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Microstructure and its effect on field electron emission
of grain-size-controlled nanocrystalline diamond films
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Nanocrystalline diamond films were grown by microwave plasma assisted chemical vapor
deposition using N2 and CH4 as precursors. The microstructure of the films such as the diamond
grain size, graphite content, and N incorporation, was controlled by introducing a small amount of
hydrogen gas~0–10 sccm! in the growth. Effects of the growth parameters on the film
microstructure were investigated using transmission electron microscopy, x-ray diffraction, Raman
spectroscopy, and secondary ion mass spectroscopy. A surface stabilizing model is suggested to
explain the formation mechanism of the uniformly grain size-controlled nanocrystalline diamond. A
systematic investigation on the film microstructure and their field electron emission~FEE! property
is presented for various films of different diamond grain sizes and graphite contents. It was found
that the FEE property highly depended on the diamond/graphite mixed phase structure. Novel field
emission properties~1 V/mum emission threshold and 10 mA/cm2 emission current! are obtained by
optimizing the growth parameters. A transport-tunneling mechanism is applied to explain the
experimental observations. Our results showed that nanocrystalline diamond film can be a very
promising cold cathode material for field emission applications. ©2000 American Institute of
Physics.@S0021-8979~00!07117-6#
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I. INTRODUCTION

Diamond and related materials have been extensiv
studied for their novel mechanical, chemical, and electr
properties. Particularly, because of its low or negative e
tron affinity ~NEA!,1 diamond is an optimum candidate fo
field electron emission~FEE!, which has potential applica
tions in the areas such as flat panel display and microe
tronic devices. Cold cathode field emission has been dem
strated in chemical vapor deposited~CVD! polycrystalline
diamond films,2–7 from which a prototype flat panel displa
has even been made.8 However, the mechanism of electro
emission from CVD diamond films remains to be inves
gated, although several models have been suggested, su
the surface morphology,3 back-metal contact,4 surface
diode,5 and defect-induced energy band.7,9 The variety of
models is likely to be the result of a wide range of CV
diamond films with distinct surface morphology, condu
tance, impurity, and back contact characteristics. A para
is that diamond films with poor quality gives good FE
properties, making the problem more complex.

In the undoped CVD diamond films, the conductance
the bulk is limited by the space-charge-limited-current.10 As
a result, grain boundaries, which are highly disordered
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may contain codeposited graphitic impurities, have been s
gested as the main conducting pathway. Because reductio
diamond grain size may increase the conducting pathway
is possible to improve diamond FEE by depositing size c
trolled diamond films. Because of this and other unique f
tures, such as low friction11 and high transparency,12 nano-
crystalline diamond films are rather attractive. Zhouet al.13

have grown nanocrystalline diamond films by plasma
hanced CVD, with an emission threshold of about 3 V/mm.
Zhu et al.7 observed a threshold as low as 1 V/mm in dia-
mond films prepared from industrial diamond nanopowde
Unfortunately, there hasn’t been a systematic study on
influence of microstructure on their FEE characteristics
nanocrystalline diamond films. Previous studies on nanoc
talline diamond used C60/Ar/H2, or O2/Ar addition into the
H2/CH4 precursors during the CVD process.14 Controlling
the structure of the as-deposited diamond films in these c
proved to be difficult, and the mechanism of field emissi
from nanocrystalline diamond film is far from being unde
stood.

In this article, we present a systematic study on the s
thesis and FEE characterization of nanocrystalline diam
films grown by microwave plasma enhanced CV
~MPCVD! using N2/CH4 as precursors. The film microstruc
ture, including diamond grain size and the content of gra
ite impurity, can be well controlled by deposition param
il:
7 © 2000 American Institute of Physics
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2968 J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Wu et al.
eters. A surface stabilizing model is proposed to explain
formation mechanism of nanocrystalline diamond films. D
mond films with different grain sizes~8–50 nm! and graphite
content~0%–40%! have been produced for a systematic F
study. The FEE properties of the nanocrystalline diamo
films are found to be highly dependent on their microstr
ture. By applying a conducting–tunneling model to t
nanodiamond/graphite mix-phase films, we have explai
the experimental observations from the FEE measureme

