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Nano-diamond particles are co-deposited on Ti substrates with metal (Ti/Ni) nanoparticles (NPs) by the elec-
trophoretic deposition (EPD) method combined with a furnace annealing at 800 °C under N, atmosphere. Modifications of
structural and electron field emission (EFE) properties of the metal-doped films are investigated with different metal NPs
concentrations. Our results show that the surface characteristics and EFE performances of the samples are first enhanced
and then reduced with metal NPs concentration increasing. Both the Ti-doped and Ni-doped nano-diamond composite
films exhibit optimal EFE and microstructural performances when the doping quantity is 5 mg. Remarkably enhanced EFE
properties with a low turn-on field of 1.38 V/um and a high current density of 1.32 mA/cm? at an applied field of 2.94 V/um
are achieved for Ni-doped nano-diamond films, and are superior to those for Ti-doped ones. The enhancement of the EFE
properties for the Ti-doped films results from the formation of the TiC-network after annealing. However, the doping of
electron-rich Ni NPs and formation of high conductive graphitic phase are considered to be the factor, which results in
marvelous EFE properties for these Ni-doped nano-diamond films.

Keywords: diamond films, metal doping, electrophoretic deposition, field emission properties

PACS: 81.05.uj, 85.45.Fd, 81.07.Wx

1. Introduction

Diamond films have attracted much interest in studying
the excellent electron field emission properties of vacuum mi-
croelectronic devices and flat panel displays. Besides its out-
standing physical properties like high hardness, chemical in-
ertness, high corrosion resistance, thermal conductivity, efc.,
diamond film possesses negative electron affinity and low ef-
fective work function, which thus have been widely studied
for the applications in electron field emitters.!!=! However,
due to the high resistivity of diamond, the replenishment and
transport of electrons in bulk diamond are diminished, it is dif-
ficult to form depletion regions required for rectification and
modulation. [4-°!

Accordingly, some efforts have been made to improve the
emission properties of diamond films, with most work focus-
ing on surface treatments,!”-! micropatterned structures, %!
and film doping.!'"!?! It was reported that incorporation of
metallic elements can not only effectively lower the residual
stress and modify the carbon films’ mechanical property, but
also simultaneously improve the capability of field emission
display (FED) cathode materials to emit electrons. For these
reasons, diamond reinforced metal doped materials and their
potential applications in electron field emission systems are
extensively studied. For example, metal Ti can be bonded
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with diamond grains under certain annealing conditions to

form a TiC structure or a layered structure with conductive

1314 The Ni ions have a certain degree of solubility

15-17]

channels. !
to diamond and catalyze the formation of sp? carbon. !

However, detonated nano-diamond powder converted by
carbon at high temperatures and high pressures!'®! has been
demonstrated to exhibit several special properties.!'”) More-
over, electrophoretic deposition (EPD) could offer a more eco-
nomical and simple method to produce not only a homoge-
nous mixture of diamond and bonding phase particles which
should fabricate continuous metal embedded diamond compo-
nents, but also a controllable thickness coating. Therefore, it
is expected to fabricate EFE enhanced Ti-doped and Ni-doped
nano-diamond films by the EPD method.

In this work, different quantities of Ti or Ni nano-powders
are doped in the nano-diamond films by the EPD method
combined with a furnace annealing at 800 °C under N, at-
mosphere. Detailed studies are carried out to reveal the sur-
face morphologies of the metal (Ti/Ni)-doped nano-diamond
films by using field emission scanning electron microscope
(SEM). The crystalline quality of the nano-diamond films
is further investigated using x-ray diffraction (XRD) mea-
surements and Raman spectroscopy. The x-ray photoelec-
tron spectroscopy (XPS) measurements are performed on a
PHI1600-ESCA system, with an incident radiation source of
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Mg Ka (hv = 1253.6 eV) to reveal the chemical charge state
of carbon of the nano-diamond film. It is found that appro-
priate doping concentration of metal (Ti/Ni) nano-powder can
greatly improve the continuity and compactness, as well as
the field emission properties of the nano-diamond films. The
possible mechanisms for enhancing the EFE behaviors of the
nano-diamond films are discussed based on these observa-
tions.

