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ABSTRACT Diamond films with grain sizes in the range of 5-1000 nm and grain boundaries containing nondiamond carbon are
depositedonasiliconsubstratebyvaryingthedepositionparameters.Theoverallmorphologiesoftheas-depositeddiamond-nondiamond
composite films are examined by scanning electron microscopy and atomic force microscopy, which show a decrease in the surface
roughness with a decrease in the diamond grain size. Although the Raman spectra show predominately nondiamond carbon features
in the diamond films with smaller grain sizes, glancing-angle X-ray diffraction spectra show the absence of graphitic carbon features
and the presence of very small amorphous carbon diffraction features. The CH4 percentage (%) in Ar and H2 plasma during deposition
plays a crucial role in the formation of diamond films with different grain sizes and nondiamond carbon contents, which, in turn,
determines the field-emission behavior of the corresponding diamond films. The smaller the grain size of the diamond, the lower is
the turn-on field for electron emission. A lower turn-on field is obtained from the diamond films deposited with 2-5% CH4 than from
the films deposited with either 1% or 7.5% CH4 in the Ar medium. A current density greater than 1 mA/cm2 (at 50 V/µm) is obtained
from diamond films deposited with a higher percentage of CH4. A model is suggested for the field-emission mechanism from the
diamond-nondiamond composite films with different diamond grain sizes and nondiamond contents.
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1. INTRODUCTION

Being a wide-band-gap semiconductor (Eg ) 5.5 eV)
along with having high resistivity, diamond thin films
do not appear to be a suitable material for the

electron field-emission (FE) applications. In the case of an
undoped diamond, the concentration of electrons in the
conduction band is almost too negligible to be emitted. In
spite of the above-mentioned disadvantages, diamond has
a series of excellent physical and chemical properties, which
make it one of the strongly contending cold cathode materi-
als for FE applications. Diamond has the most strongly
bonded crystal structure, such that FE devices from diamond
could operate with maximum stability and reliability. Fur-
thermore, diamond can operate at high temperature or high
power because of its very high electrical breakdown field and
high thermal conductivity, properties highly beneficial to FE.
Diamond also possesses a very small barrier potential at its
surface for the electrons to leave and emit into vacuum
because of a low work function (3.5 eV). When the diamond
surface is terminated with H atoms, it shows a negative
electron affinity (NEA) (1, 2) and is the only known material
that is stable in air with NEA. With these attractive features
of the diamond surface, adding the new ability to deposit

diamond thin film on a variety of substrates using various
low-pressure chemical vapor deposition (CVD) techniques
has created vivid interest in the applications of diamond as
an electron field emitter since the early 1980s. In 1991, low
threshold field (∼3 V/µm) emission from diamond-based
cathodes was reported by Wang et al. and Geis et al. (3, 4).
Since then, extensive studies have been done on the FE
properties of diamond or diamondlike carbon materials (5).

In the decade of the 1990s, most of the electron emission
studies were carried out on a microcrystalline diamond
(MCD) film, where the diamond grain sizes varied from 0.1
µm to several micrometers. These diamond films were
usually deposited on a conducting silicon (Si) surface using
H2 plasma with a very low CH4 concentration (∼1%).
Eventually, it was found that the grain size of the diamond
in the films could be varied with the deposition parameters.
Nanocrystalline diamond (NCD) films of grain sizes in the
range of 10-100 nm have been deposited using higher
percentages of CH4 in H2 and with or without nitrogen (6-9).
Furthermore, in the presence of H2-deficient plasma (i.e., in
CH4/Ar, C60/Ar, and CH4/N2 plasma), ultra-NCD (UNCD) films
with grain sizes of less than 10 nm have been routinely
obtained (10-13). With this drastic reduction of the dia-
mond grain sizes in the presence of Ar-rich plasma, defects
and conducting grain boundaries of the UNCD film surge to
a pinnacle that promises far better FE properties. Although
FE properties from these diamond films (MCD, NCD, and
UNCD) are studied separately in detail (9, 12, 14), there are
only a limited number of studies that compare their proper-
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ties in detail. The FE properties from a polycrystalline CVD
diamond vary inversely to the grain size (15) and differ from
those of the NCD and UNCD films. In the present work, we
have made an effort to understand the effect of a growth
medium on the various properties of diamond films, in
particular the competition between the diamond grain sizes
and nondiamond contents, such as graphitic or amorphous
carbon in the MCD, NCD, and UNCD films, for lowering the
turn-on field and increasing the current density during the
electron FE.