II. EXPERIMENTS

Film deposition was carried out using an ASTeX 21
microwave plasma CVD system, of which the maximum m
crowave output power is 1500 W.15 High purity hydrogen
~99.999%!, nitrogen~99.999%!, and methane~99.9%! gases
were employed as precursors. Polycrystalline molybden
and ~100! oriented Si wafers were used as substrates, wh
were first polished by 1.0mm diamond paste and then ultra
sonically cleaned in acetone, ethanol, and de-ionized w
in turn. The main growth parameters are as follows: to
ambient pressure 30 Torr, input microwave~2.45 GHz!
power 800 W, and the substrate temperature about 600
Two sets of films were grown in our experiments. The fi
series was prepared with only N2/CH4 as precursors wher
the CH4 was varied from 2.1 to 8.4 sccm. The second se
was grown by introducing 0–10 sccm H2 gas into the pre-
cursors, while the CH4 was fixed at 3.5 sccm. In all of th
experiments the nitrogen flow rate was controlled at 1
sccm.

Transmission electron microscopy~TEM! images were
recorded at 200 kV using a Hitachi HF-2000. X-ray diffra
tion ~XRD! was measured by a Rigaku D/max-2400 syst
using the 0.154 nm CuKa line. A scan rate of 1°/min from
40° to 80° is used for detailed analysis of the diamond~111!
diffraction peak. Raman spectra were recorded using a R
ishaw 2000 spectrometer, with the incident laser radiation
514 nm and power of 12 mW. Secondary ion mass spe
~SIMS! were measured on a CAMECA ims 4f , using 10
keV positive Cs ion.

The FEE experiments were carried out in a high vacu
system with a base pressure better than 531027 Pa. The
films which acted as the cathode were mounted on a m
base. A molybdenum probe with its tip area of 1 mm2 con-
trolled by a stepper was used as the anode. During our
periments the anode–cathode distance was kept consta
100 mm. The current–voltage (I –V) characteristics of the
films were measured by varying the applied voltage, and
emission current was recorded by a Keithley 617 nanoam
meter. For each film several randomly distributed regio
were selected for measurements.

III. RESULTS AND DISCUSSIONS

A. Films grown by only CH 4 ÕN2 as precursors

All of the as-deposited films in our experiments exhi
very smooth surfaces. The first series of films was gro
using 2.1–8.4 sccm CH4, and the N2 flow was kept at 150
sccm and no H2 was introduced. The as-grown films sho
deep black color under visible light. Figures 1~a! and 1~b!
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show the TEM images of the films grown with 3.5 and 2
sccm CH4, respectively, where a select-area diffracti
~SAD! pattern is inserted. The TEM images reveal the na
crystalline nature of our films. Film~a! has a smaller grain
size of;8 nm. From the average size of the nanocrystals
the average distance between the nanocrystals, the conte
amorphous carbon is estimated to be;40% from the image.
The SAD shows a typical ring pattern of nanocrystalline d
mond. Film ~b! has a larger grain size of about 20–30 n
and the content of amorphous carbon is obviously reduc

XRD spectra in Fig. 2 show strong diamond~111! and
~220! feature peaks, where the full width at half maximu
~FWHM! of these peaks is significantly broaden due to
small size of the diamond grains. The broadening of d
mond peaks provides a way to determine the average
mond grain size in the films. According to the Scherrer eq
tion

D5
l

B cosu
,

whereD is the average grain size,l the x-ray wavelength,B
the integral width of the peak, andu the Bragg angle.16 The
strongest~111! line is taken for detailed analysis using
Gaussian fitting. For the series of films grown with differe
CH4 concentration, the calculated diamond grain size
shown in Fig. 3. It is found that between 8.4 and 3 sccm
CH4 flow rate, the average diamond grain size does not sh

FIG. 1. TEM images of the nanocrystalline diamond films grown with on
N2 /CH4, where~a! and ~b! are grown with 3.5 and 2.1 sccm CH4, respec-
tively. Inserted in the images are the SAD patterns.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2969J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Wu et al.
any significant variation. However, as the CH4 flow rate is
reduced below 3 sccm, the diamond grain size increa
consistent with the TEM results, although, the actual val
obtained by these two methods are not exactly the sa
probably because of the residual stress and defects in
films.

