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A hybrid-structured ultrananocrystalline diamond (h-UNCD) film, synthesized on Si-substrates by

a two-step microwave plasma enhanced chemical vapour deposition (MPECVD) process, contains

duplex structure with large diamond aggregates evenly dispersed in a matrix of ultra-small grains

(�5 nm). The two-step plasma synthesized h-UNCD films exhibit superior electron field emission

(EFE) properties than the one-step MPECVD deposited UNCD films. Nitrogen-ion implantation/

post-annealing processes further improve the EFE properties of these films. Current imaging

tunnelling spectroscopy in scanning tunnelling spectroscopy mode directly shows increased density

of emission sites in N implanted/post-annealed h-UNCD films than as-prepared one. X-ray

photoelectron spectroscopy measurements show increased sp2 phase content and C–N bonding

fraction in N ion implanted/post-annealed films. Transmission electron microscopic analysis

reveals that the N implantation/post-annealing processes induce the formation of defects in the

diamond grains, which decreases the band gap and increases the density of states within the band

gap of diamond. Moreover, the formation of nanographitic phase surrounding the small diamond

grains enhanced the conductivity at the diamond grain boundaries. Both of the phenomena enhance

the EFE properties. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790481]

I. INTRODUCTION

Ultra-nanocrystalline diamond (UNCD) film is a special

form of diamond that has recently caught great attention

from researchers because of its better electron field emission

(EFE) properties.1 The UNCD film has ultra-small diamond

grain (2–5 nm) and very smooth surface characteristics.1 The

grains are diamond, having a sp3 character and the grain

boundaries have a mixture of sp2, sp3, and amorphous carbon

with sp2 character being predominant.2 The decrease in dia-

mond grain size increases the grain boundary (GB) volume

fraction that contains the non-diamond carbon, resulting in

significant improvement in electrical properties for these

films. The non-diamond phase content plays a crucial role

for the EFE properties of diamond films.1 In an effort to

increase the non-diamond phase content and thus to improve

the EFE properties of diamond films, we have carried out a

modified nucleation and growth process, where a UNCD

film grown in CH4/Ar¼ 4/196 sccm plasma is used as the

nucleation layer for the growth of diamond film in the

same microwave plasma enhanced chemical vapour deposi-

tion (MPECVD) chamber in CH4/Ar/H2¼ 1/50/49 sccm

plasma.3–5 Such a two-step MPECVD process resulted in

hybrid-UNCD (h-UNCD) diamond film with very unique

granular structure, which neither contains micron sized nor

ultranano-sized diamond grains. These films contained large

diamond aggregates dispersed among the ultra-small dia-

mond (�5 nm) matrix. Such kind of hybrid granular struc-

tured UNCD films exhibits better EFE properties than the

conventional micro-, nano-, or ultranano-crystalline diamond

films.3–5 However, the resulted EFE properties are still not

satisfactory, as compared with those of nano-carbon materi-

als,6–8 indicating that there is still room for improvement.

Ion implantation was extensively used in the past to dope

bulk diamond to enhance their electrical properties.9–12

N-ion implantation to hybrid-UNCD films seems to be a

probable approach for further enhancing the EFE properties

of these thin diamond materials.

In this context, we report a detailed study on the effect of

N ion implantation and subsequent post-annealing (N-ion im-

plantation/post-annealing) processes in modifying the micro-

structure and EFE properties of h-UNCD films, which were

prepared by a two-step MPECVD process. Importantly, current

imaging tunnelling spectroscopy (CITS) in scanning tunnelling

spectroscopy (STS) mode is used to directly detect the increased

emission site densities in N implanted/post-annealed films than

the as-prepared ones in nanometre scale. High resolution trans-

mission electron microscopy (HRTEM) is used to investigate

the microstructural evolution of the film surface after the N

implantation/post-annealing processes. Further, the possible

mechanism for enhancement in EFE properties of these hybrid

films is discussed on the basis of the experimental observations.