2. EXPERIMENTAL DETAILS
One-side-polished Si single-crystal wafers (p-type, boron-

doped) from Wacker Chemitronic GmbH, having a (100) crys-
tallographic orientation, were used as substrates for diamond
film deposition. Si substrates were first thoroughly degreased
by sonication in acetone and isopropyl alcohol, each for 5-10
min. Then they were subjected to 2 min of etching in a 40%
HF solution for removal of the native oxide layer. Subsequently,
Si substrates were sonicated in a diamond powder (30 nm size)
and methanol slurry for 1 h. Then the substrates were rinsed
thoroughly in methanol and again ultrasonicated for another 5
min in fresh methanol to remove any loosely bound diamond
particles from Si surface. The pretreated Si substrates were
finally dried under a nitrogen stream prior to loading into the
deposition chamber. An IPLAS microwave plasma-enhanced
CVD (MPECVD) system was used for diamond film deposition.
The deposition parameters were varied to grow diamond films
with different grain sizes and nondiamond contents. Table 1
presents detailed deposition conditions for MCD, NCD, and
UNCD films. The total gas flow rate for all of the depositions
was kept constant at 200 sccm (standard cubic centimeter per
minute). No external heater was used to heat the substrate
during deposition. The substrate temperature was measured to
be 700-800 °C for the films deposited in the H2 plasma,
whereas it was 450-500 °C in the Ar plasma. All of the
characterizations of the diamond films were carried out ex situ.
The surface morphologies of the diamond films were examined
with a JEOL FE scanning electron microscope. Atomic force
microscopic (AFM) analyses were carried out under ambient
conditions with a scanning probe microscope (Digital Instru-
ments Nanoscope IV) in noncontact mode using a Si tip (tip
radius 5-10 nm). Raman spectra of the samples were recorded
with a Renishaw spectrometer in a back-scattering geometry.
A 514.0 nm Ar laser line was used for exciting the diamond
films to collect the Raman signals. Glancing-angle X-ray diffrac-
tion (GIXRD) patterns of the samples were collected with a
PANalytical X-ray diffractometer using a Cu KR line (1.54 Å)
from an X-ray generator operated at 40 kV and 40 mA. The FE
measurements were performed at a low pressure of 10-6 Torr.
The voltage to the cathode was applied by an analog program-
mable power supply (Keithley 237) under computer control, and
the measured emission current was logged at each voltage.

3. RESULTS AND DISCUSSION
3.1. Morphologies and Topologies of Dia-

mond Films. Parts (a,b), (c,d) and (e,f) of Figure 1 show
the surface morphologies of MCD, NCD, and UNCD-1 films,
respectively, with their deposition conditions presented in
Table 1. The UNCD films deposited at a higher CH4 concen-
tration (2-7.5%) in an Ar medium show morphologies
[scanning electron microscopy (SEM) images not shown]
almost similar to those of the UNCD-1 film except the
formation of elongated clusters of diamond grains for
UNCD-5 and UNCD-7.5 films and a slight increase in the
grain size (see Table 1). The overall surface morphology
evidently shows a decrease in the surface roughness with a
decrease in the grain size of the diamond crystal. At 1% CH4

in H2, diamond grains of size ∼1.0 µm are formed (Figure
1a,b). The diamond crystals in the MCD film appear to be
well faceted (Figure 1b). With an increase in the CH4

