Field Emission Characteristics of Diamond Films 505

Journal of Korean Institute of surface kngineering
Vol. 29, No. 5, Oct., 1996

FIELD EMISSION CHARACTERISTICS OF DIAMOND FILMS

Kyung Ho Park, Soonil Lee, Ken Ha Koh, Jung Il Park®*, and Kwang Ja Park*

Department of Physics, Ajou University, Suwon, 442-749, KOREA
*norganic Chemistry Department, National Institute of Techwology and Quality,
Kwachun, 427-010, KOREA

ABSTRACT

The field emission characteristics of diamond films deposited by microwave plasma enhanced
chemical vapor deposition (MPECVD) method were investigated. Diamond films were deposit-
ed on n-type Si(100) wafer using various mixtures of hydrogen and methane gas, and the [-V
characteristics are measured. We observed that the field emission characteristics depend on the
CH, concentration and the diamond film thickness. All the films show remarkable emission
characteristics;low turn-on voltage, high emission current density at lower voltage, uniform
stable current density, and good stability and reproducibility. The threshold field for producing
a current density of 1mA/cm? is found as low as 7.6V/um.

INTRODUCTION

Field emission displays (FED) have been
vigorously investigated for its great potential
as flat panel displays in multi-media portable
electronics. The partial list of the virtue of
FED includes the low power consumption, the
high brightness, the full color capacity, the
wide viewing angle, and the high resolution,
in addition to the advantage of being thin
and light-weight. Typically FED are fabricat-
ed in either triode or diode type. Silicon or
metal microtips are the most common exam-
ples of the triode type FED which exploit the
advantage of high field enhancement factor.
Even though they have very g ood emission

characteristics, the difficulty of fabrication
and the lack of stability and reliability hin-
ders the wide application of the triode type
FED. The diode type FED are much easier to
fabricate, but usually the emission character-
istics are not as good as their triode counter-
part due to their very small field enhance-
ment factor. Hence 1t is necessary to use the
material with very low work function, for ex-
ample diamond, as a field emitter in the diode
type FED.

Recently, diamond has emerged as a
desirable material for field emitters due to
their low electron affinity(even negative),
high thermal conductivity, high chemical in-
ertness and high physical strength. There are
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numerous reports of field emission from vari-
ous diamond-based emitters. For example,
W. Zhu" have studied field emission from
undoped or p-type doped diamond, Ken Qkano?
have observed the lowest turn-on field from n-type
doped diamond deposited by hot filament CVD, and
N. Kumer® have studied armophic diamond cathode
FED. In spite of the very wide research activities corr
cerning the diamond field emission behaviors, the field
emission mechanism from diamond is not. fully under-
stood, yet. However P. H. Cutterler® showed that elec-
trons are transported though the energy state which
is just below the minimum of conduction band gap
from the theoretical calculation, and N. S. Xu
9 also sho-wed that dielectric breakdown and
graphite inclusions could form the conducting
channel. On the other hand, W. Zhu® have
found that the improved emission characteris-
tics of the ion-implanted diamond is due to
the defects created by the ion implantation
process.

In spite of their very promising emission
characteristics, high current density at low
electric field, diamond suffers from the fol-
lowing shortcomings; high growth tempera-
ture, poor current density uniformity, and
poor reproducibility of turn-on field. One pop-
ular strategy to overcome the above short-
comings of the diamond emitter has been to
find a good substitute for diamond. There-
fore, a great deal of attention has been paid
to the emission studies of diamond like car-
bon (DLC) films. But it turns out that DLC
films have their own shortcomings; higher
turn-on field, lower emission current density,
and susceptible to damage.

In this study, we deposited diamond films
at various CH, concentrations by MPECVD

method and measured [-V characteristics.

We controlled our deposition conditions in
such a way that we can exploit any of the
suggested emission mechanisms. All of our
films showed remarkable emission character-
istics; low turn-on voltage, high emission
current density at lower voltage, uniform cur-
rent density, and good stability and repro-

‘ducibility.