II. EXPERIMENTAL

Diamond films were grown on n-type mirror polished Si

(100) substrates. The UNCD films were used as a nucleation

layer to promote the growth of diamond films on it. The

UNCD nucleation layer was grown on Si-substrates by

MPECVD process, in Ar-rich plasma (CH4/Ar/H2¼ 4/196/0

sccm) conditions (1200 W, 133 mbar, 60 min) to a thickness of

1 lm. The growth process was carried out at low temperatures

of 480 �C without any intentional heating of the substrates.
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Growth of the secondary diamond films on UNCD nucleation

layer was carried out in the same MPECVD processor using

H2-riched plasma (CH4/Ar/H2¼ 1/49/50 sccm, 73 mbar) with

1600 W microwave power for 60 min. The total thickness of

the film after the secondary diamond film deposition is 1.7 lm.

Such a process modified the granular structure of UNCD layer,

rather than forming a large diamond grain layer on top of

UNCD films.3–5 Thus, obtained composite films were desig-

nated as hybrid-UNCD films. A 150 kV ion implanter was

used to implant 75 keV nitrogen ions with an ion fluence of

5� 1015 ions/cm2 on h-UNCD films at room temperature and

a pressure below 2� 10�7 mbar. This fluence was so chosen

as a critical dose of over 1� 1015 ions/cm2 is required to

improve the EFE properties of UNCD films.11 After implanta-

tion, the films were annealed at 800 �C in N2 atmosphere for

30 min.

Field emission experiments were carried out in a home-

made tuneable parallel plate capacitor setup. The separation

between the anode (Mo) tip and the sample was measured

using a digital micrometer and an optical microscope. The

EFE properties were analyzed by Fowler–Nordheim (F–N)

model.13 The turn-on field is designated as the interception

of the high and low-field segments of the F–N plots. The

surface morphology of as-prepared, N ion implanted, and

post-annealed hybrid-UNCD films was investigated by field

emission scanning electron microscope (FESEM, CARL

ZEISS, SUPRA 55). The Raman spectra were recorded by

using 514.5 nm line of an Ar-ion laser in Renishaw micro-

Raman spectrometer (Model-INVIA). The chemical bonding

structures were investigated by X-ray photoelectron spec-

troscopy (XPS, SPECS, Germany). This spectrometer uses

monochromatic Al Ka radiation at 1486.74 eV as a probe.

The detailed microstructures of h-UNCD films are examined

by transmission electron microscope (TEM, Joel 2100).

Scanning tunnelling microscopy (STM) measurements

were carried out in a UHV-STM apparatus (150 Aarhus,

SPECS GmbH, Germany) at 10�10 mbar pressure. The STS

spectra were obtained during scanning and the data presented

here are reproducible over subsequent scans. CITS in STS

mode was carried out to correlate the STM images with its

surface local density of states (DOS) distributions.13 CITS

involves acquiring, a current versus voltage (I-V) curve, in

each point of the scanned surface while the feedback loop is

off.

III. RESULTS

A. Material characteristics

The effect of N ion implantation and post-annealing proc-

esses in modifying the EFE properties of h-UNCD films is

shown in Fig. 1 with the inset indicating the corresponding

F–N plot, the variation of ln(J/E2) versus 1/E, of the corre-

sponding field emission (J-E) curves. The turn-on field (E0)

designated here is the lowest value of the F–N plot, corre-

sponding to the intersection of the low and high electric field

segments. This figure shows that the turn-on field (E0)

decreases from 10.3 V/lm for as-prepared h-UNCD films

(curve I) to 7.4 V/lm for N-ion implanted/post-annealed films

(curve II). The current density (Je) value at an applied field of

17 V/lm increases from 0.07 mA/cm2 for as-prepared

h-UNCD films to 0.57 mA/cm2 for N-ion implanted/post-

annealed films. The details of the EFE properties of as-

prepared, N-ion implanted/post-annealed h-UNCD films are

listed in Table I.