percentage to 2% in the same H2 medium, the diamond
grain size is reduced to 20-30 nm, forming a NCD film
(Figure 1c,d). The decrease in the grain size at 2% CH4 in
H2 is due to the secondary nucleation, which is known to
occur during the diamond deposition with a higher percent-
age of CH4 (16, 17). The mechanism of MCD formation
involving CH3 and a H+ radical formed by H2 gas plasma is
well established (18). For the deposition of films with much
finer diamond crystals of size <10 nm, Ar is usually used as
the major gas. Parts e and f of Figure 1 show the surface
morphology of a UNCD film obtained in the plasma of 1%
CH4 (2 sccm) and 99% Ar (198 sccm). The C2 radical was
originally suggested to be the main component for the
formation of finer diamond crystals in a NCD/UNCD film
deposited in an Ar medium (11, 19). In recent reports, May
et al. and others found that C2 radical species do not play a
major role in the formation of NCD and UNCD films in Ar/
H2/CH4 and He/H2/CH4 media (20-23). They propose that
most of the diamond is formed via a mechanism similar to
that of MCD films, i.e., gas-phase H atoms abstracting
surface H atoms, followed by CHx, x ) 0-3, addition. From
the theoretical and experimental evidence, they also sug-
gested that the CH3 and C atoms are the most likely precur-
sors for the growth of UNCD (21). The decrease in the
diamond grain size from the MCD film to the UNCD film
simultaneously increases the grain boundary area, which is
believed to be filled with nondiamond or graphitic carbon,
thereby enhancing the electrical conductivity of the films.
Better electron conduction in the film facilitates higher FE
from the UNCD and NCD films as compared to that of the
MCD film (discussed later).

Parts a-c of Figure 2 show the AFM images of MCD, NCD,
and UNCD-1 films, respectively. While the crystal facets are
evident from the MCD film, the AFM images from the NCD
and UNCD-1 films display cauliflower-like growth. The sur-
face topologies of the aforementioned diamond films are
well matched to the SEM images (Figure 1). Table 2 sum-
marizes the root-mean-square (rms) surface roughness of
individual films at different scan ranges. The smaller surface
roughness from the NCD and UNCD films as compared to

Table 1. Deposition Parameters to Obtain Different
Types of Diamond Films

sample
deposition

medium (%)
MW

power (kW)
pressure

(Torr)
time
(h)

grain
size (nm)

MCD CH4/H2 (1:99) 1.8 50 3 1000

NCD CH4/H2 (2:98) 1.8 50 3 20-30

UNCD-1 CH4/Ar (1:99) 1.2 150 3 <10

UNCD-2 CH4/Ar (2:98) 1.2 150 3 <10

UNCD-3 CH4/Ar (3:97) 1.2 150 2 10-20

UNCD-5 CH4/Ar (5:95) 1.2 150 2 20-25

UNCD-7.5 CH4/Ar (7.5:92.5) 1.2 150 0.5 20-25
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that of the MCD film is apparently due to the decrease in
the diamond grain size and a higher diamond nucleation
density. The smallest surface roughness obtained from the
UNCD film makes it a highly desirable material for surface
acoustic devices, microelectromechanical systems, and other
tribological applications (24-27).

3.2. Structural Properties of Diamond Films.
Parts a-c of Figure 3 show the Raman spectra of MCD, NCD,
and UNCD-1 films, respectively. The broad Raman features
obtained from both the NCD and UNCD-1 films are decon-
voluted to identify individual peak positions. The first-order

