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Catalytically induce nanographite phase by platinum-ion
implantation/annealing process to improve the field electron emission

properties of ultrananocrystalline diamond films

Kamatchi Jothiramalingam Sankaran,” Kalpataru Panda,® Balakrishnan Sundaravel,® Nyan-Hwa

Tai,* * and I-Nan Lin% *

We report the Pt-ion implantation/annealing process for enhancing the electrical conductivity
and the field electron emission (FEE) properties of ultrananocrystalline diamond (UNCD) films.
Platinum ion implantation is performed on UNCD films at room temperature with implantation
energy of 500 keV and ion dosages are varied from 1 x 10" to 1 x 10" jons/cm? at an ion flux of
1.035 x 10" ions/cm?/s. The UNCD films, which were Pt-ion implanted with 1 x 10" jons/cm’
and annealed at 600°C possess high electrical conductivity of 94.0 (ohm-cm)” and low turn-on
field of 4.17 V/um with high FEE current density of 5.08 mA/cm? (at 7.2 V/um). The current
imaging tunneling spectroscopy and local current-voltage curves of scanning tunneling
spectroscopic measurements illustrated that the electrons are predominantly emitted from the
grain boundaries. Transmission electron microscopy examinations reveal that the implanted Pt-
ions first formed Pt nanoparticles in UNCD films and then catalytically induced the formation of
nanographitic phase at the grain boundaries during the annealing process. Consequently, the
formation of Pt nanoparticles, which induced abundant nanographitic phases in Pt-ion
implanted/annealed UNCD films, are believed to be the genuine factors, resulting in high

electrical conductivity and excellent FEE properties of the films.

Keywords: ultrananocrystalline diamond films, platinum ion implantation, field electron

emission, nanographitic phases

1. Introduction

Ultrananocrystalline diamond (UNCD) film is a special form of diamond that has recently
attracted the research community because of its improved field electron emission (FEE)
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properties, along with its ultra-small grain size (2-5 nm) and very smooth surface
characteristics.! The grains are diamond, having a sp’ character, whereas the grain boundaries
have a mixture of sp’, sp°, hydrocarbon, and amorphous carbon (a-C) with the sp® character
being predominant.” Because of the low turn-on field and the large field emission current density
of UNCD, as compared to other forms of diamond (microcrystalline or nanocrystalline), this
material illustrates potential applications such as cold cathode emitters and other vacuum
microelectronic devices. The promise that a diamond or an UNCD film stands as a material for
the fabrication of cold cathode or other electron emitting devices necessitates the film to be
conductive. Inducing graphitic grain boundary phases by incorporation of N, into plasma during
UNCD film’s growth can efficiently improve the electrical conductivity of 186 (ohm-cm)™ and

enhance the FEE properties of the films.”® However, a high growth temperature (about 800°C) is

necessary to activate the dopants for creating high conductivity in the UNCD films.’ -

Ion implantation technique has long been utilized to modify the properties of diamond
materials through controlled doping with the selection of dopalnts.9711 Recent reports showed that
oxygen and phosphorous ion implantation induced a-C phases in the grain boundaries of UNCD
films which provide n-type conductivity.'>"? But the electrical conductivity of these UNCD films
is not adequately high due to the presence of low conductivity a-C phases in the grain boundaries
and, thus, confines the FEE properties of these films. The conversion of a-C phase into graphitic
phase seems to be a probable approach. Hence a process, which can induce efficiently the
formation of graphitic phases in the grain boundaries of UNCD films to accomplish high
conductivity, is thus called for. An extensive study has been made on the catalytic graphitization
of carbon by various metals.'*?® Among the metal particulates which have been studied, the Pt
nanoparticles seem to be more effective in converting the carbon materials into graphites.”’18

In this context, we utilized the Pt-ions to implant UNCD films, followed by post-
implantation annealing at 600°C, for the purpose of enhancing their electrical conductivity and
FEE properties. Importantly, current imaging tunneling spectroscopy (CITS) in scanning
tunneling spectroscopy (STS) mode is used to directly examine the increased emission site
densities in Pt-ion implanted/annealed UNCD films than the as-implanted UNCD films in

nanometer scale. The modifications to the microstructure of these films due to Pt-ion
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implantation/annealing processes were investigated in detail using transmission electron