To understand the mechanism behind the enhancement in

EFE properties for N-ion implanted/post-annealed films fur-

ther, SEM, Raman, XPS, TEM, STM, and STS measurements

are carried out in more detail. Figures 2(a) and 2(b) show the

FESEM images of as-prepared and N-ion implanted/post-

annealed h-UNCD films, respectively. Interestingly, the as-

prepared h-UNCD (Fig. 2(a)) films do not show the surface

morphology of either UNCD films grown in CH4/Ar plasma

or diamond films grown in hydrogen-containing plasma (CH4/

Ar/H2). The surface of as-prepared h-UNCD films has few

nanometres of diamond grains merged with each other, form-

ing aggregates of about 100–200 nm in size. Interestingly, af-

ter the high dose ion implantation, deep groovings along the

boundaries of the aggregates are observed (not shown). Post-

annealing process seems to fuse together the groovings, mak-

ing the surface look like true cauliflower structures (Fig. 2(b)).

Figures 3(a) and 3(b) show the Raman spectra of as-

prepared and N-ion implanted/post-annealed h-UNCD films.

The Raman spectra were de-convoluted by using multi-peak

Lorentzian fitting method. Seven peaks were observed in as-

prepared h-UNCD films as v1 (1133 cm�1), v2 (1192 cm�1), v3

(1450 cm�1), D (1321 cm�1), D* (1362 cm�1), G (1552 cm�1),

and the nanographitic G0 (1594 cm�1) as illustrated in Fig.

3(a). D-band resonance peak at 1321 cm�1 is the characteristic

of diamond phase. The v1 and v2 refer to the signature of

FIG. 1. Electron field emission properties of (I) as-prepared and (II) N-ion

implanted/post-annealed hybrid-UNCD films. The inset shows the F–N plot

of the corresponding J-E graph.

TABLE I. The EFE performances of as-prepared and N-ion implanted/post-

annealed hybrid-UNCD films (E0, turn-on field estimated from the Fowler-

Nordheim plots as the interception of the line segment extrapolated from

high field and low field regime; Je, EFE current density at an applied field of

17 V/lm).

Hybrid-UNCD samples E0 (V/lm) Je (mA/cm2)

As-prepared 10.3 0.07

N-ion implanted/post-annealed 7.4 0.57

054311-2 Panda et al. J. Appl. Phys. 113, 054311 (2013)
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nanodiamond phase and always accompanied by another peak

v3 due to the presence of transpolyacetylene (trans(CH)x)

phase at the grain boundaries.14 Moreover, D*-band

(1362 cm�1) and G-band (1552 cm�1) represent the disorder

carbons and graphitic content in the diamond film, respec-

tively.15,16 A shoulder peak around 1594 cm�1 (designated as

G0 band) is seen that possibly arises from the nanocrystalline

graphitic content of the films.16

The effect of N-ion implantation/post-annealing proc-

esses on altering the bonding characteristics of h-UNCD

films is shown in Figure 3(b). Smaller amount of v1 and v2

phases is seen in N-ion implanted/post-annealed films. How-

ever, the position of v3 peak is shifted to higher wave number

side (1463 cm�1). The shifting is probably a sign of the

breaking of transpolyacetylene chains due to the high doses

of N-ion implantation/post-annealing processes.14 These

processes increase markedly the D* peak, inferring the

increase in disordered carbon and nano-graphitic phase. The

Raman spectra show that IG/ID values (ratio of intensities of

G-peak to D-peak) are 0.54 and 1.02 in as-prepared and

N-ion implanted/post-annealed h-UNCD films, respectively.

The increase of IG/ID value in N-ion implanted/post-annealed

films indicates the formation of nanographite and decrease in

sp3 content, according to the three-stage model of increasing

disorder in carbon materials.16,17 It is to be noted that visible

Raman spectroscopy can only give information about the

sp2-bonded carbon and only indirect information on the rela-

tive sp3 content. The higher intensity of G0-band is observed

after the N-ion implantation/post-annealing process (Fig.