zone center sharp Raman peak of diamond and graphite is
lies at 1332.5 ( 0.5 and 1580 ( 0.5 cm-1, respectively. All
other types of carbon show broad features between 1100
and 1600 cm-1 (28, 29). A singular intense peak obtained
from the MCD film, as shown in Figure 3a, confirms the
diamond phase. Moreover, the broadness of the peak [with
a full width at half-maximum (fwhm) of 8.34 cm-1] and
positioning at a higher wavenumber (1335.0 cm-1) than its
original position (1332.5 cm-1), with an additional shoulder
at around 1560 cm-1, clearly suggest the presence of defects
and nondiamond contents in the MCD film. The Raman
spectrum obtained from the NCD film (Figure 3b) is com-
pletely different from that of the MCD film with the absence
of a sharp first-order diamond peak at ∼1332.0 cm-1. The
broad Raman features obtained from NCD and UNCD-1 films
show four major bands, and those bands are well matched
to the literature (10, 30). The Raman bands observed at
∼1350 and 1550 cm-1 are normally termed as the D band
(disorder/defect band) and G band (graphitic/E2g2 band),
respectively. Two additional features in the Raman spectra
of NCD and UNCD films are located at 1150-1180 and 1470
cm-1, occasionally used as fingerprints of UNCD films. These
bands are now known to be due to the vibrations of sp2

chains in the polyacetylene segments present at the grain
boundaries and at the surface of NCD and UNCD films
(31, 32). It must be noted that the absence of a sharp feature
at ∼1332 cm-1 in the NCD and UNCD films is due to the
use of visible Raman spectroscopy, which is more sensitive
toward sp2-bonded carbon. Therefore, although NCD and
UNCD films are primarily constituted of diamond grains, the
Raman feature of diamond at ∼1332.0 cm-1 is almost
invisible. The Raman spectra of UNCD films deposited with
a higher percentage of CH4 are almost similar to that of
UNCD-1 with the exception of increases in the 1350 and
1470 cm-1 peak intensities with an increase in the percent-
age of CH4, which suggests an increase in the disorder
carbon and transpolyacetylene segments of carbon.

Parts a-c of Figure 4 show the GIXRD spectra from MCD,
NCD, and UNCD-1 films, respectively. The presence of
diffraction features at 2θ values (crystal plane) of 43.95°
(111), 75.75° (220), and 91.85° (311) is in good accord with
a cubic diamond (JCPDS reference file 00-011-1249). The
increase in the fwhm of the prominent (111) diffraction

FIGURE 1. SEM images of (a and b) MCD, (c and d) NCD, and (e and f) UNCD-1 films.

FIGURE 2. AFM images of (a) MCD, (b) NCD, and (c) UNCD-1 films.

Table 2. Root-Mean-Square Surface Roughness
(nm) for MCD, NCD, and UNCD-1 Films at Different
Scan Ranges

scan range MCD NCD UNCD-1

5 µm × 5 µm 152.35 67.47 13.70
3 µm × 3 µm 116.05 56.47 13.23
1 µm × 1 µm 91.33 30.85 11.27

FIGURE 3. Raman spectra of (a) MCD, (b) NCD, and (c) UNCD-1
films.
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feature from MCD to NCD to UNCD films can be correlated
to their decrease in the crystalline grain size and thereby the
increase in grain boundaries containing nondiamond con-
tents. Although both the NCD and UNCD films possess large
areas of grain boundaries, no diffraction peak is obtained at
2θ of 26.3° for the 002 crystal plane of graphite. This
apparently suggests that both NCD and UNCD films are
primarily constituted of diamond grains and the amount of
graphitic carbon inside these films cannot be detected by
GIXRD. A smaller feature at 2θ of 41.85° (marked by a solid
dot) is present only in the case of NCD and UNCD films,
which is possibly due to a small quantity of amorphous
carbon. While Raman spectra primarily show the presence
of the nondiamond phase, GIXRD evidently gives diffraction
features from the diamond crystal. The results from both the
Raman and GIXRD qualitatively agree with the higher dia-
mond contents in the MCD film and higher nondiamond
contents in the UNCD-1 film.

