly
show the presence of nanosized clusters, besides the diamond
grains. The SAED pattern for Cu-UNCD films shown as inset
in Figure 7b illustrates that, besides the diffraction rings
corresponding to diamond lattice planes, there is an extra
diffraction ring, corresponding to Cu material with lattice
spacing of 0.208 nm that is located outside the (111) diamond
ring, which has lattice spacing of 0.206 nm. Likewise, the SAED
pattern for Au-UNCD films (inset, Figure 7c) also illustrates an
extra diffraction ring located inside the (111) diamond ring
with the lattice spacing of 0.235 nm, which corresponds to Au
materials. Such observations confirm that the clusters contained
in the Cu-UNCD (Figure 7b) and Au-UNCD films (Figure 7c)
are nanosized Cu and Au particles, respectively. The presence

Figure 5. CITS image of (a) Cu-UNCD films corresponding to the
STM image of Figure 4a and (b) Au-UNCD films corresponding to
the STM image of Figure 4b. The typical grains and grain boundaries
are marked as ‘G’ and ‘GB’, respectively.

Figure 6. (a) Local I−V characteristic curves at the (I) grain (G, solid
circles) and (II) grain boundary (GB, solid squares) of Cu-UNCD
films. (b) Local I−V characteristic curves at the (I) grain (G, solid
circles), (II) grain boundary (GB, solid squares), and (III) Au clusters
(Au, solid triangles) of Au-UNCD films. The reproducible I−V spectra
(10 each) are shown by open symbols and the average of these curves
is plotted as solid symbols.
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of Cu and Au impurities in the respective UNCD films was also
confirmed by the EDAX patterns, which is shown in Figure S3.
Diffused rings in the center of the SAED patterns are also found
(insets of Figure 7b and c), which indicate the presence of a-C
or graphite in these films. The phase constituents contained in
the UNCD films are more clearly demonstrated by the linear
diffraction patterns (LDP) (Figure 8), which were derived from
the corresponding SAED patterns in the insets of Figure 7a to
c. The LDP of these films reveal clearly that, while the pristine
films (curve I) contain mainly the diamond, the Cu-UNCD
films contain an extra diffraction peak corresponding to Cu
(curve II) and the Au-UNCD films contain the extra diffraction
peak corresponding to Au (curve III), besides the central
diffuse peaks corresponding to graphite or a-C phase.
Moreover, selective area electron energy loss spectroscopy

(EELS) spectra (Figure 9) were recorded in the carbon K-edge
region to unambiguously distinguish between the diamond and
non-diamond phases contained in the ion implanted UNCD
films.28 The core-loss EELS spectrum of pristine UNCD films,

corresponding to TEM image in Figure 7a, is shown as curve I
in Figure 9a, which exhibits typical EELS spectrum of diamond
with Fd3m structure, as they contain an abrupt rise in σ*-band
(near 290 eV) and a large valley near 302 eV.29,30 The σ*-band
for the UNCD films is not as sharp as the spectra for
microcrystalline diamond films31 that is ascribed to the
presence of a large proportion of surface for the ultrasmall
diamond grains in UNCD films, as the surface contains larger
proportion of distorted sp3-bonds. The core-loss EELS spectra
of Cu-UNCD films (curve II, Figure 9a) is essentially the same
as those of the pristine UNCD films, whereas those of Au-
UNCD films (curve III, Figure 9a) were largely distorted,
implying that the diamond lattices (sp3-bonded carbons) in Au-
UNCD films were heavily defected. Moreover, there is a
prominent π*-band at 285 eV in core-loss EELS for Cu-UNCD
and Au-UNCD films but not visible in pristine UNCD films,
indicating the presence of sp2-bonded carbon in the grain
boundary regions of Cu-UNCD and Au-UNCD materials.
These observations are in accord with our Raman and XPS
analyses (cf. Figures 1c and 2c). Moreover, the Cu core-loss
EELS spectrum in the 920−1000 eV regimes of Cu-UNCD
films corresponding to TEM image in Figure 7b, which were
shown as Figure S4a, revealed a peak at 934 eV, confirming the
presence of Cu-clusters in the Cu-UNCD films.32 Likewise, the
Au core-loss EELS spectrum in 45−200 eV regimes of Au-
UNCD films corresponding to TEM image in Figure 7c, which

Figure 7. TEM micrographs for (a) pristine UNCD, (b) Cu-UNCD,
and (c) Au-UNCD films with the insets showing the corresponding
SAED pattern.

Figure 8. Linear diffraction patterns (LDP) derived from the SAED
patterns shown in Figure 7a−c, corresponding to (curve I) pristine
UNCD, (curve II) Cu-UNCD, and (curve III) Au-UNCD films.

Figure 9. Selected area EELS spectroscopy of UNCD films: (a) core-
loss EELS spectra and (b) plasmon-loss EELS spectra, where (I) is
pristine UNCD corresponding to Figure 7a, (II) is Cu-UNCD
corresponding to Figure 7b, and (III) is Au-UNCD films
corresponding to Figure 7c.
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were shown as Figure S4b, illustrated a peak at 56 eV, which
authenticates the presence of Au-clusters in the Au-UNCD
films.33