3(b)). The disorder/amorphous type Raman resonances are

converted into graphitic one due to the N-ion implantation/

post-annealing of h-UNCD films. The position of G0 peak is

1594 and 1603 cm�1 in as-prepared and N implanted/post-

annealed films, respectively. The shifting of the G0 peak to

higher wave number side in N-implanted/post-annealed films

is possibly due to the formation of nanocrystalline graphite

from amorphous phase by these processes.16 The formation

of nanographitic phase by the N implantation and post-

annealing process is also confirmed by TEM study, which

will be discussed shortly. The presence of defects, increase

in sp2 content upon N-implantation/post-annealing proc-

esses, and the presence of nanographitic phase can enhance

the field emission properties of h-UNCD films.13

To reveal the effect of N ion implantation/post-anneal-

ing processes on the surface chemical bonding characteris-

tics of h-UNCD films more precisely, XPS measurements

were carried out. Figure 4 shows the C1s photoemission

spectra of as-prepared and post-annealed h-UNCD films.

The background was subtracted using Shirley’s method.18

The measurements were conducted without ion sputtering

etching in XPS chamber to avoid reconfiguration of the sur-

face bonding structures. The data were fitted with Lorentzian

peaks with binding energies at 284.5, 285.6, 285.2, and

286.1 corresponding to the sp2 (C¼C), sp3 (C–C), C¼N, and

C–N phases respectively. The relative intensities of each

phase are given in Table II. In as-prepared h-UNCD, sp3

C–C bonding is predominant with a peak intensity of 53.9%

while sp2 C¼C intensity is 42.9%. There is a little amount of

nitrogen present in as-prepared films as C–N (1.9%) and

FIG. 2. SEM micrograph of (a) as-prepared and (b) N-ion implanted/post-

annealed hybrid-UNCD films. Change in microstructure by the N implanta-

tion/post-annealing process is clearly seen.

FIG. 3. Raman spectra of (a) as-prepared and (b) N-ion implanted/post-

annealed hybrid-UNCD films taken with 514.5 nm laser line.

054311-3 Panda et al. J. Appl. Phys. 113, 054311 (2013)
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C¼N (1.3%) phases. After N-implantation/post-annealing

processes, sp3 C–C peak intensity drastically decreases to

24.37% and sp2 C¼C peak intensity increases to 46.80%.

Moreover, the N-implanted/post-annealed films clearly

show the presence of C–N and C¼N phases as marked in

Fig. 4(b). The appearances of these phases indicate that the

chemical bonding between C and N is formed after the

N-implantation/post-annealing processes. The increase in

sp2 content upon N-implantation/post-annealing processes

is consistent with the Raman results (Fig. 2(b)). Increase in

C¼N phase and decrease in C–N phase in N-implanted/

post-annealed films indicate the loss of N atoms from the tet-

rahedral sp3 site and increase in N atoms in aromatic sp2

(C¼C) sites. There will be also some loss of nitrogen and

rearrangement of carbon atoms to form sp2 C¼C bonds.19

B. Scanning tunnelling spectroscopy

To reveal how the changes in microstructure and con-

centrations of sp2, sp3, C–N, and C¼N phases affect the EFE

properties of these films, the local electronic properties of

the films were investigated by CITS in STS mode to directly

reveal the emission sites in these films. STS measurements

of as-prepared and N-implanted/post-annealed h-UNCD

films were systematically performed to study the effect of

these processes on the density of emission sites. As prepared

h-UNCD films are resistive for STM measurements. The sur-

face of as-prepared h-UNCD film became conducting when

sputter ion-etched with Arþ ions for 1 min by removing

nearly 1 nm thickness inside the XPS chamber. STM meas-

urements are made after that Figure 5(a) shows the STM

image of as-prepared h-UNCD film surface. In as-prepared

h-UNCD films, the grains coalesced, forming bigger dia-

mond aggregates, as also seen by SEM (cf. Fig 2(a)). Such a

typical bigger diamond aggregate is marked as “i” with the

facet as “ii” in Fig. 5(a). Figure 5(b) is the CITS image corre-

sponding to Fig. 5(a) taken at a sample bias of �2.5 V.