Figure 5 shows GIXRD spectra of UNCD films obtained
at higher CH4 concentration (2%, 5%, and 7.5%). It was
previously known that, with an increase in the percentage
of CH4 in a H2 medium, diamond film coverts to a nanoc-
rystalline graphite film (33). Unlike the case of diamond film
growth in a H2 medium at a higher percentage of CH4, UNCD
films obtained with 2-7.5% CH4 in an Ar medium do not
show a significant increase in the nondiamond content. No
XRD feature from graphite is obtained in the 2θ range of
23-26°, and the feature at 41.85° for amorphous carbon
is slightly increased with an increase in the percentage of
CH4. This suggests that the rate of formation of nondiamond
carbon in the Ar medium is significantly slower and the
UNCD films deposited even at 7.5% CH4 possess primarily
diamond character. This could be a reason for the best FE

from NCD films deposited with 2 sccm of CH4 in a H2

medium (9, 34, 35), unlike the present work, which finds
2-5% CH4 (4-10 sccm of CH4) in an Ar medium during
diamond deposition showing the best FE properties (dis-
cussed later).

3.3. FE Properties of Diamond Films. Figure 6
shows the representative plots of current density J (mA/cm2)
as a function of the applied electric field E (V/µm) for MCD,
NCD, and UNCD films, and the inset shows corresponding
Fowler-Nordheim (F-N) plots. The turn-on electric field was
measured by extrapolating two straight lines on both the
lower and higher sides of the electric field in the F-N plot
(36). Table 3 displays the emission properties from the
diamond films deposited under the conditions listed in Table
1. To explain the emission behavior from different types of
diamond films, a schematic model diagram is presented in
Figure 7. The gray and white regions in Figure 7a-c are
represented as nondiamond contents and diamond grains,
respectively. The turn-on field from the MCD film (30 V/µm)
is the highest among the diamond films. The MCD film was
deposited in a complete H2 medium, making the surface
partially hydrogenated, which could reduce the electron
affinity and promote emission at a lower applied field. The
smaller work function of diamond (3.5 eV) as compared to
graphite (5.0 eV), as shown in the band diagram (Figure
7d,e), is another reason for easy electron emission from the
MCD film. Furthermore, the larger grain size of the MCD film
has a favored geometry to give a higher field enhancement
factor, which is advantageous to electron emission. Despite
all of these favorable properties, a higher turn-on field from
the MCD film in comparison to UNCD films (deposited in a
H2-free atmosphere) suggests that a smaller quantity of
nondiamond contents because of larger grain sizes of dia-
mond is not suited to obtain higher FE properties. The larger

FIGURE 4. GIXRD spectra of (a) MCD, (b) NCD, and (c) UNCD-1 films.

FIGURE 5. GIXRD spectra of (a) UNCD-2, (b) UNCD-5, and (c) UNCD-
7.5 films.

FIGURE 6. J-E plots from (a) MCD, (b) NCD, and (c) UNCD-1 films.
The inset shows the corresponding F-N plots.

Table 3. Turn-on Field and Current Density (at 50
V/µm) Measured from the Diamond Films Deposited
at Different Conditions

sample
deposition

medium (%)
turn-on

field (V/µm)
current

density (mA/cm2)

MCD CH4/H2 (1:99) 30 0.85 × 10-3

NCD CH4/H2 (2:98) 13 2.35
UNCD-1 CH4/Ar (1:99) 14.7 0.57
UNCD-2 CH4/Ar (2:98) 8.69 0.35
UNCD-3 CH4/Ar (3:97) 9.34 0.25
UNCD-5 CH4/Ar (5:95) 9.0 1.99
UNCD-7.5 CH4/Ar (7.5:92.5) 13.99 3.09

A
R
T
IC

LE

www.acsami.org VOL. 1 • NO. 7 • 1444–1450 • 2009 1447

http://pubs.acs.org/action/showImage?doi=10.1021/am9001327&iName=master.img-006.jpg&w=127&h=113
http://pubs.acs.org/action/showImage?doi=10.1021/am9001327&iName=master.img-007.jpg&w=127&h=114
http://pubs.acs.org/action/showImage?doi=10.1021/am9001327&iName=master.img-008.jpg&w=136&h=96


size diamond grain reduces the electron conduction in the
MCD film and therefore requires a higher electric field for
emission to occur. When deposition is performed at 2% CH4