microscopy (TEM).
2. Experimental methods

The UNCD films with ultra-smooth surface characteristics at nanoscale were grown on n-
type silicon substrates in a microwave plasma enhanced chemical vapor deposition system (2.45
GHz, 6" IPLAS-CYRANNUS-I, Troisdorf, Germany) in a CH4/Ar = 1/99 sccm plasma excited
by 1200 W microwave power under 200 mbar pressure. Prior to the growth of UNCD films, the
Si substrates were first thoroughly cleaned by rinsing the Si substrates in a water-diluted
hydrogen peroxide/ammonium hydroxide and hydrogen peroxide/hydrochloric acid solution
sequentially. Then the cleaned Si substrates were ultrasonicated in methanol solution containing
nanodiamond powders (about 4 nm in size) and titanium powders (< 32.5 nm) (SIGMA
ALDRICH) for 45 min to facilitate the nucleation of diamond. The growth process was carried
out at low substrate temperature without any intentional heating of the substrate. The substrate
temperature was estimated to be around 475°C by a thermocouple attached to the substrate
holder. The films were grown for 3 h to reach a thickness of 800 nm, which was confirmed from
the cross-sectional scanning electron microscopic image (figure not shown). Platinum ion
implantation was performed on UNCD films at room temperature with implantation energy of
500 keV and the ion dosages are varied from 1 x 10" to 1 x 10" ions/cm? at an ion flux of 1.035
x 10" ions/cm?®/s. The pristine UNCD films are designated as Pt0 and the films which have
undergone implantations using ion doses of 1 x 10"°, 1 x 10", 1 x 10" ions/cm? are designated as
Pt15, Pt16 and Pt17 samples, respectively. Moreover, the Pt17 films were annealed subsequently
at 600°C in N, gas atmosphere for 30 min and are designated as Pt17A films.

Hall measurements were carried out in a van der Pauw configuration”’ (ECOPIA HMS-
3000) to examine the conducting behavior of these films. The excitation current used for four-
probe resistance measurements is 0.1 pA and the magnetic field used for mobility measurements
is 0.55 T, respectively. The FEE characteristics of the samples were measured using a parallel
plate setup, in which the UNCD films (cathode)-to-molybdenum rod (2 mm in diameter, anode)
distance was controlled using a micrometer. The field emission currents are recorded at a

sequence of gap voltages using an electrometer (Keithley 2410) at high vacuum with a pressure
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of 1.3 x 10 mbar. The current density (J) values were determined by dividing the total current
by the area of the anode (Mo rod), whereas the electrical field (E) was designated as the ratio of
applied voltage to the cathode-to-anode gap. The current density versus electrical field (J-E)
characteristics thus obtained were plotted to check whether the J-E characteristics of the

materials followed the Fowler Nordheim (FN) theory.28
} (Aﬁ2E2> B0
= exp| ———
@ P\"BE

where A = 1.54 x 10° A eV/V? and B = 6.83 x 10° eV V/m, fis the field-enhancement factor,

J is the FEE current density, E is the applied field and ¢ is the work function of the emitting
materials. The FEE parameters, turn-on field (Ey), FEE current density (J) and field enhancement
factor (f), were extracted from the J-E curves using FN plots, which is in J/E* vs. I/E curves.
Moreover, the FEE behavior was investigated elaborately in a microscopic scale by a combined
custom-built non-contact ultrahigh vacuum atomic force microscopy (NC-UHV AFM)/scanning
tunneling microscopy (UHV-STM, 150 Aarhus, SPECS GmbH) system, at room temperature
with a base pressure of at least 6.6 x 10" mbar. For topographic imaging and CITS mapping, we
have used electrochemically etched tungsten tips. CITS spectra with voltages ramping from -3.3
to 3.3 V were measured simultaneously, while the STM tips were scan over the sample’s surface
of the area of 1pum x 1pm.

The surface morphology of the films was investigated by SEM (Joel 6500). The crystalline
quality and the depth profile of the UNCD films were characterized by Raman spectroscopy (Lab
Raman HR800, Jobin Yvon; A = 632 nm and spectral resolution = 0.5 cm'l) and secondary ions
mass spectroscopy (SIMS; Cameca IMS-4f), respectively. The chemical bonding structures of
the films were investigated by X-ray photoelectron spectroscopy (XPS; PHI 1600). The detailed
microstructure and the bonding structure of the samples were examined using transmission
electron microscopy (TEM, Joel 2100F) and electron energy loss spectroscopy (EELS, Gatan
Enfina) in TEM, respectively.
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3. Results and discussion