Bright and dark regions in the CITS image are visible with

their shapes having similarity with the shapes of grain “i”
and facet “ii” of STM image in Fig. 5(a), respectively. Bright

contrast in the CITS image represents better electron emis-

sion.13 The CITS image reveals that the emission sites are

mainly along the facets of the as-deposited h-UNCD films,

very less in density and are seen discontinuously throughout

the sample surface.FIG. 4. C1s XPS spectra of (a) as-prepared and (b) N-ion implanted/post-

annealed hybrid-UNCD films.

TABLE II. Relative intensities of various components of C1s XPS spectra

from as-prepared and N-implanted/post-annealed hybride-UNCD films.

Peak intensity (%) of hybrid-UNCD film

Peak

position (eV)

Chemical

bonding As prepared Post-annealed

284.5 sp2 42.9 46.8

285.6 sp3 53.9 24.37

285.2 C¼N 1.3 21.04

286.1 C–N 1.9 7.79

FIG. 5. The STM image of (a) as-prepared and (c) N-ion implanted/post-

annealed hybrid-UNCD films with (b) and (d) showing the CITS image

corresponding to (a) and (c); the HRSTM image of (e) N-ion implanted/

post-annealed hybrid-UNCD films with (f) the corresponding CITS image.

The CITS images were acquired at a negative sample bias of 2.5 V.
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Figure 5(c) shows that coalesce of the smaller grains

occurs due to the N-implantation/post-annealing processes

and it forms typical cauliflower like structure as seen in SEM

(cf. Fig. 2(b)). The corresponding CITS image is shown in

Fig. 5(d), taken at a sample bias of �2.5 V. Typical large

aggregates and boundaries in this image are marked as “i”
and “ii.” The corresponding positions in the CITS image (Fig.

5(d)) are also marked “i” and “ii.” Interestingly, the emission

site density increases significantly in N-implanted/post-

annealed films than as-prepared films. It looks as if the whole

film surface emits. The post-annealed h-UNCD film surface

(Fig. 5(c)) is still made up smaller diamond particles. Figure

5(e) shows the high resolution STM (HRSTM) image taken

within the diamond grain region marked as “i” in Fig. 5(c),

which is actually composed of smaller grains separated by

grain boundaries. We could observe uniform diamond grains

of nearly 5 nm. Typical grain and grain boundary are marked

as “iii” and “iv” in Fig. 5(e). Figure 5(f) shows the CITS

image corresponding to Fig. 5(e) taken at the sample bias of

�2.5 V. It is observed that the emission sites are along the

grain boundaries of the smaller grains marked as “iv” in Fig.

5(f), indicating that grain boundaries are the prominent elec-

tron emission sites. Thus the larger grains observed in Fig.

5(c) are actually composed of smaller grains of nearly 5 nm

in size, with well separated grain boundaries. The number

densities of these smaller grains with emitting grain bounda-

ries are large enough in N-implanted/post-annealed h-UNCD

films such that it appears as if the bigger diamond aggregates

as a whole emits when we see in a large scale.

The local electronic properties are characterized by

measuring the local current vs. voltage (I-V) curves of N-ion

implanted/post-annealed hybrid-UNCD films from STS

measurements at various sample positions as on the grains

and grain boundaries in HRSTM image shown in Fig. 5(e).

The tunnelling current under positive bias to the h-UNCD

films is lesser than that under negative bias, implying that

the films have n-type conductivity. Only the negative portion

of the I-V curves is shown in Fig. 6, as the negatively biased

current corresponds to the tunnelling of electrons from the

diamond surface to the tungsten tip and is proportional to the

density of occupied states in the diamond. Ten reproducible

I-V spectra corresponding to each emission sites (grain and

grain boundaries of N-ion implanted/post-annealed film as

shown in Fig. 5(e)) were recorded during the I-V measure-

ments. It should be noted that the curves “G” and “GB” cor-

respond to grain and grain boundary of N-ion implanted/

post-annealed films, respectively (locations “iii” and “iv” in

Fig. 5(e), respectively). We observed a significant change in

I-V characteristic curves both at the grain and at the grain

boundary for N ion implanted/post-annealed h-UNCD films.