in a H2 medium, which produces the NCD film, it shows FE
at a relatively lower turn-on field (13 V/µm). This is obviously
due to the higher concentration of CH4 used in the deposition
of the NCD film, which not only reduces the diamond grain
size to 20-30 nm (Figure 1c,d) but also increases the
nondiamond contents inside the film, as confirmed from the
Raman spectrum (Figure 3b). This indicates that the grain
sizes and nondiamond contents in the diamond films are
prime requirements for FE to occur at a lower turn-on field.
Interestingly, a further decrease in the grain size to <10 nm
in the case of the UNCD-1 film did not show a lower turn-on
field as compared to the NCD film of grain size 20-30 nm.
The lower turn-on applied field from the NCD film (13 V/um,
deposited with 2% CH4 in H2) in comparison to that of the
UNCD-1 film (14.7 V/um, deposited with 1% CH4 in an Ar
medium) implies that higher nondiamond contents, formed
as a result of a higher percentage of CH4 used in the
deposition, have a stronger effect than the grain size when
varied from 20-30 to 10 nm. However, the turn-on fields
from the NCD and UNCD-1 films are fairly close and there-
fore exact ratiocination is difficult.

Among the UNCD films, lower turn-on fields of 8-9 V/µm
are obtained from the UNCD films deposited with 2-5%
CH4. The UNCD films deposited either at lowest (1%) or at
highest (7.5%) CH4 in an Ar medium show higher turn-on
fields. The present result is different from previous report
(9), which shows a decrease in the FE behavior (an increase
in the turn-on field) of the NCD film deposited in a N2

medium with an increase in CH4 flow from 1.4 to 5.6% CH4

(2.1-8.4 sccm of CH4). This could be due to the significant
increase in nondiamond contents in the film that degrades
the FE properties. Nitrogen is known to preferentially incor-
porate in the grain boundary region because of a lower
substitutional energy and easier bond distortion in the grain
boundary region (37). The nitrogen incorporation increases
the sp2-bonded carbon, leading to broadening of π and π*

states, making the film more metallic with an increase in
the nitrogen content, as confirmed from the conductivity
measurements (38). However, in the present work, the turn-
on field remains lower with the deposition at 2-5% CH4

(4-10 sccm of CH4), indicating a smaller increase in the
nondiamond contents, which is in accordance with the
GIXRD results (Figure 5). However, the turn-on field is found
to increase to 13.99 V/µm for the UNCD-7.5 film (deposited
with 7.5% CH4, i.e., 15 sccm), suggesting an increase in the
nondiamond contents above an optimum value for the best
FE. Although nondiamond contents enhance the electrical
conductivity (38) and therefore allow emission to occur at a
lower applied field, it has a high work function (the work
function of graphite is 5.0 eV) than that of the diamond (3.0
eV). The nondiamond carbon content can be increased in
the diamond film either by nitrogen incorporation or by use
of higher CH4 during deposition. The increase of the con-
ductivity by nitrogen incorporation is studied in detail
(38, 39). Therefore, in a composite film, which is constituted
from both the diamond and nondiamond carbon, there is a
competition in between the diamond and nondiamond
properties for higher FE properties. Cui et al. have proposed
a model describing that emission only occurs from the edges
of the diamond grains, where electrons experience a lower
work function of diamond (3.5 eV), whereas no emission is
contributed from nondiamond or graphitic carbon (40). This
can be seen in the schematic model diagram (Figure 7a-c),
where there is an increase in the grain boundary area with
a decrease in the grain size. However, when nondiamond
contents become extremely high (marked as G in the gray
region of Figure 7c2), emission from those parts needs a
higher applied field because of the high work function of
graphite, i.e., 5.0 eV. Hence, the UNCD film deposited at
7.5% CH4 shows a slightly higher turn-on field as compared
to films deposited with 2-5% CH4. The present study
therefore demonstrates that UNCD films deposited in a
wider CH4 concentration (2-5%) range can be used to
obtained higher FE properties as compared to <2% CH4 for
NCD films grown in a N2 medium (9). It also indicates that