3.1. Material and electrical characteristics

The implantation of Pt-ions (1 x 10" jons/cm?) and subsequent annealing induces marked
change on the surface microstructure of the UNCD films. While the pristine UNCD films contain
equi-axed nano-grain microstructure (Fig. la), the Pt-ions implantation/annealing processes
rendered the surface morphology of UNCD films to a featureless surface morphology (Fig. 1b).
The bonding character of different types of carbon in the UNCD films is characterized by
visible-Raman spectroscopy. Fig. 1c¢ shows the visible-Raman spectra of (I) PtO, (I) Pt17, and
(IIT) Pt17A films, which were deconvoluted by using multi-peak Lorentzian fitting method.
Curve I in this figure shows that the Raman spectrum of Pt0 films contains peaks at around 1160
cm™ and 1475 cm'l, which are attributed to the v; and v; modes of trans-polyacetylene (-PA)
present in the grain boundaries of Pt0 films.*° Broadened peak at around 1340 cm™ (D-band)
and 1540 cm™ (G-band), which corresponds to the disordered sp® bonded carbon and graphitic
phase, respectively, are also observed in PtO films.*'”* A shoulder peak at around 1600 cm™ (G’
band) is seen that possibly arises from the nanocrystalline graphitic content in the films.>' Raman
resonance D' peak at 1332 cm’ corresponding to sp>-bonded carbon shows less intensity for PtO
films, because the visible-Raman spectroscopy is more sensitive to sp*-bonded carbon as
compared to that of sp>-bonded one.*” Curve II of Fig. 1c shows the effect of Pt-ion implantation
at the fluence of 1 x 10'” jons/cm? on altering the bonding characteristics of the UNCD films. It
shows higher intensities of D and G peaks, indicating amorphization and graphitization type of
transitions. The intensity of the v; and v; bands decreased pronouncedly, in accompanied with
slight blue-shifted due to Pt-ion implantation process that is probably a sign of the breaking of #-
PA chains due to high doses Pt-ion implantation.”” Post-implantation annealing increased
markedly the D- and G-band resonance peak intensity with some blue-shift of G-band (curve III
of Fig 1c). The Raman spectra show Ip/Ig values (ratio of intensities of D-peak to G-peak) 0.67,
0.72, and 1.01 for PtO, Pt17 and Pt17A films, respectively. The increase of the Ip/lg values
implies the formation of nanographite phases and decrease in sp> content according to increasing
disorder in carbon materials.****

The SIMS depth profile shown in Fig. 2 suggests that platinum ions are implanted into the

UNCD films to a depth of about 400 nm with peak concentration located at around 145 nm
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beneath the surface that is in accord with SRIM calculation. This profile confirms that Pt-ions
have been implanted in the UNCD films. The Hall measurements were carried out in a van der
Pauw configuration. The electrical conductivity of the Pt-ion implanted UNCD films are plotted
as closed square symbols in Fig. 3a. While the Pt0 and Ptl5 films are too resistive to be
measurable, the electrical conductivity of Pt-ion implanted UNCD films increases monotonously
with increasing ion dosage, from 0.043 (ohm—cm)'1 for Pt16 films to about 21.0 (ohm—cm)'1 for
Pt17 films. Upon annealing, the conductivity value further increases to about 94.0 (ohm-cm)
withn =3.72 x 10"® cm?and p = 8.4 x 10? cm?/V - s for Pt17A films (see Table 1).

The effect of Pt-ion implantation/annealing processes in modifying the FEE properties of
UNCD films is shown in Fig. 3b with the inset indicating the corresponding FN plots. The Pt-ion
implantation/annealing processes improved markedly the FEE properties of the UNCD films that
are evidently due to the increase in conductivity of the films. The PtO films exhibit the largest E
of 22.2 V/um with the lowest J of 1.26 mA/cm? at an applied field of 37.0 V/um (curve I, Fig.
3b). The Ey value decreases consistently with the dosage of Pt-ion implantation (curves II-1V)
and the post-implantation annealing process further lowers the turn-on field (open circles, Fig.
3a). The Pt17A films show the best FEE characteristics, i.e., the lowest Eyof 4.17 V/um and the
highest J of 5.08 mA/cm? at an applied field of 7.2 V/um (curve V, Fig. 3b). These FEE
parameters are listed in Table I. Notably, the E; value is designated as the interception of the high
and low-field line segments of the FN plots, viz. the ln(J/Ez) versus 1/E curves (inset of Fig. 3b).
Furthermore, the actual £ value can be estimated from the equation listed as follows:

L=[-6.8x10° ¢ **m
where, m is the slope of the FN plot. From inset of Fig. 3b, a plot of In(J/E?) versus (1/E), the FN
plot, gives a straight line. From the slopes of the FN plots the £ values of the Pt-ion implanted
UNCD samples were calculated by taking the ¢ value of diamond and Pt as 5.0 eV** and 5.65
eV>, respectively. The PtO films exhibit the lowest B value of 560. The f value increases
consistently with the dosage of Pt-ion implantation. The post-implantation annealing process
further increases the £ value to 4075, which is almost 7 times as much that of the PtO films. The
electrical conductivity and the FEE properties of the UNCD films implanted with other kinds of

12,13,36-40

species were listed in Table 2 to facilitate the comparison. Moreover, we have carried

out the life time measurements for Pt17A films, as stability of the field emission current is an
6
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important parameter related to prospective applications of cold cathode materials. Interestingly,
the Pt17A films possess good life time stability. The corresponding J versus time curve is shown
as the inset of Fig. 3a, indicating the emission current variations recorded over a period of 145
min at a working field of 6.8 V/um, corresponding to J of 3.0 mA/cm?, for Pt17A films. As seen
from the figure, no significant discharges or spikes due to emitter adsorbates are produced and
the emitted current remains constant over this period of time.