2. Experiment

In this work, 10 mmx10 mmx0.5 mm titanium sheets
were used as the substrates. They were polished and cleaned
by acetone, ethanol solution and deionized water in sequence
before electrophoretic deposition. 40 mL of iso-butanol, 1 mL
of acetone, 1 mL of deionized water, 20 mg of iodine, and
20 mg of nano-diamond powder were mixed as an elec-
trophoresis solution required for the experiment. Then added
into the solution were 2.5, 5, and 7.5 mg of Ti or Ni metal pow-
ders, respectively. The average grain size of Ti nanoparticles
was in a range between 50 nm and 100 nm (99.8%, purity),
the average grain size of Ni nanoparticles ranges from 50 nm
to 100 nm (99.9%, purity). Each mixture was ultrasonically
dispersed for approximately 60 min to form a suspension. In
this experiment, the storage of the sample and the preparation
of the solution were carried out in a glove box to prevent Ti
and Ni powders from being oxidized.

The cathode and the anode were placed in the elec-
trophoresis liquid, with their spacing being 10 mm. The
treated Ti plate was fixed to the cathode by using a conduc-
tive paste and then the electrodes were put into the dispersed
electrophoresis solution at a voltage of 60 V for 5 min. Then,
Ti-doped and Ni-doped samples were annealed at 800 °C for
10 min in N atmosphere to form Ti—C bonds between the
diamond and the substrate to enhance bonding. The nano-
diamond films doped with different quantities of Ti powders of
2.5, 5, and 7.5 mg were denoted as Ti2.5-D, Ti5-D, and Ti7.5-
D, respectively. Similarly, the nano-diamond films doped with
different quantities of Ni powders were named Ni2.5-D, Ni5-
D, and Ni7.5-D, respectively. The undoped nano-diamond
film without being annealed and undoped nano-diamond film
with being annealed were also given for reference in this paper.
They were called “pristine” and “as-prepared,” respectively.

Field emission scanning electron microscope (FE-SEM)
was operated by combining with JSM-7100F/QX200 field
emission scanning electron microscope. In the Raman spec-
troscopy, an argon laser beam was used to recognize the ‘struc-
tural’ quality of the nano-diamond film. The x-ray diffraction
(XRD) data were measured with a scanning speed of 3 °/min
and Cu K« radiation (A = 0.154 nm). The EFE measurement
was performed by a high vacuum field emission system built

by Taiyuan University of Technology, where a slice of oxygen-
free copper plate served as an anode, and the samples acted as
a cathode, whereas the distance between the anode probe and
the cathode nano-diamond films was 200 wm. When the vac-
uum reached 1.0 x 10™* Pa, the current density versus elec-
trical field (J-E) characteristic curve was measured by Keith-
ley2290.

3. Results and discussion

Figures 1(a) and 1(b) show that the pristine films have
poor uniformity with islands distributed on the surfaces of the
nano-diamond films without metal doping. Clearly, after an-
nealing in the N, atmosphere, an apparent continuous powder
coating was deposited on the Ti surface. During annealing,
due to solid-state diffusion-reaction,?’! the bonding reaction
between the diamond and the Ti substrate occurred and pro-

13.14] Hence the bonding force be-

duced a TiC transition layer.!
tween the Ti substrate and the diamond coating was enhanced,
thereby improving the uniformity of the film. However, due
to the unique surface properties and magnetism of diamond
particles, particle agglomeration and deposition were easy to
occur during electrodeposition, which not only weakened the
uniform distribution of diamond particles in the coating, but
also resulted in the appearing of the dome-shaped nodules, ir-
regular gullies and grain coarsening, efc., in the coating. As a
result, the microstructure of the coating was destroyed. [>!]

Figures 2(a)-2(c) show the microstructures of the nano-
diamond films doped with different quantities of Ti nano-
powders. The surface morphologies of the films are remark-
ably changed by the doping of Ti powders. The islands com-
pletely disappear, the compactness and uniformity of the Ti-
doped diamond films are significantly improved with the in-
creasing of Ti concentration. However, many globular-shaped
nodules (powder agglomerates) are visible on the diamond sur-
face in the sample Ti2.5-D, which means that the agglom-
eration of diamond particles still happen at low concentra-
tion Ti doping. Studies show that the typical structure of a
nano-diamond particle consists of a diamond core with a thin
graphite shell, which stabilizes the particle.[*!] As the con-
tent of Ti powders increases, diamond particles can be fully
mixed with Ti particles, more and more Ti particles react with
the graphite shell to form TiC between Ti particles and dia-
mond grains (TiC interface). As a result, the bonding force
between diamond grains, as well as between Ti substrate and
diamond films is enhanced, which makes the surface of the
sample continuous and dense. However, when the Ti doping
amount reaches 7.5 mg, the sheet structures appear on the sur-
face of the film, indicating the formation of TiC/Ti as shown
in the EDS. They cover the effective emitters (diamond grains)
and will diminish the field emission properties of the compos-
ited nano-diamond film.
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Fig. 2. FESEM images at 1 kx (left), EDS spectrum analysis (middle), and FESEM images at 10 kx (right) of (a) Ti2.5-D, (b) Ti5-D, and (c) Ti7.5-D.