Raman spectra of this series of films are shown in Fig
They consist of two main peaks around 1560 and 1350 cm21,
corresponding to theG and D bands of graphite, respec
tively. This confirms the existence of graphite phase in
films as observed by TEM. Special attention should be p
to the additional peak at;1150 cm21, which is caused by
size effect of the nanoscale diamond grains,17,18and provides
more evidence for the nanocrystalline nature of our film
We find that this peak becomes weaker with decreasing4
concentration, indicating an increased average diamond g
size. The 1332 cm21 diamond peak is relatively weak i
these films, even unrecognizable in some films grown wit
high CH4 concentration. This is because graphite has a m
higher resonance cross section than diamond and the gr
ite content in these films is high. In the films grown wi

FIG. 2. XRD spectra of the as-grown nanocrystalline diamond films
Si~100!. The diamond~111! and ~220! diffraction peaks are shown with
broaden FWHM.

FIG. 3. Influence of CH4 concentration on the diamond grain size in t
films grown with only N2 /CH4 as precursors.
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lower CH4 concentration, such as 2.1 sccm, the 1332 pea
enhanced, showing that the film has a lower graphite cont
These results are consistent with the TEM and XRD resu

To study the influence of CH4 concentration on the film
growth rate, the film thickness is measured by a pro
meter, and the film growth rate is calculated by dividing t
film thickness by the growth time. Figure 5 shows the grow
rate as a function of CH4 concentration. The growth rat
decreases nearly linearly with CH4 concentration. When the
CH4 flow rate is reduced to about 1.5 sccm, there is co
pletely no film growth, only an etching effect of the substra
is found. This is in contrast to the polycrystalline diamo
films deposited by the H2/CH4 as precursors, whose diamon
films can be grown even with very low CH4 concentration,
such as 0.5%.

n

FIG. 4. Raman spectra of nanocrystalline diamond films grown with diff
ent CH4 concentration.

FIG. 5. Influence of the CH4 concentration on film growth rate.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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B. Effect of H 2 on film microstructure

In order to further control the microstructure of th
nanocrystalline diamond films, we then introduced a sm
amount of hydrogen gas~0–10 sccm! to the precursors as
new deposition parameter. Figures 6~a! and 6~b! show the
TEM images of the films grown with 5.0 and 10.0 sccm H2,
respectively, where the CH4 is fixed at 3.5 sccm. In compari
son with Fig. 1~a!, where the same conditions are used b
without H2, a number of differences are observed. First, w
increasing of H2 flow rate, the diamond grain size increas
from ;8 to ;20 nm (5 sccm H2), and then to;50 nm
(10 sccm H2). Second, graphite is greatly reduced, a
nearly pure nanocrystalline diamond films are shown in
images. In fact, it can be observed that with the increas
H2 flow rate, the film color changes significantly from de
black to gray and then to transparent under visible light. T
means that pure nanocrystalline diamond films with cont
lable grain size were achieved by adjusting the H2 concen-
tration.

XRD and Raman spectra also confirm these results.
ure 7 shows the detailed XRD information of the diamo
~111! peak of the films grown with different H2 flow rate.
There is a very clear evolution of the peak width: the FWH
decreases very quickly with the increase of H2 flow rate.
Shown in Fig. 8 is the average diamond grain size calcula

FIG. 6. TEM images of the films grown with H2 flow rate at:~a! 5.0 and~b!
10.0 sccm, respectively, in which the CH4 was fixed at 3.5 sccm.
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by the Sherrer equation. It can be seen that, when the H2 flow
increases from 0 to 10 sccm, the average diamond grain
increases from 8 to about 50 nm. The values are consis
with those estimated from TEM images.