XPS measurements have been carried out for the purpose of understanding how Pt-ion
implantation/annealing processes modify the surface chemical bonding characteristics of UNCD
films. The Cls photoemission spectra of the Pt0, Pt17 and Pt17A films are shown in Fig. 4. The
measurement was conducted without ion sputtering etching to avoid reconfiguration of the
surface bondings. The background was subtracted using Shirley’s method*' and the data were
fitted with Lorentzian peaks with binding energies at 284.4, 285.1 and 287.0 eV corresponding to
sp*> C=C, sp® C-C and C-O/C-O-C bonds, respectively. Their relative intensities are tabulated in
Table 3. In PtO films (Fig. 4a), sp® C-C bonding is predominant with the peak intensity of 58.3%
accompanying with sp> C=C intensity of 38.4% and C-O/C-O-C peak intensity of 3.3%. After
Pt-ion implantation, sp> C-C peak intensity decreases to 44.2% and sp> C=C peak intensity
increases to 53.4%. Upon post-implantation annealing, the sp> C-C peak intensity decrease
further to 38.1% and sp> C=C peak intensity increases further to 60.6%. The increase in sp
content upon Pt-ion implantation/annealing is consistent with our Raman results (cf. Fig. 1c).

3.2. Scanning tunneling spectroscopy

The local FEE properties of the Pt0, Pt17 and Pt17A films were investigated by CITS mode
in STS to directly reveal the distribution of the emission sites in these films. It should be noted
that the PtO films are too resistive to be investigated by STM measurements. Therefore, the
surface of Pt0 film were sputter etched in-situ with Ar" ions for 1 min to remove nearly 1 nm of
surface layer so as to render the PtO films conducting enough for STM measurements. Fig. S5a
shows the STM image of PtO film surface, revealing that the films contain cauliflower like
aggregates, which are presumably the coalescence of small diamond grains of about 3 and 5 nm.
The current image tunneling spectroscopy (CITS) corresponding to Fig. 5a taken at a sample bias
of -3.0 V is shown in Fig. 5b. Bright contrast in the CITS image represents better electron
emission. The typical grains and grain boundaries are marked as ‘G’ and ‘GB’, respectively, in

7
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Fig. 5a and 5b. Bright and dark regions in CITS image are visible with their shapes having
similar geometry with the shapes of grain boundaries (GB) and grains (G) of the STM image,
respectively. The CITS image in Fig. 5b shows clearly that the emission sites are mainly located
along the boundaries of diamond aggregates.

Fig. 5c and 5e show the high resolution STM (HRSTM) image of Pt17 and Pt17A films,
respectively. The grains are also of nanometer size and the rms roughness is found to be
~0.4-0.6 nm. Fig. 5d and 5f show the CITS image corresponding to Fig. 5c and Se, respectively,
taken at a sample bias of -3.0 V, where, again, the bright spots represent large emission current.
Bright and dark regions in CITS image are visible with their shapes having resemblance with the
shapes of GB and G of the HRSTM image. The CITS images depicted in Fig. 5d and 5f show
evidently that the electrons are predominantly emitted from the GBs (bright regions) rather than
grains. It is to be noted that some clusters in Pt17 and Pt17A films also emit as like the emission
from the GBs. The TEM microstructural investigation, which will be discussed shortly,
suggested that these highly emitting clusters could be the carbon-coated Pt nanoparticles which
are residually present on the surface of the Pt17 and Pt17A films and are thus marked as ‘Pt’ in
Fig. 5d and 5f. In comparison with the CITS images of PtO and Pt17 films, it is clearly evident
that the emission sites (bright regions) are more abundant for Pt17A films. Moreover, CITS
mapping in Fig. 5d shows that the emission sites at the grain boundaries of Pt17 films is not
continuous. In contrast, the CITS mapping of Ptl17A films is Fig. 5f depicts that the grain
boundaries form interconnected bright emitting sites in Pt17A films such that the electrons can
travel easily and emit from these conducting grain boundary sites. However, Raman spectra,
XPS and CITS (STS) measurements cannot clearly account for the source of modification on the
electrical properties of diamond films due to Pt-ion implantation/annealing processes. TEM
microstructural investigation is needed for better understanding the genuine factor that modifies
the electrical properties of these films, which will be discussed in detail shortly.

Moreover, the better emission properties observed by CITS mapping in Fig. 5f for Pt17A
films are further crosschecked by local current-voltage (I-V) characteristic curves. Fig. 6 shows
the local I-V curves taken from STM at various local positions of grains and grain boundaries
corresponding to the STM images shown in Fig. 5e for Pt17A films. Only the negative portion of

the I-V curves, which indicated the emission of electrons from the films, was shown here.
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Reproducible I-V curves were recorded during the scanning. Fig. 6 shows about ten I-V curves
in each measurement (open symbols) and the average of these curves was plotted as solid
symbols. We observed a significant difference in the I-V characteristic curves at grains and grain
boundaries for Pt17A films. The grain boundaries of Pt17A films [curve II (solid star symbols),
Fig. 6] emit electrons at a lower threshold bias as compared to that of the grains of Pt17A films
[curve I (solid circle symbols), Fig. 6]. Additionally, the Pt residuals presence on the surface of
Pt17A films, marked as ‘Pt’ in the CITS image of Fig. 5f, also showed lower threshold bias
[curve III (solid triangle symbols), Fig. 6] as like the grain boundaries of Pt17A films.