Figures 3(a)-3(c) show SEM micrographs and EDS spec-
trum analysis for samples of Ni2.5-D, Ni5-D, and Ni7.5-D, re-
spectively. The characteristics of the Ni-doped nano-diamond
vary with the Ni doping concentration markedly, and the parti-
cle sizes of nano-diamond films can be tailored by controlling
the amount of Ni in the electrolyte. A large number of Ni
particles denoted as white dots are observed to be distributed
in the Ni-doped nano-diamond films. It can be clearly seen
through the EDS display at high magnifications (The figure is
not shown here) that the large white particles in the picture
are Ni particles. It can be found that the diameters of these
Ni nanoparticles are about 50 nm—100 nm, which is similar to
that of the Ni particle (80 nm in diameter) used in this study.
Obviously, there still exist powder agglomerates and irregular
gullies on the surface of the Ni2.5-D sample while the parti-

cles of the Ni5-D sample are uniform in size and compact in
structure. It can be seen clearly from the high magnification
SEM image that the Ni core is shielded by surrounding carbon
elements (graphitic layers or amorphous carbon). However,
when the Ni-doped content increases to 7.5 mg (Fig. 3(c)), the
film is cracked into many sections. Even worse, the film shed-
ding can be observed in some regions. Such a phenomenon is
presumably ascribed to the worse diamond-to-substrate con-
tact properties for the diamond film doped with excessive Ni
powders. Meanwhile, the EDS patterns in Fig. 3 indicate that
agglomerations of the Ni particles occur in the 7.5-mg Ni dop-
ing process, which will reduce the catalytic effect of Ni on di-
amond. Therefore, the field emission performance of diamond
film can be expected to be reduced.
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Fig. 3. FESEM images at 1 kx (left), EDS spectrum analysis (middle), and FESEM images at 10 kx (right) of (a) Ni2.5-D, (b) Ni5-D, and (c¢) Ni7.5-D.
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Fig. 4. (a) XRD patterns of pristine, as-prepared, Ti2.5-D, Ti5-D, and Ti7.5-
D films; (b) XRD patterns of pristine, as-prepared, Ni2.5-D, Ni5-D, and
Ni7.5-D films.

Figures 4(a) and 4(b) show the XRD patterns of the nano-
diamond films doped with different quantities of Ti or Ni nano-
powers. The peaks at 26 = 38.48°, 40.17°, 53.11°, 62.95°,
70.66°, and 76.22° are attributed to reflections from Ti (002),
(101), (102), (110), (300), and (112) lattice planes, respec-
tively. The peak at 20 = 43.92° is assigned to the (111) lat-

tice plane of the diamond, which indicates that the diamond
films are successfully deposited on the Ti substrate by elec-
trophoretic deposition.?>?3! Diffraction peaks at 260 = 36.1°
and 39.37° appearing in all the annealed films demonstrate
the existence of TiC, which indicates that the bonding reac-
tion occurs between nano-diamond particles and Ti substrate
in the annealing process and a good bonding (TiC layer) is
realized.[**?3 Obviously, for the Ti-doped films, the intensi-
ties of the TiC peaks increase with the increasing of the con-
tent of Ti nano-powders, indicating that a larger number of
TiC phases are generated between Ti NPs and diamond grains.
In addition, the sample has diffraction peaks representing TiN
compounds at 20 = 54.54°, 56.74°, and 64.27°. This is be-
cause in the N; atmosphere at 800 °C, Ti-metal will react with
N; to form TiN. As for these Ni-doped films, the peaks at
26 = 41.53°, 76.7° are corresponding to Ni (002), (220),%¢!
which demonstrates that the Ni nanoparticles are successfully
doped into nano-diamond films by electrophoretic deposition.
As the Ni content increases, the intensity of the Ni diffraction
peak increases continuously.