EXPERIMENTAL

Diamond films were deposited on phosphor-
us doped Si (100) wafers using the micro-
wave plasma enhanced CVD method. To in-
crease the nucleation density, Si wafers were
scratched by diamond powders prior to the
deposition. CH,, H,; and O, were used as
source gases. A series of diamond films were
deposited at various CH,/H; concentrations
for the fixed deposition time. We also varied
the deposition time at the fixed CH,/H, con-
centration to observe the thickness-depen-
dent effects. Finally, a film is prepared from
the O,-added source gas. The sample prepara-
tion conditions are presented in Table 1 to-
gether with the summary of the field emis-
sion characteristics of all the diamond films.

Scanning electron microscopy (SEM), X-
ray diffraction (XRD), and Raman spectros-
copy were employed for the structural char-
acterization of the diamond films. Especially,
we examined the surface morphology, crys-
tallinity, defect content, and the nature of the
carbon bonding in MPECVD deposited films.

The field emission characteristics were in-
vestigated by measuring I-V curves with a
diode set-up. The measurements were carried
out in 1077 torr vacuum, while the external
DC voltage was supplied by the Keithley 237
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Table 1. Deposition conditions and field emission characteristics of diamond fims

Sample Deposi tion Electric field (V//m)
D CH/H, 0:/CH, time(hour) Turn-on Thres hold Comment
(1 A/cnt) (1mA/cnf)

1 0.5% 3 no emission

#$2 1% 3 6.3 12.7

#3 2% 3 4.5 7.6

4 3% 3 4.8 8.8

#5 4% 3 8.3 12.2

#6 2% 4 7.3 14.2

#7 2% 5 7.5 15.3 voltage source
*(593 ym/cnt) limit

i 8 2% 50% 3 8.9 15.3 voltage source
*(196 ym/cnt) limit

high voltage source and measurement unit.
The distance from the stainless steel anode to
the diamond film was kept at 70:m by the
spacer.

RESULT AND DISCUSSION

All the SEM pictures show that our MPEC-
VD diamond films have a continuous and rel-
' atively smooth surfaces. It is worth while to
emphasize that even after the prolonged emis-
sion tests, there are absolutely no sign of the
diamond surface damage based on the com-
parison of the SEM pictures taken before and
after the emission test, respectively. This
clearly distinguishes our films from the DLC
films. We show the typical XRD patterns of
our diamond films in Fig. 1. In this figure, we
find only the (111) and the (220) peaks of
the diamond, which confirms that our field-
emitting films are really diamond films. How-
ever, 1t is quite interesting to note that the

films with good emission characteristics ex-
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Fig. 1 XRD patterns of MPECVD deposited
diamond films,

hibit only the (111) peak but the films with
poor emission characteristics exhibit both the
(111) and the (220) peaks, and that even the
(111) peak quality is better in the poorly
emitting films; narrower FWHM and larger
intensity. This observation strongly suggest
that either the defect or the included impurity
phase play an important role in the field
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emission as discussed above. Raman spectros-
copy results also confirm the existence of the
diamond phase. But we also find the Raman
features that correspond to the SP2 and SP3
carbon bondings with various degrees of im-
perfection. Once again, the Raman spectra
suggest that not necessarily the best quality
diamond film is the best field emitter.

In Fig. 2, we show the variation of the I-V
characteristics of the films deposited at dif-
ferent CH, concentrations. Except the non-
emitting film # 1 which is deposited at 0.5%
CH, concentration, all other films start to
emit at very low field and show relatively
large emission current density at moderate
applied field. The values of the turn-on and
the threshold field which is defined as the
field that
densityof 1 pzA/cm? and 1 mA/cm? respectiv-
ely, are summarized in Table 1. The range of

corresponds to the current

our turn-on field, between 4.5 V/um and 8.3

J —o— #5 (4%)
12004 —o—#4(3%) |
—a— ¥3 (2%) . o
—o— #2 (1%) ] J ly
1000 —o— #1 (0.5%)1 ] l‘{
S M
Zun If 3
e {3 sd
%400- j‘ d gl
4 4
£ [ fv J
O 2001 L3 o

Electric Field (V/um)

Fig. 2 The |-V curves of the fims deposited at
different CH, concentratins -

V/im, and of the threshold field, between 7.6
V/um and 12.7 V/um, are low enough to make
our diamond film a good candidate for the
flat emitter in a diode type FED.” Based on
the observed variation of the turn-on and the
threshold field, we conclude that the diamond
film deposited at 2% CH, concentra tion has
the best emission characteristics. We also
conclude that CH, concentration is one of the
determining factor for the emission charac-
teristics due to the change in the diamond
film quality as we find in our structural in-
vestigation.® ¥