3.3. Transmission electron microscopy

The STS measurements clearly illustrate the benefit of Pt-ion implantation/annealing
processes on increasing the number density of field emission sites for UNCD films. However,
the authentic cause for such an effect is still not clear. It is expected that the modification on the
granular structure for these films due to Pt-ion implantation/annealing processes is the key. To
investigate the possible cause of such phenomena, the detailed microstructure of these films was
examined using TEM. Fig. 7 shows the bright field (BF) TEM microstructure of PtO, Pt17, and
Pt17A films with the corresponding selected area electron diffraction (SAED) pattern shown as
insets. The PtO films contain nano-sized clusters, which are uniformly distributed (Fig. 7ay). The
corresponding SAED pattern (inset, Fig. 7a;) contains sharp diffractions rings corresponding to
(111), (220) and (311) diamond lattices, which confirms that the nano-sized clustered are of
diamond structure. There is no other diffraction ring than diamond observable. Moreover, there
appears diffused ring in the center of SAED, indicating the existence of the sp2—bonded carbon
(graphitic or a-C phase), which is presumably located in the grain boundaries of the films. The
distribution of the phase constituents in these materials is best illustrated by the composed dark
field (c-DF) image (Fig. 7ap), which is the superposition of several dark field images
corresponding to different portion of SAED (indicated in Fig. 7ay). The high resolution TEM
(HRTEM) micrograph shown in Fig. 8 reveals the structure image of region ‘A’ in Fig. 7a;. The
Fourier transformed diffractogram of the whole structure image (FTy, Fig. 8) shows the
existence of spotted diffraction pattern arranged in rings, the (111)p, which corresponds to
randomly oriented diamond grains (D), and the diffused ring located at the center, which matches

up to a-C (or nanographitic) phase. The ft; image of the designated region ‘1’ and the ft, image
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corresponding to the region ‘2’, highlight the presence of diamond and a-C phase, respectively.
The large diamond grains seem to be the agglomeration of small diamond grains.

BF TEM image in Fig. 7b; shows that Pt-ion implantation induced dramatic modification on
the granular structure of the UNCD films (the Pt17 films). The large diamond aggregates, which
frequently occurred to PtO films, are no longer observable, implying that the incident Pt-ions
have disintegrated the aggregates, implying that the aggregates occurred in PtO films are soft
agglomerates. Moreover, Fig. 7c; shows that post-implantation annealing renders the nano-sized
particulates contained in the UNCD films are larger in size and are more sharply defined (Fig.
7cp). The SAED pattern for Ptl17 films (inset, Fig. 7b;) reveals that, besides the presence of
strong diffraction rings corresponding to (111), (220) and (311) diamond lattice planes, there is a
diffraction ring located outside the (111) diamond ring, which corresponds to Pt material with
lattice spacing of 0.23 nm.* Interestingly, there appears an faint extra diffraction ring of smaller
size than the (111)p ring, which corresponds to the i-carbon (i-C), the bcc structured carbon with
a0=0.432 nm.** In contrast, the SAED pattern for Pt17A films (inset, Fig. 7c;) shows that these
films also contain randomly oriented diamond and Pt particulates (~5 nm in size). However,
unlike that observed for the Pt17 films, no extra diffraction ring corresponding to i-C phase was
detected in the SAED pattern of Pt17A films. Both the SAED of Fig. 7b; and 7c¢; contain a
prominent diffused ring in the center, indicating the existence of some sp”-bonded carbon in the
Pt17 and Pt17A films. The intensity of central diffused ring is much higher in Pt17A films (cf.
inset of Fig. 7cy) compared with that in Pt17 films (cf. inset of Fig. 7b;), implying that the post-
implantation annealing process induced large proportion of sp*-bonded carbon. Again, the
distribution of phase constituents in these materials is illustrated in c-DF image (Fig. 7by and
Tem).

Detailed investigations were carried out for Pt17 films (region ‘B’, Fig. 7by) and Pt17A films
(region ‘C’, Fig. 7cy) and the corresponding HRTEM image are shown in Figs. 9 and 10,
respectively. The FT images of the whole structure image (FTo, in Fig. 9 and FTy. in Fig. 10)
contain spotted diffraction pattern arranged in a ring geometry, revealing the existence of nano-
sized particulates, and the diffused ring, indicating the presence of the a-C (or graphitic) phase.
Notably, the FT(, image corresponding to Ptl17 films (inset, Fig. 9) contains more complicated

diffraction spot patterns than the FT,. image corresponding to Pt17A films (inset, Fig. 10). The

10
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FTy, image shows the existence of the outer ring of (111)p diamond (D) and the inner ring of i-C
phase. The diffraction spots correspond to Pt phase are sparsely distributed along a ring outside
the (111)p ring. In contrast, the FT(. image shows only the diffraction spots related to diamond
and Pt particulates with the later of much larger intensity. The inner ring corresponds to i-C
phase is no longer observable. In Fig. 9, the presence of diamond, Pt, i-C and sp*-bonded carbon
phases in Pt17 films are highlighted by region ‘3’ (ft3), region ‘4’ (ft4), region ‘5’ (fts) and region
‘6’ (ft), respectively, whereas, in Fig. 10, the coexistence of diamond and Pt clusters in Pt17A
films are highlighted by region 7 (ft;), region 8 (fts), respectively. Furthermore, the fty-image in
Fig. 10 highlights that the Pt-clusters shown in region 9 were aggregated due to post-
implantation annealing process and were encased with a thin graphitic phase.