Figures 5(a) and 5(b) show the Raman spectra of the
nano-diamond films doped with different quantities of Ti or
Ni powders. The peak positions for samples are given in Ta-
ble 1. Owing to their poor crystallinity and discontinuity, the
signals related to pristine diamond peaks are very weak, so the
original curve is magnified as given an insert. Raman spec-
tra indicate that these films contain two main features: one is
a broadened asymmetric peak which is superposed by 1325-
cm~! peak and 1350-cm~! peak, with a shoulder shifting to-
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ward lower wavenumbers, and the other is a broad peak with
a maximum at about 1580 cm~!. These diffused resonance
peaks are typical characteristics observed for nano-diamond
grains.!?’-?81 The D peak at 1325-cm™! peak is assigned to
diamond sp® bonded carbon while the D*-peak and G-peak,
respectively, represent the disordered carbon and graphitic
phase!!%1%! contained in the diamond grains. Clearly, the dia-
mond peak (1325 cm™) of the pristine nano-diamond film is

1 compared with

1112

shifted toward a lower frequency by 7 cm™
the monocrystalline cubic diamond peak at 1332 cm™
The phenomenon can be explained by a phonon confinement
effect®! and tensile stress of diamond.3%! Moreover, these
tensile stress of diamond is also surmised to be an intrin-
sic stress.3!1 After annealing, the D peak of the as-prepared
film shows a shift from 3 cm™! to a higher wavenumber of
1328 cm™~!, which means that the intrinsic stress of the dia-

mond film decreases. 3!

pristine

(a)

ntensity (arb. units)

1000 1400 1800
Raman shfit (cm~1)

D
!

Intensity (arb. units)

1400 1600 1800

Raman shfit (cm™1)
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%

as-prepared
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Fig. 5. (a) Raman spectra of as-prepared, Ti2.5-D, Ti5-D, Ti7.5-D films,

with inset showing Raman spectrum of pristine; (b) Raman spectra of as-
prepared, Ni2.5-D, Ni5-D, and Ni7.5-D films.

1000 1200 2000

With the increasing of doping quantity of Ti nanoparti-
cles, the D peak shifts unceasingly to a higher wavenumber
and the peak value of D peak reaches 1332 cm™!, which is
consistent with the peak of the bulk diamond. Such a phe-
nomenon is mainly because the ion doping will cause the stress
of the nano-diamond film to decrease.>?! However, the D*
peak shows a detectable increase in the Ni2.5-D film, which

mainly because Ni has a certain solubility and catalytic ca-
pability for carbon materials, which is beneficial to convert-
ing part of the diamond into graphite phase.!'>! Interestingly,
the Raman signal of the diamond cannot be observed in the
Ni5-D film due to the increase of graphitic or amorphous car-
bon catalyzed by Ni particles under 800 °C annealing, which
will be further discussed in combination with XPS results. It
should be noted that the visible Raman spectrum is over ten
times sensitive to sp>-bonds than to sp>-bonds.3*! The fact
that sp?-signal is overwhelmingly larger than sp>-signal in Ra-
man spectrum does not mean that all of the sp>-bonded mate-
rials have been converted into spz-bonded materials. However,
when the doping quantity is further increased to 7.5 mg, the in-
tensity of the D peak increases slightly. This can be explained
by the agglomeration of Ni nanoparticles when the excessive
Ni doping is applied as shown in Fig. 3(c), which reduces the
catalytic effect of Ni on the diamond, resulting in a decrease
in the number of disordered carbon or graphite phases.

Table 1. Peak positions for samples measured by Raman spectroscopy.