Figure 9 shows Raman spectra of this series of film
The relative strength of the 1332 cm21 diamond peak to the
graphite bands~G band at 1560 cm21 and D band at 1350
cm21! increases significantly with increasing H2 flow rate.
This means that the graphite content is greatly reduced.
thermore, the peak at 1150 cm21, which is an indication of
the nanosize diamond crystallites, disappears in the fi
grown with a higher H2 flow rate, such as 7.5 and 10.0 sccm

FIG. 7. Influence of H2 flow rate on the XRD spectra of the diamond~111!
main peak.

FIG. 8. Influence of H2 flow rate on diamond grain sizes in the nanocry
talline diamond films, which is calculated from the XRD~111! peak using
the Sherrer equation.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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This means that, when the diamond grain size increa
above some threshold value, its nanoscale features grad
disappear. Estimating from the Raman results, this va
should be in the range of 15–25 nm.

Based on the above analysis, we may conclude the
lowing: ~1! the microstructure of nanocrystalline diamon
films can be controlled by either the CH4 concentration or
the H2 concentration; and~2! by introducing H2 gas as an
independent adjustable parameter, a stronger control of
film microstructure can be achieved. Our results show t
the diamond grain size can be adjusted in the range of a
8–50 nm, and the graphite impurity can be almost co
pletely eliminated from the films.

The film growth rate of this series of films decreas
with the increase of H2 flow rate. When the H2 flow rate
increases to 15 sccm, no film growth but only etching eff
of the substrate is observed.

C. Incorporation of nitrogen

SIMS were measured in a CAMECA ims 4f , with 10
keV positive Cs ions. Both series of films are highly dop
with nitrogen, irrespective of the CH4 concentration or the
H2 flow rate. The dopant concentrations are arou
1021cm23 for all of the films measured. Figure 10 shows
typical SIMS spectrum.

D. Film growth mechanism

Most of the previous studies on the synthesis of diamo
by CVD used H2/CH4 as precursors, and polycrystalline di
mond films were usually obtained. Some researchers h
studied the effect of nitrogen addition in this system. It w
found that a small amount of nitrogen could improve t
diamond growth rate,19 and promote the~100! preferred
orientation,20,21 while excessive nitrogen could distort th
diamond structure and resulted in finer grains.21,22 However,

FIG. 9. Raman spectra of the nanocrystalline diamond films grown with2

flow rate of 0–10 sccm.
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all the effects are still not fully explained. Our results reve
the behavior of this system from a different prospect, i
additional hydrogen into the N2/CH4 system. It is found that
the pure N2/CH4 system yields nanocrystalline diamon
films, and an additional small amount of hydrogen can
crease the diamond grain size and lower the film growth r
We have also noticed a promotion of diamond~111! orien-
tation with increasing H2 concentration from Fig. 6~b!. These
features of the N2/H2/CH4 system are self supportive.

It is well known that CH3 is the species responsible fo
the CVD diamond growth in the H2/CH4 system. The atomic
H plays key roles in this process, such as etching off nond
mond phase, and stabilizing the growing surface by satu
ing the dangling carbon bonds, and the making it easy
grow large-size diamond crystallites.17 In contrast, in the
N2/CH4 environment, the concentration of atomic H is ve
low, and the diamond-growth species also varies from t
for the H2/CH4 system. We have studied the chemical co
position of our N2/CH4 plasma by optical emission spectro
copy. There are strong bands from species such as C2, CN,
and HCN, while the signals from atomic H are very wea
We believe that C2 dimer, instead of CH3, is the diamond-
growth species in the N2/CH4 system. Unlike CH3,C2 dimer
itself does not contain H atoms, so the C2 growth surface is
rich of vacancies and dangling carbon bonds. This gives
opportunity for the second and higher order nucleation,
sulting in the formation of nanocrystalline diamond. It
known that atomic H plays a role in stabilizing the diamo
surface. When a small amount of hydrogen gas is introduc
therefore, the diamond grain size will increase with incre
ing H2 flow rate. This is consistent with our experiment
results. Furthermore, when the H2 concentration is compa
rable to that of N2, the C2 growth mechanism may compet
with the CH3 growth mechanism, resulting in no film growth
In order to fully explain the mechanisms in this proce
more effort is needed to study the role played by CN a
HCN in this process, and how the two growth mechanis
compete/interact with each other.

