JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 3 1 FEBRUARY 2000

Electron field emission from diamond-like carbon, a correlation
with surface modifications
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We report a series of experiments characterizing the emission obtained from near-amorphous carbon
deposited by excimer laser ablation. We found that vacuum arc discharge and material transfer are
responsible for morphology modifications that greatly enhance emission. When the morphology of
the materials are well controlled, we find that our carbon has a work function one half that of silicon.
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INTRODUCTION EXPERIMENTAL SETUP

Great effort has been invested in the past years for the The DLC films used in these experiments were deposited
development of reliable field emitters for field emission dis-USiNg excimer pulsed laser depositioALD). High purity

plays (FED). Several approaches have been investigated, thgraphite targets were used and the films were deposited on

most common being the Spindt type emitters. has been silicon substrates. In this article we refer to our films as

shown that impressive and stable current could be drawng)l‘.c’.but amorphous carbon may be a more accurate d.e'
. . ... scription. The films are very smooth, hard, and free of grain
from an array of these tips. However, their fabrication into

hich f ialization. is still structure visible by scanning electron microscdS¥§M) or
arrays, which are necessary for commercialization, is sti aOpticaI means. The bonding is maindy? with somesp® as
technical challenge. More recently,

_ ! a lot of interest has beefgermined by Raman spectrometry. A detailed description
focused on diamond-like carbdDLC) because of its FED ot those films has been made elsewtesd field emission
compatible chemical and physical properties. DLC filmsyeasurements where conducted in a turbo pumped vacuum
were reported to emit at relatively low fields, as low as a fewchamber at pressure less thar 20~ ° Torr.

tens of Vjum.>® Hence, DLC could resolve the necessity for  To form a reference, measurements were also conducted
arrays of tips as was shown by SIDTt could also be ap- on n—type, low resistivity, 0.01—0.022 cm, silicon wafers.
plied as a coating for arrays of Spindt-type tips providingThe substrates carrying the carbon films were cleaved in 1
protection against deterioration in a static vacuum, and poszm squares that were then washed in ethyl alcohol and water
sibly enhance emissiotf However, the mechanism of emis- with ultrasonics for 10 min. They were then washed for 10
sion was not well understood and very low values of workmore minutes in ethyl alcohol with ultrasonics. Finally, they
function were erroneously attributed to DLC. Several ap-were blown dry with ultrahigh purity nitrogen. In order to
proaches have been developed to explain low field emissiorvoid surface contamination, the silicon wafers were cleaved
negative electron affinityNEA), and emission from impuri- N & clean room environment and only exposed to ambient
ties, among others. It was pointed out by @ming et al’ ~ &tmosphere just before measurement.

and Talinet al® that the high currents at low field often seen A Simple test cell made with a DLC film, a conducting
in the literature could be due to enhancement of the fieldf’mode and two glass spacers was constructed for measuring
the surface emission. Glass spacers of various thickness

. . . : . _could be used to adjust the spacing between the cathode and
tions. They reported formation of craters in the diamond film

) o L . ) . anode. The cathode and anode were offset so that leads could
due to field emissiofFE) initiated discharges. This article be conveniently connected away from the area of high elec-
supports those observations and demonstrates that othﬁ(c field, which was typically 5 mm5 mm. A drawing

magnification factor,8, due to localized surface modifica-

types of surface modification occur during FE. showing test cell construction is shown in Fig. 1. The cath-

ode was usually a DLC coating on a silicon substrate. The
dElectronic mail: christophe.py@nrc.ca anode was stainless steel or sometimes a ZnO phosphor
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FIG. 1. Schematic of test cell used to observe emission spots.