Sample D peak (cm~!)  D* peak (cm~!) G peak (cm™!)
Pristine 1325 1350 1580
As-prepared 1328 1353 1581
Ti2.5-D 1332 - 1585
Ti5-D 1333 - 1590
Ti7.5-D 1335 - 1592
Ni2.5-D 1331 1351 1590
NiS-D - 1352 1591
Ni7.5-D 1332 1353 1598

The XPS studies are carried out to investigate the mod-
ification of the chemical states and the near-surface charac-
teristics of the nano-diamond films caused by doping differ-
ent quantities of Ti or Ni powders. The C 1s photoemis-
sion spectra of the pristine, as-prepared, Ti or Ni-doped films
are shown in Fig. 6. The measurement is conducted without
ion sputtering etching to avoid reconfiguration of the bonds.
The C 1s XPS peaks are deconvoluted by using a Lorentzian
curve and the background contribution is removed by the
Shirley’s method.?*! Tracking the XPS core C 1s spectrum
binding energy position, corresponding sp? (284.5 eV) and
sp> (285.5 eV) intensities help to confirm our understanding
of metal (Ti or Ni) doping-induced chemical and electrical be-
haviors. The data are fitted with Lorentzian peaks with binding
energy at 284.4 eV and 285.1 eV corresponding to sp? and sp’
bonds, [*! and their relative intensities are given in Table 2. In
the pristine film, sp> bonding is predominant with a peak inten-
sity of 57.34%, while sp? intensity is 42.66%. After annealing
process in N, atmosphere, the slight decline in the sp? inten-
sity means that the graphite shell reacts with the Ti substrate
to form TiC.13®) Additionally, sp? peak intensity exhibits con-
tinuous decrease with the increase of Ti doping content, which
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further verifies that the sp® carbon rather than sp? carbon is
consumed to generate TiC. However, for the Ni-doped film,
the peak intensity of sp? of the Ni5-D increases to 67.53%,
which further confirms that the Ni particles catalyze a certain

amount of sp> to sp?. Interestingly, compared with Ni5-D, ex-
cessive doping of Ni powders (7.5 mg) results in the intensity
of the sp” peak decreasing slightly. The XPS results are well

consistent with the Raman results.

as-prepared

(a)

Intensity (arb.units)
Intensity (arb.units)

(c)

; G Ni2.5-D

Intensity (arb.units)

281 282 283 284 285 286 287 288
Binding energy (eV)

281 282 283 284 285 286 287 288
Binding energy (eV)

281 282 283 284 285 286 287 288
Binding energy (eV)

Fig. 6. (a) C 1s XPS spectra of pristine and as-prepared; (b) C 1s XPS spectra of Ti2.5-D, Ti5-D, and Ti7.5-D; (c) C 1s XPS spectra of Ni2.5-D, Ni5-D,

and Ni7.5-D.

Table 2. Relative intensities of various components of C 1s XPS spectra for pristine, as-prepared, Ti2.5-D, Ti5-D, Ti7.5-D, Ni2.5-D, Ni5-D, and Ni7.5-D

samples.
Peak Chemical Peak intensity (%)
position (eV) bonding Pristine As-prepared Ti2.5-D Ti5-D Ti7.5-D Ni2.5-D Ni5-D Ni7.5-D
284.4 sp? 42.66 40.69 34.04 30.22 28.89 60.08 67.53 65.13
285.1 sp° 57.34 59.31 65.96 69.78 71.11 39.32 32.47 34.87

Figure 7 shows the J—E curves and the FN plots of the
EFE characteristics obtained from the diamond films doped
with different quantities of Ti and Ni nano-powders. The de-
tails of the field emission parameters, such as turn-on field
(Ep) and EFE current density (J.) are given in Table 3. The
turn-on field (Ey) is designated as the interception between the
high- and low-field line segment of the FN plots.[?”] Owing to
the discontinuity and higher resistivity of the diamond grains,
the pristine film exhibits diminished emission properties. The
field emission performance shows that 800 °C annealing effec-
tively lowers the turn-on field from 8.15 V/um to 6.46 V/um
and increases the emission current density to 13.46 pA/cm?
under 7.12 V/um. Obviously, there is a significant variation in
the emission characteristics for diamond doped with different
quantities of metal (Ti/Ni) powders compared with those for
the un-doped diamond films. With the increase of the dop-
ing metal quantity, the EFE properties of the metal doped-
diamond films first increase and then decrease. For the Ti-
doped nano-diamond films, remarkably enhancement in EFE
properties is observed in Ti5-D film, which shows a low turn-
on field of 3.04 V/um and a current density of 15.54 pA/cm?
at an applied field of 3.69 V/um. Interestingly, the Ni5-D film
possesses an optimal EFE property with nickel incorporation.
Its turn-on field is reduced to 1.38 V/um, and a high current
density of 1.32 mA/cm? at an applied field of 2.94 V/um is
obtained, which are superior to those of Ti-doped film. But
the excessive doping of metal powders (7.5 mg) reduces the

EFE properties of the nano-diamond film.
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Fig. 7. (a) Electron field emission properties of pristine, as-prepared, Ti2.5-
D, Ti5-D, and Ti7.5-D films; (b) electron field emission properties of pris-
tine, as-prepared, Ni2.5-D, Ni5-D, and Ni7.5-D films, where insets show
corresponding Fowler—Nordheim (FN) plots.
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Table 3. Data on turn-on field (Ey), EFE current density (Je), and
applied field (E) for nano-diamond films corresponding to samples of
Fig. 7.