FIG. 10. Typical SIMS results of nanocrystalline diamond films.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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E. Field emission properties and a transport-tunneling
mechanism

Figure 11 shows the characteristic curve of the emiss
current versus the applied field for the films grown with on
CH4/N2 as precursors. Different CH4 flow rates of 2.1, 2.8,
3.5, 4.9, 6.3, and 8.4 sccm were used. It is found that w
decreasing CH4 concentration, the FEE properties of th
films are significantly improved. When the CH4 flow rate is
decreased from 3.5 to 2.1 sccm, the emission threshold
quired to extract 1 nA emission current with the 1 mm2 tip
area drops from 15 to 1 V/mm. At the same time, the maxi
mum emission current obtained in the films increases fr
0.5 to 10 mA/cm2. The results from the films grown with
CH4 flow rate higher than 4.9 sccm are not shown he
because there is no observable emission even when the
plied field strength reaches 30 V/mm ~the upper limit of our
high voltage supply!. It is noteworthy that the FEE resu
obtained in the film grown with 2.1 sccm CH4 is among the

FIG. 11. FEEI –V characteristic of nanocrystalline diamond films grow
using CH4 /N2 as precursors, with CH4 flow rate ranging from 2.1 to 8.4
sccm.

FIG. 12. FN plot of the field emission from the films grown with differe
CH4 concentrations.
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best up to date6,7,13,14especially since our present results a
measured on surfaces without any treatment. Figure
shows the corresponding Fowler–Nordheim~FN! plots,
which can be well fitted by straight lines, indicating that t
field emission property can be explained by a tunnel
mechanism.

Figure 13 shows theI –E characteristics of the films
grown with 0, 2.5, 5.0, 7.5, and 10 sccm H2, in which the
CH4 was fixed at 3.5 sccm. The emission properties of th
films show some improvement at the beginning when the2

flow rate increases from 0 to 2.5 sccm, but soon drops w
further increase of H2. In the film grown with 5.0 and 7.5
sccm H2, the emission threshold becomes rather high, a
the maximum emission current decreases significantly. F
thermore, in the film grown with 10 sccm H2, there is no
observable emission even when the applied field stren
reaches 30 V/mm. Figure 14 shows the FN plot of the sam
films, where the same trend is displayed.

In order to explain the FEE mechanism of nanocryst
line diamond, a model based on the graphite/nanodiam
mix-phase structure is proposed. All the films used for F
measurements in our experiment were grown on molyb
num substrates. In such a structure, graphite plays the ro

FIG. 13. FEEI –V characteristic of nanocrystalline diamond films grown b
adding~a! 0, ~b! 2.5 sccm,~c! 5.0 sccm, and~d! 7.5 sccm H2 to the N2 /CH4

precursors.

FIG. 14. FN plot of the field emission from the films grown with differe
H2 flow rates.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2973J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Wu et al.
conducting channels from the Mo substrate to the film s
face. While on the surface, we assume that the nanodiam
has a relatively low or even NEA as that of bulks. Th
electrons will first tunnel through the nearby diamond ed
and then emit from the diamond surface, as suggested by2