coated piece of glass. A computer controlled data acquisition
system was used to increase the voltage applied to the cell
while recording current. It was observed that sequential ap-
plication of voltage usually produced successively higher
emission current. In fact, there was often no emission current
up to the maximum voltage applied to these cells of 5 kV
which with a spacer height of 20@m gave a field of 250
kV/icm. Subsequent application of voltage to a nonemittin
film could give a current. When the ZnO coated glass was
used as the anode light could be observed coming from the

cell, but only from discrete areas. No large area emission was i )

observed with this setup. Only a small number of bright dotd"M in diameter was used to identify the cleanest areas.
were visible. The emitting areas could not be measured préjence, the surface of the films was well characterized prior
cisely, but were approximately the same dimension as th§® FE measurements. The surface of the samples was exam-
thickness of the spacer, i.e., the same as the anode to cathdflgd after measurement using the 800X optical microscope;
gap. In one observation, a thin film that appeared to emithey were also characterized with SEM, atomic force micros-

well based on a current versus voltage measurement w&9PY (AFM), and energy dispersive x-rafDX) analysis.
observed to emit from a single point. The integrity of the silicon wafers was verified using these
To permit examining a restricted area of the film a sectechniques to probe outside the region of interaction with the
ond test cell was constructed as shown in Fig. 2. The anodaigh electric field and all analysis revealed clean and regular
was either a Pt—Ir scanning tunneling microscope tip or a gurfaces. No FE from PLD carbon films was measured to

mm diameter copper cylinder. The cathode-anode gap waé€!ds up to 1300 kv/cm. In some cases, emission was mea-
adjusted with a micrometer under an optical microscopeSured at fields as low as 300 kV/cm, but a careful examina-
This distance was set to 7&m with an error evaluated to be toNn of the sample showed that surface modification had oc-
approximately 1Qum. With the Pt—Ir anode, the area of the curred during FE measurement. Sim_ilar surface modificaﬁon
sample that was subjected to high electric field was a circle¥@s also observed for uncoated silicon wafers. An optical
about 100um in diameter. Negative voltage was applied to Micrograph, Fig. 3, of a silicon wafer, on which FE measure-
the coated side of the sample. While measuring current, thE€nt was conducted, shows a crater formation. This crater is
electric field was increased to 1300 kV/cm and was ther@PParently due to the impact of anode material. In this case,
brought back to 0 kV/cm in order to show the hysteresis infh€ copper anode was used and an EDX analysis confirmed

IG. 3. Optical micrograph of a silicon wafer showing craters formed by
node material impact.

the current—voltagél—V) characteristic. the presence of copper on the cathode. The quantity of cop-
per was small. An EDX survey did not detect copper above

VACUUM ARC DISCHARGE MATERIAL TRANSFER the background. It was necessary to examine the SEM image

AND SURFACE MODIFICATiONS ' and investigate any features that seemed to be anomalous in

either shape of brightness. One piece of copper metal was
The surface of the carbon films was investigated beforgjiscovered in this way. Material transfer probably occurred
measurement using an 800X optical microscope equippeguring a vacuum arc discharg®’AD) which occurred be-
with a charge-coupled devid€CD) camera. A circle of 1 tween the silicon wafer and the copper cylinder. However,
the process of a VAD is not yet completely understood. A
discharge could occur when protrusions or impurities on the
cathode start emitting electrons following the Fowler—
Nordheim(F—N) relation. This emission would cause heat-
2 ing of the anode and cathode protrusions, where the current
HY density is the greatest, through resistive heating which would
then evaporate enough material for a spark to ot&&mit-
ted electrons could also ionize residual gases or evaporated
[ material, which in turn would cause sputtering of the cathode
releasing more material and leading to a discharge. On the
Sample particular sample shown on Fig. 3, the current increased by
several order of magnitude after the VAD, Fig. 4. This/
FIG. 2. Schematic of measuring apparatus showing the Pt-Ir anode. curve shows the same hysteresis characteristic described by

Micrometer|

Pt-Ir tip |
AN
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FIG. 4. No emission was measured until an ignition occurred. Electron

emission increased several orders of magnitude after the vacuum arc dis-
charge.