Now the question yet to be solved is what kind of grain
boundary phases (a-C or graphite) were induced when the
UNCD films were implanted using Cu or Au ions. It should be
mentioned that the plasmon-loss EELS spectra is the most
effective measurement to differentiate the crystalline sp2-
bonded carbons (the graphite) from the amorphous one, as
the plasmon-loss EELS spectra for the graphitic phase shows a
prominent peak at s3 (27 eV) and the a-C phase shows a peak
at s1 (22 eV),30,34 whereas the crystalline sp3-bonded carbon,
the diamond, shows a peak corresponding to the bulk plasmon
loss at s4 (33 eV) with a shoulder corresponding to the surface
plasmon loss at s2 (23 eV). The Is2/Is4 ratio is about 1:√2.
Figure 9b shows the plasmon-loss EELS spectra of the same
regions. It is observed that the pristine UNCD films (curve I,
Figure 9b) is dominated by s2 and s4 peaks, indicating that
pristine UNCD films are diamond.34 Curve II of Figure 9b
shows the plasmon-loss EELS spectrum of Cu-UNCD films,
which indicates that s2- and s4-bands still dominate but with
increased spectral weight of s3-band (27 eV) as compared to
that of curve I. This result indicates that Cu-ion implantation
causes increased content in nanographite phases as compared
with the pristine UNCD films. Quite the opposite, the
plasmon-loss spectrum for Au-UNCD film (curve III, Figure
9b) is dominated by larger s3-band (∼27 eV) with the s2- and
s4-bands of much smaller intensity, indicating that this region
consists of even larger proportion of graphitic phases besides
diamond that is in accord with the core-loss spectrum of Au-
UNCD films.
To understand the authentic factor that enhanced the EFE

behavior for the Au-UNCD and Cu-UNCD films, the more
detailed microstructural information, such as the geometry and
distribution of the Cu and Au nanoparticles, was examined
using the HAADF technique and 3D-tomography in TEM,
which was the sequential replay of the HAADF images taken
with the samples tilted stepwise (2°). The videos illustrating the
3D-tomograph of the Cu-UNCD and Au-UNCD films are
shown as videos S1 and S2, respectively. Figure 10a shows the
stereographic projection of the 3D-tomography for the Cu-
UNCD films, whereas Figure 10b shows the X-Y projection of
this image. These micrographs illustrate clearly that the Cu
nanoparticles (red color) are of plate-like geometry and are
arranged as rows among the UNCD films. In contrast, the
stereographic projection of the 3D-tomography (Figure 11a)
and X-Y projection of Au-UNCD films (Figure 11b) illustrate
that the Au nanoparticles (yellow color) are of spherical
geometry and are uniformly distributed among the diamond
grains.
From the EELS results, we observe clearly that, while both

the Cu- and Au-ion implantation can induce graphitic phases in
the grain boundaries of UNCD films, the Au-ion implantation
induced more abundant graphitic phases in the grain
boundaries of Au-UNCD films, which assists the electron
transport and results in more emission sites, as illustrated in the
CITS measurements (cf. Figure 5b). These observations
support the arguments that the uniform distribution of Au
nanoparticles and the induction of graphitic phases among the
diamond grains form an interconnected conducting network
that facilitates the electron transport, resulting in better
electrical conductivity and superior EFE properties for Au-
UNCD films. Such observations are in accord with our previous

reports that the grain boundary phases (a-C or graphite)
existing among the diamond grains of the UNCD films are one
of the genuine factors for the enhancement in electrical
conductivity and EFE properties of UNCD films.35 It is to be
noted that the electron conductivity of the a-C grain boundary
phases of UNCD films is not sufficiently high as compared with
the graphitic phase, therefore restraining the EFE properties
attainable for UNCD films.16,17

Figure 10. (a) Stereographic projection and (b) X-Y projection of the
TEM 3D-tomography of Cu-UNCD films, showing the distribution of
Cu clusters in these films (the video showing the 3D-tomography of
the Cu-UNCD films is included as Video S1 in Supporting
Information).

Figure 11. (a) Stereographic projection and (b) X-Y projection of the
TEM 3D-tomography of Au-UNCD films, showing the distribution of
Au clusters in these films (the video showing the 3D-tomography of
the Au-UNCD films is included as Video S2 in Supporting
Information).
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Concerning the different behavior for the implanted Cu- and
Au-ions in enhancing the formation of nanographite phase, the
genuine mechanism is not well understood yet. The Cu
materials seem to have solubility to the carbon, although it is of
limited value, as the Cu foil can be used to grow graphene in
the chemical vapor deposition process.36 Apparently, such a
limited Cu-to-carbon interaction is the cause, inducing the
formation of plate-like clusters in Cu-UNCD films. The
dissolution and reprecipitation process tend to form a-C. In
contrast, the phenomenon in which the implanted Au-ions
form spherically shaped nanoparticles implies that there is
essentially no solubility for the Au materials to the carbon.
However, it has been observed in some organometallic
compounds that the presence of Au species can catalytically
convert the sp3 hybridization to sp2 hybridization.37 Presum-
ably, it is the catalyst effect of nanosized Au particles that
caused the implanted Au-ions to induce a large proportion of
nanographitic phase in UNCD films. However, such an
argument requires more detailed investigation.

■ CONCLUSIONS

In summary, Cu and Au ion implantation markedly modified
the microstructure and EFE properties of UNCD films. In Cu-
UNCD films, the Cu nanoparticles were arranged in rows with
plate-like geometry and a smaller amount of nanographitic
phases was induced in the grain boundaries of the UNCD films
that resulted in fewer emission sites in the CITS measurements,
exhibiting less enhancement of EFE properties for the films. On
the other hand, Au-ion implantation formed uniformly
distributed spherically shaped Au nanoparticles and induced
more abundant nanographitic phases in the grain boundaries of
the UNCD films. These nanographites contain in the grain
boundaries of Au-UNCD films form highly conductive channels
at the interface of UNCD grain. These channels give rise to
prominent electron emission from the grain boundaries
resulting in high electrical conductivity and enhanced EFE
properties for the Au-UNCD films. The highly conducting Au-
UNCD films with better EFE characteristics open up an
alleyway to the next generation of electron field emitters for
applications in high-definition flat panel displays or plasma
illumination devices.
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