The grain boundaries (curve GB) emit at a lower sample bias

compared to the grains (curve G). Moreover, the conductiv-

ity of the grain boundaries is better than that of grains in

both films, which is consistent with the CITS image, show-

ing bright emissions around the grain boundaries shown in

Figs. 5(e) and 5(f).

Moreover, the I-V characteristic curves recorded during

the STS measurements (Figure 6(a)) are used to calculate the

normalized conductance
dI=dV
I=V at the grain and grain boundary

of the h-UNCD films. The normalized conductance vs.

applied input voltage provides information about the surface

local density of states (LDOS).21,22 The normalized conduct-

ance curves corresponding to these I-V curves are plotted in

Fig. 6(b) for N ion implanted/post-annealed films. From

the I-V spectra corresponding to the grain of as-prepared

h-UNCD films that were not shown here, we calculated a

band gap of about 4.65 eV, which is in accorded with the

reported value for the nanocrystalline diamond grain. Interest-

ingly, the band gap decreases to 2.9 eV corresponding to curve

“G” in Fig. 6(a) at the diamond grain in N-ion implanted/post-

annealed hybrid-UNCD film as observed in curve “G,” Fig.

6(b). The decrease in band gap is in accord with the band

structure calculation23 that showed the reduction in band gap

of diamond by 25% after N doping. Furthermore, band gap of

grain boundary reduces, showing nearly metallic behaviour

(curve “GB,” Fig. 6(b)). The sp2, nanographitic phase, and

nitrogen content at the grain boundaries increase by annealing

process that gives rise to the observed metallic behaviour.

FIG. 6. The (a) local I-V curves obtained in STS measurements at the grain

“G” and the grain boundary “GB” of N-ion implanted/post-annealed hybrid-

UNCD films [marked as “iii” and “iv” in high resolution STM image in Fig.

5(e)], where the thick line drawn corresponds to the average of 10 I-V curves

at the designated points. (b) Normalized differential conductance (dI/dV)/

(I/V) corresponding to I-V curves at the grain “G” and the grain boundary

“GB” of these hybrid-UNCD films.
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From the above described electronic band structure, we

can assume that N ion implantation/post-annealing processes

induce structural defects that can introduce electronic defect

states in the band gap of diamond grains. This fact is also

supported by the TEM results discussed shortly. Nitrogen

substitution, which is confirmed by XPS measurements, can

also introduce new electronic states in the band gap of dia-

mond grains, as suggested by the density functional tight

binding calculations of Zapol.24,25 Moreover, band gap for

the grain boundaries is much lesser, compared to that of the

grains, due to the presence of a mixture of sp2, sp3, and

amorphous carbon phases26 (cf. TEM observations). The

grain boundaries have higher conductivity that can account

for the significant emission from these sites, as observed in

the CITS images (cf. Fig. 5(f)).

Editing accepted N ion implantation/post-annealing

processes remove the defects, form complex stable defects

and conversion of amorphous phase to nano-graphite clus-

ters, and enhance the doping of nitrogen and out diffusion of

a certain fraction of nitrogen from diamond grains to the

grain boundaries. Increase in DOS upon annealing can be

due to the introduction of stable defect complexes in the dia-

mond grain.27 The high density of states within the band gap

significantly reduces the potential barrier for field emitted

electrons28 and enhances the field emission properties.