Grbening et a_|_,1l but in this case it is produced by trans- FIG. 5. An optical micrograpkB00x) showing a melted area on a Si anode.
ferred material from anode to cathode forming a crater in#* ~100xm ring can be seen around the melted area.
stead of a vacuum arc discharge evaporating cathode mate-
rial and resulting in a crater.

Formation of craters is not required to obtain b+V
characteristic with hysteresis. Transfer of anode materialhigher features, having heights of 20 nm that appear as light
without formation of craters, proved to be sufficient in orderdots in Fig. 6. A number of dots were examined using the
to obtain enhanced emission. Such surface modifications cazomputer software in the AFM. It was found that the hori-
create highs protrusions that could explain the high level of zontal extent of the white dots was aboutXL@nore than
current observed. Hence, a careful examination of the filntheir height. That is, we found no evidence for a large field
surface before and after FE measurement is important in omagnification factor on clean DLC films. After activation
der to deduce physically meaningful film properties from athis is not the case. The films were covered with features that
F-N plot. appeared as abrupt walls that could not be imaged by AFM.

Anode material and geometry are important parameterghat is because the AFM tip was formed from a cone with an
to control in order to avoid material transfer. Materials with angle of 57 deg. We can only observe surface features that
high boiling points have proved to be more appropriateform a smaller angle than 57 deg from the sample normal.
hence Pt—Ir is more suitable than copper for this purposelhus, we conclude that AFM is not a suitable tool for search-
The shape of the anode is also an important parameter. g for small radius features on top of high points on the
needle shaped anode, with a high radius of curvature, wilfilm.
sustain a high current density and will experience a rapid
temperature rise through resistive heating. High anode tem-
perature, as pointed out previously, will cause gas to be re-
leased, eventually leading to a VAD. For this reason, an
anode having a large area would be preferable. Nevertheless,
protrusions, even on a large anode, will sustain high current
densities. Formation of such protrusions on the anode is to be
expected to occur during field emission. In order to clearly
demonstrate this effect, a silicon wafer was used and the
polarity was reversed, i.e., the silicon was made the anode
and the Pt—Ir tip the cathode. Figure 5 is a 800X optical
micrograph showing the resultant surface morphology
changes. With a maximum current of 3@\, corresponding
to a power density of 1910 W/cmtemperatures sufficient to
melt the silicon anode were reached. A 106 diameter
ring, which is likely due to heating, can also be seen around
the melted area. The diameter of this ring is near the size of
the cathode-anode gap. Hence, damage occurs on the anod
during field emission due to the power delivered by the high
energy electrons.

We note that we have attempted to use AFM to measure
B directly. Figure 6 is an AFM image of agmXx4 um area
of a typical DLC surface. What we find on clean DLC is that
most of the surface is smooth, has bumps of about 2 nraig 6. Atomic force microscope image of a pulse laser deposited diamond-
height, and 20 nm horizontal extent. There are numerouske carbon film shows a smooth surface with some high features.
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FIG. 7. Schematic of a cell used to compare emission from bare silicon with

that of diamond-like carbon coated silicon. Excimer
laser

COMPARISON OF THE WORK FUNCTIONS OF ) pulses

CARBON AND SILICON P

An attempt was made to produce an activation of bare
silicon using the needle as anode. Because of the large gap of
75 um, we were able to only generate fields of 1300 kV/cm.riG. 9. Laser ablation deposition method for carbon on a rotated, tilted
When emission was found from silicon, a surface examinasample.
tion by optical microscope revealed that extensive surface
modifications had taken place. We believe that such surface