Sample Eop (V/um) Je (uA/cm?) E (V/pum)
Pristine 8.15 3.22 9.12
as-prepared 6.46 13.46 7.12
Ti2.5-D 4.94 13.26 5.44
Ti5-D 3.04 15.54 3.69
Ti7.5-D 6.29 14.16 6.86
Ni2.5-D 3.61 268.98 4.38
Ni5-D 1.38 1323.47 2.94
Ni7.5-D 4.54 201.55 6.59

Based on the above results from SEM, XRD, and Raman
measurements, the conduction mechanism for the improved
conductivity can be discussed below.

The discontinuity of the nano-diamond film makes it im-
possible for the electrons to be continuously released in the
transmission process, thus the pristine film shows poor field
emission properties. After 800-°C annealing, the formation
of TiC transition layers between the diamond films and the Ti
plate improves the uniformity of the sample, which increases
the number of emission sites (diamond grains) on the surface
of the film. Meanwhile, the formation of TiC generates the
ohmic contact between Ti and diamond, lowering the inter-
face barrier effectively, which makes it easier for electrons to
be transported from the Ti plate to the diamond. In the case of
Ti-doped nano-diamond film, diamond particles can be fully
mixed with Ti particles, hence more and more TiC interfaces
are formed between Ti particles and diamond grains. As a
result, a TiC-network will be built between diamond grains,
as well as between Ti substrate and diamond films.*®! The
formation of the TiC-network allows the electrons to be eas-
ily transferred from the TiC to the diamond surface layer and
then emitted into vacuum from the diamond surface. However,
the excessive doping of Ti powders makes the surface of the
film covered with a large amount of Ti or/and TiC, reducing
the number of effective emitters and thus diminishing the field
emission properties.

For the Ni-doped films, on the one hand, Ni particles
can effectively promote the conversion of diamond phase (sp?
carbon) into high conductive graphite phase (sp> carbon),
which is beneficial to the EFE properties. On the other hand,
researchers found that these metallic NPs are rich in elec-
trons, which can act as “conductive islands” and benefit the

37381 Consequently, the electrons are

electron transportation.|
transported easily through the graphitic phases and Ni NPs as
well as through the conduction channels of the diamond grains
to the emitting surface, then emitted to vacuum without any
difficulty as the diamond surface is negative electron affinity
in nature. Hence, we deduce that the incorporation of Ni NPs
and the increase of graphitic phases are the factors for the en-

hanced EFE properties of the Ni-doped nano-diamond films.

4. Conclusions

Nano-diamond powders doped with metal (Ti/Ni) pow-
ders are coated onto Ti substrates by an electrophoretic depo-
sition method, followed by an annealing treatment at 800 °C.
Microstructural and EFE properties of the obtained metal-
doped diamond composite coating first increase and then
decrease as the doping concentration of the metal (Ti/Ni)
powders increases. Both the Ti-doped and Ni-doped nano-
diamond films yield excellent surfaces and EFE properties at
an appropriate doping quantity of 5 mg. On the one hand,
the enhancement of the EFE properties of the Ti-doped films
originates from the formation of TiC-network after being an-
nealed. However, excessive Ti nanoparticle doping will gen-
erate a large amount of TiC/Ti covering the surface of the di-
amond film, which reduces the effective emission particles of
the diamond surface and leads the field emission properties
to degrade. On the other hand, electron-rich Ni nanoparticle
acts as a “‘conductive island” and effectively promotes the con-
version of nano-diamond into high conductive graphite phase,
which results in excellent EFE properties for these Ni-doped
nano-diamond films. Otherwise, excessive doping of Ni pow-
ders induces the Ni particles to agglomerate, which weakens
the catalytic effect and damages the continuity of the diamond
film. As a result, the field emission properties are reduced.
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