The modification on microstructure of UNCD films due to these processes is best illustrated
by the linear diffraction patterns (LDP), which are derived from the SAED indicated in Fig. 7a—c
and are shown in Fig. 11. These LDP patterns reveal that while the PtO films (curve I, Fig. 11)
contain mainly the diamond, the Pt17 films contain an extra diffraction peak corresponding to Pt,
along with the presence of i-C phases (curve II, Fig. 11). Post-implantation annealing results in
the conversion of i-C phases into graphitic phases (curve III, Fig. 11) that will be more clearly
evidenced by the EELS investigations. Based on these TEM investigations, it is obvious that Pt-
jon implantation/annealing processes induced the formation of sp”-bonded carbon (graphitic or
a-C phase) and i-C phase, whereas the subsequent annealing process converted these phases into
graphitic one that is in concurrence with the Raman and the XPS investigations.

Further, selective area EELS spectra (Fig. 12) were recorded in the carbon K-edge region to
unambiguously distinguish between the diamond and the non-diamond phases contained in the
Pt-ion implanted/annealed UNCD films.*> Fig. 12 shows the selected area EELS spectra
corresponding to each BF TEM micrograph in Fig. 7, revealing the marked changes in bonding
structures due to Pt-ion implantation/annealing processes. Curve I in Fig. 12a shows the core-
loss EELS spectrum of PtO films, corresponding to BF TEM image in Fig. 7a, which exhibit
typical EELS spectrum of diamond with Fd3m structure, as they contain a abrupt rise in o*-band
(near 290 eV) and a deep valley near 302 eV.>* The core-loss EELS spectra of Pt17 and Pt17A
films (curves 1I and III, Fig. 12a) also contain o*-band and a deep valley, which is essentially the

same as those of the PtO films, except there presence a w*-band at 284.5 eV in core-loss EELS
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spectra of Pt17 and Pt17A films (curves II and III, Fig. 12a), indicating the induction of some
proportion of sp’-bonded carbon due to Pt-ion implantation/annealing processes. The w*-band is
of larger intensity for Pt17A films, compared with those of Ptl7 films, indicating the
containment of larger proportion of sp2 bonded carbon in Pt17A films.

Now the question yet to be solved is what is the nature of grain boundary phases (a-C or
graphite) induced when the UNCD films were implanted with Pt-ions and subsequently post-
annealed. It should be mentioned that the plasmon-loss EELS spectra is the most effective
measurement to differentiate the crystalline sp>-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 s; (22 eV),”*® whereas the crystalline sp’-
bonded carbons, 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 s, (23 eV). The I/l ratio is about
1:72. Fig. 12b shows the selected area plasmon-loss EELS spectra of the same regions as those
for core-loss EELS. It is observed that the PtO films (curve I, Fig. 12b) contains s, and s4 peaks,
indicating that PtO films are predominantly diamond.*® The containment of sp>-bonded carbon is
minimal in PtO films. Curve II in Fig. 12b, which corresponds to Pt17 films, is predominated
with s;-band (22 eV) with very small proportion of the s,-band (at 23 eV) and s4-band (at 33 eV).
The emergence of s;-band indicates that some of the materials in Pt17 films were transformed
into a-C phases. Quite the opposite, the plasmon-loss spectrum for Pt17A films (curve III, Fig.
12b) is predominated by s3-band (~27 eV) with the s,- and ss-bands of much smaller intensity,
indicating that the spz—bonded carbon (n*-band) implied by core-loss EELS (cf. curve III, Fig.
12a) is nanographitic phase rather than amorphous carbon. On the basis of EELS and TEM
investigations, it is noticed that Pt-ion implantation/annealing processes induced the formation of

nanographitic phases, which is in concurrence with the Raman and the XPS investigations.