modifications will be difficult to eliminate when using hlgh facing the DLC to a h|gh V0|tage_ This was done to prevent
voltages and large gaps. That is because the capacitance @¢fmage to the DLC side of the cell during testing at the
the test cell and wiring store energy proportional to voltagenigher voltages needed to achieve emission from the silicon
squared. When a VAD occurs, a very fast, high power denside of the cell. The system had been previously tested at the
sity discharge occurs in the small sample volume. A 530 M hjghest voltages to be used to confirm that there was no
resistor was included in series with the high voltage lead tQeakage current from any of the connections.
reduce the power delivered by the cable capacitance during a The results are shown in Fig. 8. With a fresh anode,
VAD. However, it does not eliminate the energy stored incathode, and a vacuum system as clean as we could make it,
the cell itself. Two lower voltage experiments were alsojt was found that there was a consistent ratio between emis-
conducted. sion from silicon and DLC coated silicon. The samples were
Figure 7 is a schematic of cell that was used to compargubjected to a series of voltage scans. Voltage was increased
emission from bare silicon with that of DLC coated silicon. until some particular current level was reached and then volt-
For this cell, the vacuum system was baked for 48 h beforgge was reduced to zero. On both bare silicon and DLC
bias voltages were applied. The cathode is a silicon wafegoated silicon it was found that the more a sample was
that was coated using a shadow mask to keep one half of th&anned the lower the threshold of emission became. This we
area free of DLC. The anode was made of nickel depositegttribute to surface roughening under bias. While the abso-
on a quartz substrate by electron beam evaporation. As witlyte voltage was found to decrease with time under bias, the
the cathode, a shadow mask was used to define two stripegtio of voltages remained consistent at about tigher for
The two substrates were separated byuh2 mylar shims at  pare silicon. Assuming that the roughness of silicon and

the periphery of the test cell. The mylar was far from thep|C fiims were the same, we found that our carbon films
region where the electric field was generated; the quartz sullyad a work function twice as low as silicon.

strate provided the electrical insulation. During testing, only

one anode was connected at a time. First the DLC anode was
grounded and emission was measured. Then the DLC coated
cathode was allowed to float and the bare silicon cathode

was measured. During the measurement of the silicon anode,
emission from the DLC side was allowed to bias the anode
1.21
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0.0
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FIG. 8. Fowler—Nordheim plot showing the side-by-side test of flat silicon FIG. 10. Scanning electron microscope image of a microtip coated with 20
and diamond-like carbon surfaces. nm of carbon.
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approximately 2. That is, the work function of silicon is
about 2 times that of DLC.

DISCUSSION OF LOW FIELD EMISSION

We find field emission at anomalously low electric fields
from surfaces other than DLC, particularly silicon that has
been subjected to high electric fields. Surfaces that were ini-
tially coated with DLC are always better emitters than sur-
faces that were initially bare silicon. After field emission has
been observed, the surfaces are rough, sometimes include
material deposited from the anode, and are sufficiently com-
plex that we cannot say precisely where or what is respon-
sible for the emission.

We draw three conclusions from this study:

(1) We have never observed field emission at anoma-
lously low electric fields from clean smooth well character-
ized thin films.

(2) By using microtips coated with DLC, we find that the
001 002 003 004 005 006 work function of excimer laser ablation deposited DLC to be

1Ngt (1V) (b) about 0.5 t_hat of silicon. .
(3) While we cannot rule out the possibility of low work
FIG. 11. (a) Emitted current as a function of gate voltage &hdFowler— fupctlon material be_lng p_roduced at particle or grain boun_d_
Nordheim plot of silicon microtips before and after coating with carbon. ~ aries, our observations indicate that surface roughness is a
suitable explanation for electron emission at low electric
fields from DLC.

However, as has been pointed out, surface morphology The work function of the silicon cathodes used as a ref-

is paramount in the occurrence of FE so this ratio had to bGérence is about 4.3. This means that our carbon has a work

confirmed in an experiment where the electric field was ag . . . .
. : ~function of about 2.15. While this value is not as low as
independent of surface morphology as possible. Gated sili-

S : ) some other studies have found, it still justifies interest in this
con microtips were coated with DLC. The construction pro- . . L .
e . 7 material for FEDs. We believe that it is best used as a thin
cess for these tips is described elsewHértn these mi-

crotips the spacing from cathode to gate is approximatel)(/:Oatlng on top of gated microtips.
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