FIGURE 7. Schematic model diagram of (a) MCD, (b) NCD, and UNCD films with (c1) smaller and (c2) larger quantities of nondiamond contents.
The white and gray regions represent diamond and nondiamond contents (amorphous and/or graphitic carbon), respectively. Band diagrams
of single-crystal (d) diamond and (e) graphite. The nondiamond carbon contents in the film are extremely essential for the easy electron
conduction inside the matrix and also from back to front surface of the film before being emitted from the edges of the diamond grain
experiencing a lower work function of 3.5 eV.
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the rates of formation of nondiamond contents in Ar and
N2 media are different and therefore the optimum percent-
ages of CH4 needed for higher FE properties are found to be
different for UNCD, NCD, and MCD films (9). Furthermore,
we have measured the current density (at 50 V/µm) from all
of the diamond films. The current densities are found to be
greater than 1 mA/cm2 for the NCD, UNCD-5, and UNCD-
7.5 films, indicating that a higher percentage of CH4 during
deposition leads to more nondiamond contents in the films
and therefore easy electron conduction and higher emission
(41). From the values presented in Table 3, it can be
concluded that an optimum ratio of diamond to nondia-
mond carbon contents (which depends on the flow rate of
precursor gases) is needed to obtain lower turn-on fields
(UNCD-2, UNCD-3, and UNCD-5 films), whereas higher
nondiamond contents are needed to obtain higher current
densities (NCD, UNCD-5, and UNCD-7.5 films).

Instability in the FE could arise when nondiamond carbon
contents increase above a certain level inside the diamond
films. Wu et al. reported no observable emission from the
NCD films deposited above 4.9 sccm of CH4 (3.2%) flow rate
in a N2 medium (9). Therefore, we performed repeated
measurements at the same location of diamond films to
study the stability and reproducibility of the emission be-
havior. Figure 8 shows the emission from the diamond film
deposited at the highest CH4 (7.5%) used in the present
work. A discernible improvement (a lowering in the turn-
on field and an increase in the current density) in the
emission is observed after three cycles of emissions, which
is attributed to the surface cleaning. The overall reproduc-
ibility of the emission suggests that the diamond film
depositing up to 7.5% CH4 (15 sccm) in the present work is
stable.

4. CONCLUSIONS
Diamond thin films of different grain sizes are deposited

on Si substrates using the MPECVD technique. The overall
morphologies of the as-deposited films, as investigated by
SEM and AFM, show a decrease in the surface roughness
with a decrease in the grain size of the diamond (from MCD
to NCD to UNCD films). Raman spectroscopic measurements
carried out on different diamond films suggest higher non-
diamond contents inside the NCD and UNCD films than
inside the MCD film. However, the GIXRD spectra show no
diffraction features of graphite and a very small diffraction
feature of amorphous carbon (at 2θ of 41.85°), which
suggests that all of the diamond films are primarily consti-

tuted of diamond grains. The results from both the Raman
and GIXRD spectra clarify that diamond films are composites
of diamond grains and nondiamond carbon in the grain
boundaries. A lower turn-on field is obtained from UNCD
films because of smaller diamond grains and a large area of
grain boundaries. The nondiamond contents in the grain
boundaries play a significant role in the electron transport
for FE to occur at a lower applied field. The turn-on field is
further reduced by depositing UNCD films at an optimum
CH4 concentration of 2-5%. However, the increase in the
turn-on field from the UNCD film deposited at 7.5% CH4 is
due to exceedingly nondiamond contents, and therefore the
electrons experience a higher work function of graphite for
FE. On the other hand, the current density measured at an
applied field of 50 V/µm is higher from the diamond films
deposited with a higher percentage of CH4. A reproducible
emission is obtained from the same location of the UNCD
film deposited with 7.5% CH4, which suggests the high
emission stability from the UNCD films.
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