The mechanism, by which the Pt-ion implantation/annealing process enhanced the
conductivity and FEE properties of UNCD films, can be accounted for by the catalytic
graphitization of the sp>-bonded carbon located along the grain boundaries of the films, as
previous studies observed that the incorporation of metals into carbon films can act as catalysts
in the conversion of sp’ to sp” content and, upon heat treatment, induced the graphitization of a-

C."® The formation of nanographitic phase, surrounding the nano-sized diamond grains of the
12
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UNCD films resulted in interconnected conduction network enriching the electrical conductivity
and the FEE properties of UNCD films.*® The conversion of non-conducting i-C and a-C phases
at the grain boundaries of Pt17 films to conducting graphitic phases has significant effect on
increasing the electron emission sites in Pt17A films (cf. Fig. 5f). Restated, the Pt-ion
implantation constructively formed the Pt nanoparticles in the UNCD films and catalytically
induced the formation of nanographitic phases in the periphery of Pt nanoparticles on the
subsequent annealing process. The electrons can transport easily through the nanographitic
phases to the emitting surface and are then emitted to vacuum without any difficulty.
Consequently, the formations of Pt nanoparticles due to Pt-ion implantation and the catalytic
activity of Pt nanoparticles in inducing the nanographitic phases due to annealing are the genuine

factors for the superior FEE properties of the Pt17A films.

4. Conclusions

In summary, we have demonstrated a feasible way of fabricating highly conducting UNCD
films via the Pt-ion implantation/annealing processes, which markedly modified the
microstructure and the FEE properties of the films. The implanted Pt-ions first form uniformly
distributed Pt nanoparticles, which catalytically induced the formation of nanographitic phases in
Pt17A films due to annealing at 600°C. The nanographites contained in the grain boundaries of
Pt17A films form highly conductive channels for the films. CITS in STM analyses revealed that
these channels give rise to prominent field emission sites in the grain boundaries, resulting in
high electrical conductivity and enhanced FEE properties for the Pt17A films. The synthesis of
highly conducting Pt17A films with better FEE characteristics open up a pathway to the next
generation of electron field emitters for the applications in the high-definition flat panel displays

or plasma illumination devices.
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Table 1. Electrical and field electron emission properties of platinum ion implanted UNCD

films.
Sheet carrier Mobility
concentration Conductivity Turn-on FEE current Field
Samples (cm*/V o s) @ o cm)?! field density enhanceme
(cm™?) (V/pm) (mA/cm?) nt factor
1.26@ 7.2
Pristine UNCD 222 560
37.0 V/um
1.84@ 26.3
Pt15 15.7 1020
V/um
4.4x10' 2.33@ 15.3
Pt16 53x 10" 0.04 9.84 3205
V/pm
9.7 x 10" 4.28@ 11.07
Pt17 2.4 x 10" 21 6.88 3745
V/um
8.4 x10° 5.08@ 7.2
Pt17A 3.7x 10" 94 4.17 4075
V/pm
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Table 2. Comparison on electrical and field electron emission properties of platinum ion

implanted UNCD films with other kind of species in diamond films.

Sheet carrier Mobility
- Turn-on FEE t Field
concentration Conductivity curren 1
Samples (ecm?/V o s) (Q *cm)? field density enhanceme
(em™) (V/pm) (mA/cm?) nt factor
O-implanted 11
" 10" 33.3
UNCD
P-implanted 143
s 10" 0.09
UNCD
H-treated L5 1 pA/em’ @
diamond™ ' 1.5 V/pm
. - 3.36 @ 8.8
N-doped UNCD 2x10 185 6.13
V/um
Li-doped " - s 0.20 @ 20.0
- 3.6x10 74 x 10 12
UNCD V/um
Cu ion implanted “ 0.3x 10° 2.86@ 13.8
2 1.3x10 0.07 7.9
UNCD V/pm
Au ion implanted " 8.5 x 10 6.70@ 7.8
0 55x%x10 186 4.5
UNCD V/pm
. 8.4x 10 5.08@ 7.2
Pt17A resent study 3.7 x 10 94 4.17 4075
V/um
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Table 3. Relative intensities of various components of Cls XPS spectra for pristine UNCD

and Pt-ion implanted and post annealed UNCD films.

Chemical bonding (%)
Samples sp® C=C sp® C-C CO/C-0-C
(284.2 eV) (285.1 eV) (287.0 eV)
Pt0 384 58.3 3.3
Pt17 53.4 44.2 2.4
Pt17A 60.6 38.1 1.3
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Figure captions

Figure 1. (a) and (b) SEM images of PtO films and Pt17A films. (c) visible-Raman spectra of 1.
PtO, II. Pt17 and III. Pt17A films taken with 632 nm laser beam.

Figure 2. SIMS depth profiles of C, Pt, and Si species in Pt-ion implanted/annealed (Pt17A)

films.

Figure 3. (a) Variation in the electrical conductivity (solid squares) and turn-on field (open
circles) against the dosage of Pt-ions implanted in UNCD films with the inset showing the life
time measurement, i.e., current density versus time curve of Pt17A sample. (b) The field electron
emission properties of various dosage of Pt-ion implanted and annealed UNCD films. The inset

of (b) shows the corresponding Fowler Nordheim (FN) plot.
Figure 4. C1s XPS spectra of (a) Pt0, (b) Pt17 and (c) Pt17A films.

Figure 5. The STM image of (a) PtO and (b) showing the CITS image corresponding to (a); the
HRSTM images of (c) Ptl7 and (e) Pt17A films with (d) and (f) showing the corresponding
CITS images. The CITS images were acquired at a sample bias of -3.0 V.