Field emission is well described by the
Fowler-Nodheim (F-N) equation which can

be expressed as follows;

log (LV?) = loga — b%. (1)
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Fig. 3 The F-N plots of the measured |-V

curves of the fims deposited at differ-
ent CH, concentratins.
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where V is the applied voltage and I is the
emission current. Hence, if we plot log<—ll,z-)

versus —%7 , we can determine the constants a
and b from the slope and the intercept of the
straight line. However, the F—N constants a
and b depend on the effective emitting area,
the field enhancement factor, and the work
function of emitting surface;

(2)

a=14 X% 107¢ aéﬁ . exp(—9—°8—7>

JO
@"1/2
07—
B
where ¢ (cm?) is the effective emitting area,
B (em™!) is the field enhancement factor, and
® (eV) is the work function. In Fig. 3, we

b=2.84x1 (3)

present the F-N plots of the measuredl-V
curves. The linear relationship between log

(%) and %, strongly suggest that the mea

sured currents are due to the tunnelling. But
interestingly for the films #2, #3, and #4,
the F-N plots show two linear regions; the
high and the low field regions. The similar F-
N plots with dual linear slopes from diamond
-based emitters have been reported previous-
ly'®, but the origin of the observed phenome-
na is still unclear. In Table 2, we summarize
the values of the F-N constants ¢ and b in
the high and the low field regions, respec-
tively. An attempt to determine the effective
emitting area, the field enhancement factor,
and the work function of emitting surface is
under progress.

In Fig. 4, we show the results of the repeat-
ed emission measurement from the single
sample. We measured the emission five times
as follows; (increase V up to 900 V and mea-
sure [-V; el)—>turn off the voltage—(in-

crease V up to 1000 V and measurel —V;e2)
—turn off the voltage—(increase V up to
1100 V and measure [—V; e3—(maintain
emission at 700 V for 10 min.)— turn off the
voltage— (increase V upto 900 V and mea-
sure I-V; afel)—turn off the voltage— (in-
crease V up to 300 V and measure [—V;
afe2)—turn off the voltage. Figure 4 clearly
demonstrates that our diamond films have
the very stable and reproducible emission
characteristics; the turn-on field and the cur-
found

rent density. However, it was

Table 2. The F-N constants a and b in the
high and the low field regions.

Sample | Low electric field | High electric field
ID (CH,) a b a b

#2 (1%)] 6.2x1075| 2635 { 2.0x 1078 | 1054
#3 (2%)[5.73x107¢| 2421 {3.44x1077| 1044
#4 (3%)[1.11 x107%| 2454 {1.65x10"7| 1085
#5(4%)[2.95%107¢| 4640
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Fig. 4 The stability and repoducibiity of the
_emession characteristics; the resuts of
the repeated emission measurement
from the single sample.
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that both the reproducibility and the stabhility
of the emission from the thicker films are not
as good as those in thiner films. For example,
the film #7 showed degraded emission char-
acteristics in the repeated measurement after
the previous 10 min. emission at 1000 V. The
cause for the degradation in conjunction with
the structural change is under study.

Finally, in Fig. 5 we compare the [-V
curves of the films which were deposited
from the identical source gases but have dif-
ferent thicknesses. that
thethicker films have the inferior emission
characteristics to their thinner counterparts.
Whether the difference in the barrier thick-
ness is solely responsible for the observed

Here we find

phenomena is unclear and it warrants the

continued study.
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Fig. 5 The fim thickness-dependent emission
characteristics.

CONCLUSIONS

We deposited diamond films on the n-type
Si by MPECVD method. Our diamond films
exhibit remarkably low turn-on voltage, high
emission current density, and good uniformi-
ty. Also, our diamond films havé very stable
and reproducible emission characteristics. We
find that the CH, concentration and film thic-
kness are the most important factors that de-
termines the emission characteristics. Based
on our observation, we conclude that not nec-
essarily the best quality diamond film is the
best field emitter; the defect or the included
impurity phase play an important role in the
field emission. The continued study to deter-
mine the effective emitting area, the field en-
hancement factor, and the work function of
emitting surface from the F-N constants a
and b, and to establish the relationship be-
tween the structure and the emission charac-

teristics are under progress.
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