and Geis.23 Figure 15 shows a schematic diagram of th
process. Here we assume that the electrons are only em
from regions close to the particle edges, so further exp
mental evidence is still needed to demonstrate that the e
sion originates from the conduction band. In our model th
are two main factors deciding the FEE property:~1! the dia-
mond grain size, and~2! the graphite content in the film. A
electrons from the diamond/graphite interface must tun
through a barrier between them, the diamond grain size
critical factor determining the tunneling probability. Fo
large-size diamond grains, electrons can only be emi
from regions close to crystal edges, which are thin eno
for electrons to tunnel through@Fig. 16~a!#. In contrast, for
small-size diamond grains, electrons can be effectively em
ted from a larger surface area, or even the whole diam
surface, thus greatly increasing the emission site den
@Fig. 16~b!#. The graphite content is another critical fact
because the emission starts from the diamond/graphite in
face. There is an optimum graphite content for maximiz
the graphite/diamond interface area on the film surface.
optimal value is when the graphite content is just enough
fill the gaps between the densely agglomerated diam
grains. Above this value, a decrease in graphite content

FIG. 15. Schematic diagram of field electron emission from a diamo
graphite mixed phase structure.

FIG. 16. View of the interface density of the diamond/graphite mixed ph
structure.~a! shows a film with large diamond grain size, and~b! shows a
film with small diamond size for comparison.
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increase the diamond/graphite interface area, and thus
hance FEE. But when the graphite content is below t
value, i.e., it is not enough to fill the gaps, a decrease
graphite content will decrease the interface area at the
face, and the field emission properties will drop. Moreov
further decrease of the graphite content will make it insu
cient to form conducting channels, thus the emission prop
ties will be rapidly degraded.

Based on the above model, our experimental results
be understood in the following way. As to the first series
the films grown without H2, with the decrease of CH4 con-
centration:~a! the diamond grain size becomes larger, fro
about 8 to 20–30 nm; and~b! the graphite content is reduce
from about 40% to a lower value. The increase of diamo
grain size has a negative effect on FEE. Since the chang
not significant, this effect is relatively small. A decrease
the graphite content, on the other hand, has a positive e
on FEE. Combining these two effects, we believe that
positive effect of the decreasing graphite content cancels
negative effect introduced by increasing grain size, so
FEE property is improved.

As to the other series of films grown with H2, with the
increase of H2 flow rate from 0 to 10 sccm, the diamon
grain size increases from 8 to about 50 nm. The nega
effect to FEE is similar to the previous case, but the lar
grain size has a stronger effect. At the same time the grap
content decreases very much with increasing H2. It has been
revealed that the films grown with higher H2 concentration
have little graphitic phase by TEM and Raman. At the b
ginning, i.e., when the graphite content is still high, the d
creasing graphite content has a positive effect on FEE, t
the FEE property of the films may be improved as a resul
the combined effect of grain size and graphite content, wh
is seen in our experiment. But after this point, the graph
content drops below the optimum value, and thus a conti
ous decrease in the graphite content results in a strong n
tive effect, so the field emission properties of the films ra
idly degrade as a consequence of the combined effect.

It should be noted that the FEE mechanism of nanocr
talline diamond film differs from that of polycrystalline
films. As the diamond grain size is reduced to nanoscale,
conducting pathway formed by graphite in the crystal bou
aries is enhanced by hundreds of times, which greatly
creases the film conductivity. Furthermore, nanocrystall
diamond films have nanoscale smooth surfaces, implyin
much lower field enhancement factor than that of rou
polycrystalline diamond surfaces. As Bandiset al. have
pointed out because polycrystalline diamond films can h
field enhancement factors on the order of 102, the high elec-
tric field can even cause electrons to emit from the vala
band of diamond.24,25

IV. CONCLUSION

In conclusion, nanocrystalline diamond films were o
tained by a MPCVD using a new combination of N2/CH4/H2

precursors. The microstructure of the films was controlled
the CH4 concentration and/or additional of H2 into the pre-
cursors. The growth mechanism of nanocrystalline diamo
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films grown by such a system can be understood in term
the surface stabilizing model. The films grown with op
mized parameters present novel field emission proper
such as 1 V/mm emission threshold and 10 mA/cm2 emission
current. The field emission properties of our nanocrystall
diamond films can be explained by a conducting–tunne
mechanism, in which graphite plays an important role in
electron emitting process. These results show that CVD
posited nanocrystalline diamond films can be a more pro
ising cold cathode material for future FEE applications.
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