Restated, densities of states are introduced in the band

gap of diamond in N ion implanted/post-annealed films that

enhances the EFE process. However, the grain boundaries

mostly contain the nanographitic phase giving raise to metal-

lic conductivity. These conductive grain boundaries form con-

ducting channels at the interface of diamond grains, resulting

in prominent electron emission. The grain boundaries are

more susceptible to amorphization and graphitization upon

the N implantation/post-annealing processes.11 This is the

authentic factor altering the EFE behaviour for these films.

Our results show the possibility of a grain-boundary electron

transport mechanism (conductivity-channel process)24,28 in

h-UNCD films.

C. Transmission electron microscopy

The STS measurements illustrate clearly the benefit of

N ion implantation/post-implantation-annealing process on

increasing the number density of field emission sites. How-

ever, the authentic factor for such an effect is still not clear.

It is suspected that the modification on the granular structure

for these films due to N ion implantation/post-annealing pro-

cess is the key. To investigate the possible cause for such

phenomena, the detail microstructure of these films was

examined using TEM. Figures 7(a) and 7(b) show the bright

field TEM micrographs of as-prepared and N-ion implanted/

post-annealed h-UNCD films, respectively. Figure 7(a)

reveals the microstructure of as-prepared h-UNCD films,

viz., all the films contain large diamond aggregates dispersed

evenly among the ultra-small grain matrix, forming a

duplex-granular structure. The selected area electron diffrac-

tion (SAED) shown as inset in each figure contains ring

shaped diffraction patterns, corresponding to (111), (220),

and (311) lattices of diamond, which indicates that most of

the materials are of diamond structure, even though Raman

spectra show small or invisible resonance peaks correspond-

ing to sp3-bonds for the films. The diffraction spots are

spotty and are arranged in a ring geometry, which infers the

presence of large and randomly oriented diamond grains. N-

ion implantation/post-annealing processes seem to impose

very limit modification on the granular structure for these

films, except that the large grains changed from equi-axed

geometry to elongated rod geometry for the N-ion

implanted/post-annealed samples (Fig. 7(b)). The duplex-

granular structure is still preserved. Figure 7(c) shows the

typical TEM micrograph for the ultra-small grain region in

as-prepared and N-ion implanted/post-annealed hybrid-

UNCD films, indicating that this region contains abundant

nano-sized diamond grains (�5 nm) with very uniform size

FIG. 7. The bright field TEM micrographs of (a) as-prepared and (b) N-ion

implanted/post-annealed hybrid-UNCD films; (c) the bright field TEM

micrograph of a typical ultra-small grain region in as-prepared or N-ion

implanted/post-annealed hybrid-UNCD films.
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distribution. It shows stronger central diffuse diffraction

ring, indicating that the ultra-small grain regions contain

much larger proportion of nano-graphite (or amorphous-

carbon).

However, more detailed investigation using high resolu-

tion TEM revealed marked change in microstructure of the

films induced by the N-ion implantation/post-annealing proc-

esses. Figure 8(a) shows the TEM structure images corre-

sponding to the large diamond aggregates of the as-prepared h-

UNCD films along with the associated Fourier-transformed

(FT) diffractograms, which corresponding to whole structure

image shown as insets (labelled as FT0a). It shows that, in as-

prepared h-UNCD films, the diamond aggregates contain large

proportion of planar defects. There are regions containing par-

allel fringes with irregular spacing, region 1. The rel-rods asso-

ciated with the major diffraction spots in the associated FT1

image (inset, Fig. 8(a)) indicate that these fringes correspond

to stacking faults.20 There are regions containing parallel

fringes with regular spacing, region 2. The systematic diffrac-

tion spots in FT2 image (insets, Fig. 8(a)) implies that these

fringes correspond to hexagonal diamond lattice,20 an allot-

ropy of cubic diamond. Figure 8(b) shows that the planar

defects, including the stacking faults and hexagonal diamond

lattices, are still observable but are less in proportion for the

N-ion implanted/post-annealed hybrid-UNCD films. More-

over, there are regions where some irregularities were induced

(indicated by arrows). These irregularities could be point

defects (voids) or line defects (dislocations), as seen by the shift-

ing in diffraction spots in the FT image (FT4) corresponding to

region 4, with respect to the regular diamond lattices (region 3

and FT3) in Fig. 8(b). N-ions implantation/postannealing of h-

UNCD films leads to recrystallization process, which converted

the amorphous carbon into nanographites and induced the coa-

lescences of the diamond grains.