Figure 6. Local I-V characteristic curves at the (I) grain (G, solid circle symbols), (I) grain
boundary (GB, solid star symbols) and (III) Pt nanoparticles (Pt, solid triangle symbols) of
Pt17A films. The reproducible I-V spectra (10 each) are shown by open symbols and the average

of these curves is plotted as solid symbols).

Figure 7. (aj, by, ¢;) Bright field and (ay, by, ci) composed dark field TEM images of PtO, Pt17
and Pt17A films with their corresponding SAED patterns shown as insets.

Figure 8. HRTEM image of PtO films corresponding to the region ‘A’ of Fig. 7a;. The insets
(FTo,) shows the Fourier-transformed image corresponding to the whole structure image,
whereas ft; and ft, images show the FT images corresponding to regions ‘1’ and 2°,

respectively.
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Figure 9. HRTEM image of Pt17 films corresponding to the region ‘B’ of Fig. 7b;. The insets,
(FTo,) shows the Fourier-transformed image corresponding to the whole structure image,

whereas ft; to ftg images show the FT images corresponding to regions ‘3’—‘6’, respectively.

Figure 10. HRTEM image of Pt17A films corresponding to the region ‘C’ of Fig. 7c;. The
insets, (FTy.) shows the Fourier-transformed image corresponding to the whole structure image,

whereas ft; to fty images show the FT images corresponding to regions “7°—‘9’, respectively.

Figure 11. The linear diffraction patterns (LDP) derived from the SAED patterns shown in Fig.
7, corresponding to (1) PtO, (II) Pt17, and (IIT) Pt17A films, respectively.

Figure 12. Selected area EELS spectroscopy of UNCD films: (a) core-loss EELS spectra and (b)
plasmon-loss EELS spectra, where (I) is Pt0, (II) is Pt17, and (II) is Pt17A films.

21



Journal of Materials Chemistry C

l.Pt17A

Intensity (arb. units)

1200 1400 1600 1800
Raman shift (cm™)

Figure 1

22

Page 22 of 34



Page 23 of 34

Journal of Materials Chemistry C

Intensity (counts)
=)

0

200 400 600 800 1000
Depth (nm)
Figure 2

23



Journal of Materials Chemistry C

250 30
] (a) 25
<200 4 \ .-20,-\
£ L £
2] ° -15 3
£ 150- \ =
o . ol r108
> “Trt17a il T~ 2
’? ~ t1 ilms O\o 5 .E
> & 4 -
210045 — o
g Ewwu G -0 =
2 |5 5 F
8 504 7 N
i App!ied fi'eld ='6.8 \{/pm L .10
0 30 60 90 120 150 n I
Time (min)
0-m = l/ .“15
PO 15 16 17 PH17A
lon dose (ions/cmz)
(b v. §°
51 (b) £,
T T
S %
T A \
2 34 gw
< J & 005 010 015 020 0.25)
é l. Pristine 1E (umV)
= 21u.pts I.
{m. Pt16 L
141IV. P17
] V. Pt17A
04

"0 15 20 25 30 35 40

E (V/um)

Figure 3

24

Page 24 of 34



Page 25 of 34

Intensity (arb.units)

Journal of Materials Chemistry C

(b) Pt17

(c) PH17A

282

284 286 288 290
Binding energy (eV)

Figure 4

25



Journal of Materials Chemistry C Page 26 of 34

Figure 5

26



Page 27 of 34 Journal of Materials Chemistry C

Il. . G
Sl ll. Il. GB
Il. Pt

Tunneling current (nA)

' »Y
o M
0 oo gt

o0 -05 10 15 -20 -25 -3.0 -3.5 -4.0

Sample bias (V)
Figure 6



(220)

(311)

Journal of Materials Chemistry C

(a) PtO
#

e s
it

iRy

&

" \(€) PH7A]

Figure 7

28

Page 28 of 34



Page 29 of 34

Journal of Materials Chemistry C

Figure 8

29



Journal of Materials Chemistry C Page 30 of 34

Figure 9

30



Page 31 of 34

Journal of Materials Chemistry C

Figure 10

31



Page 32 of 34

Journal of Materials Chemistry C

ll. Pt17A

1/d (1/nm)
Figure 11

32



Page 33 of 34

Journal of Materials Chemistry C

Intensity (arb. units)

. Pt17A

Il. Pt17

II" diamond gap

N
O-q------">

80 2

0

300 310 320

Energy loss (eV)

(b)

Intensity (arb. units)

. Pt17A

Il. Pt17

30 40 50 60

Energy loss (eV)

Figure 12

33



Journal of Materials Chemistry C Page 34 of 34

Table of contents:

J (mA/cm?)
5 4 B e K o N e

[} 5 10 15 20 25 30 35 40
E (V/um)

Pt nanoparticles catalytically induce nanographitic phases in grain boundaries achieving highly

conducting ultrananocrystalline diamond films with enhanced EFE properties