Figures 9(a) and 9(b) show the TEM structure image for

the ultra-small grain region of the as-prepared and N-ions

implanted/post-annealed h-UNCD films, respectively. This

indicates that there is large proportion of amorphous phase

existing at the diamond grain boundaries that is implied by

the FT images corresponding to the whole structure image

(FT0a and FT0b). Notably, the diamond grains are smaller in

size for N-ions implanted/post-annealed h-UNCD films, as

compared with those of as-prepared ones, that are high-

lighted by FT1, FT3, and FT4-images corresponding to

regions 1, 3, and 4, respectively, in Figs. 9(a) and 9(b). The

N-ions implantation/post-annealing processes seem to disin-

tegrate the grain boundary transpoly-acetylene phase, indu-

ces the formation of nanographite at the grain boundary

regions. Such an argument is supported by the presence of

stronger central ring in the FT image, FT0b.

Restated, the N-ion implantation/post-annealing processes

markedly modify the microstructure of both the large diamond

aggregates and the ultra-small diamond grains of the h-UNCD

films. Substitutional incorporation of N ions into diamond

occurs which is expected to alter the electronic band structure

for diamond and can account for the change in band gap

FIG. 8. The TEM structure image corresponding to the large diamond aggre-

gates for (a) as-prepared and (b) N ion implanted/post-annealed hybrid-

UNCD films. The insets FT0a and FT0b show the FT images corresponding

to the whole structure images in “a” and “b,” respectively, and the FT1 to

FT4 show the FT images corresponding to the areas “1” to “4,” respectively.

FIG. 9. The TEM structure image of a typical ultra-small grain region for

the (a) as-prepared and (b) N-ion implanted/post-annealed hybrid-UNCD

films. The insets FT0a and FT0b show the FT images corresponding to the

whole structure images in “a” and “b,” respectively, and the FT1 to FT4

show the FT images corresponding to the areas “1” to “4,” respectively.
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measurements. The modification on the electronic structure of

the large diamond aggregates could facilitate the field emission

behaviour for these films. However, more prominent effect

due to these processes is the induction of nano-graphite phase

between the ultra-small diamond grain regions that form an

interconnected path for electron transport.

IV. CONCLUSION

The electron field emission properties of the two-step

MPECVD grown diamond (hybrid-UNCD) films were mark-

edly improved by N-ion implantation/post-annealing proc-

esses. N ion implanted/post-annealed hybrid-UNCD hybrid

films show a low turn-on field of ((E0)hybrid-UNCD¼ 7.4 V/

lm) with large current density of ((Je)hybrid-UNCD¼ 0.57

mA/cm2, at 17 V/lm)), which is markedly better than the

one-step prepared UNCD films. XPS measurements show

increased sp2 phase content and C–N bonding fraction in N

ion implanted/post-annealed films. Microstructural analysis

reveals the mechanism behind the enhanced EFE properties in

N implanted/post-annealed films is due to the induction of

point defects in the diamond grains and formation of nanogra-

phitic phase surrounding the small diamond grains. Current

imaging tunnelling spectroscopy in scanning tunnelling spec-

troscopy mode directly shows the increased emission site den-

sities in N implanted/post-annealed hybrid-UNCD films than

the as-prepared ones. The role of nanographitic phase con-

firmed from TEM studies in improving the emission sites in N

implanted/post-annealed films is directly revealed by high re-

solution CITS measurements. The nanographites surrounding

the small diamond grain region formed an interconnected path

throughout the film surface that facilitates the easy transport

of electrons and thereby markedly enhances the EFE proper-

ties of these N implanted/post-annealed hybrid-UNCD films.
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