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Abstract

Scanning tunnelling microscopy (STM) and current imaging tunnelling current
spectroscopy (CITS) methods were performed on polycrystalline diamond films
grown on silicon substrates grown by microwave plasma-enhanced chemical
vapour deposition. Large tunnelling currents were observed at some grain
boundaries and crystal surfaces with secondary grains. Following atomic
force microscopy (AFM) measurements, we performed scanning probe contact
current (SPCC) measurements to investigate the spatial variation of electrical
resistance on the surface by using an AFM cantilever in contact mode. The
conducting grain boundaries and facets were observed on both boron-doped
and undoped samples. For microscale characterization of the field emission
properties, we performed scanning probe field emission current (SPFEC)
measurements. From the results of STM/CITS, AFM/SPCC and SPFEC, it
is concluded that the specific grain boundaries and facets on polycrystalline
diamonds work as initial points of electron emission and cause high field
emission current through a conducting pass formed in the bulk.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Chemically vapour deposited (CVD) diamond has been intensively studied for applications to
the field emission cathode because of its stable high electron emission at low electric field [1-6].
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Figure 1. Schematic diagram of STM and CITS measurements. The local /-V characteristics
were measured at 128 x 128 pixel points in a vacuum of 2 x 10~ Pa.
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Figure 2. Schematic diagram of the SPFEC measurement apparatus.

Diamond has a negative electron affinity after the termination of hydrogen on (111) surfaces,
which is a strong advantage for field emission display (FED) applications [7]. Also CVD
diamond has a highly conductive p-type layer on the surface after hydrogen plasma treatment
in a CVD chamber [8].

Field emission properties depend on surface morphology and electrical conductivity as
well as the electron surface state. It is known that field emission on diamond film occurs
randomly under a parallel electrode which is positively biased to derive electrons from the
surface. We performed scanning tunnelling microscopy (STM) on boron-doped polycrystalline
diamond and found that the electron emission initiated at some grain boundaries of the
secondary grains grown on specific crystalline facets [9]. Zhang et al [10], on the other
hand, performed local resistance measurements using a cantilever of atomic force microscopy
(AFM) as the contact probe. They found conducting channels on diamond films grown by
the hot-filament CVD method. However, they did not compare their result to field emission
measurements. A more comprehensive understanding of the electron emission mechanism at
both the nanoscale and microscale is needed to determine the potential of developing a highly
efficient cold cathode for FED applications.

In this study, we applied three scanning probe methods of STM [11], AFM and
scanning probe field emission current (SPFEC) measurement [ 12] to boron-doped and undoped
diamonds in order to clarify the relation between the conducting layer and electron emission
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Figure 3. (a) STM and (b) CITS images on boron-doped polycrystalline diamond grown for 6 h
with growth conditions of 1% methane and 0.77 ppm B>Hg. The /—V characteristics were obtained
at high and low emission points.

properties. STM and current imaging tunnelling spectroscopy (CITS) were employed for
nanoscale characterization [9]. We also performed AFM and scanning probe contact current
(SPCC) measurements. SPCC uses an AFM cantilever as a contact probe, and measures a
spatial variation of surface resistance in contact mode under a fixed voltage. As for microscale
field emission characterization, we performed SPFEC measurements to obtain the mapping
of the emission current. Electron emission sites at both nanoscale and microscale were
investigated for various doping conditions and deposition times. From the results of the
STM/CITS, AFM/SPCC and SPFEC, it is concluded that the grain boundaries on specific facets
work as initial emission sites and cause the high field emission current through a conducting
pass formed in the bulk.

2. Experimental procedure

The microwave plasma enhanced CVD method was employed to grow boron-doped and
undoped diamond films on p- and n-type silicon substrates. Methane and hydrogen were
used as the main reactant gases, and BoHg gas was used as a doping source. The methane
concentration was varied from 0.6% to 3.0% while keeping the total gas pressure at 50 Torr.
For boron-doped samples, the BoHg concentration was 0.77 or 2.0 ppm. Before deposition,
the silicon substrates were polished using diamond abrasives and subsequently cleaned with
acetone, methanol and distilled water for 10 min respectively in an ultrasonic bath. Silicon
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Figure 4. (a) AFM and (b) SPCC images on undoped diamond grown for 6 h with a growth
condition of 1% methane. The local /-V characteristics were obtained at three different points in
figure 4(a).

substrates were also cleaned in hydrogen plasma for 5 min in the CVD chamber. A microwave
source of 2.45 GHz and 800 W was used, and the substrate surface temperature was controlled
at about 750°C by using an automatic substrate cooling system and was monitored by a
disappearing-filament pyrometer. Diamond films were deposited for 3, 6 and 12 h and all
samples were hydrogen terminated for 10 min under the same conditions after deposition.

The film quality was checked using field emission scanning electron microscopy (FE/SEM)
and confocal Raman spectroscopy. Ultra-high vacuum scanning tunnelling microscopy (STM,
JEOL JSM 4610) was used to evaluate the structure and quality of the films. Figure 1 shows
the schematic diagram of the CITS measurement. The local /-V characteristic was measured
at each pixel point in a vacuum of 2 x 1078 Pa and the CITS image under a fixed voltage was
displayed as well as the STM image. The /—V characteristics were measured at 128 x 128 pixel
points. The approach currents were 0.2—0.5 nA and 0.05-0.1 nA for boron-doped and undoped
samples, respectively.

In order to obtain the spatial variation of electrical resistance on the surface, we performed
SPCC measurements using a JSM-4210 (JEOL) with a silicon cantilever coated by platinum
to reduce the probe resistance. The local /—V characteristic was also obtained by varying the
bias voltage.

Figure 2 shows the schematic diagram of the SPFEC measurement apparatus: the sample
was set in a vacuum of about 5 x 107 Pa. A tungsten tip was used as a probe. A positive
voltage up to 4000 V was applied to the tip with respect to sample surface. By keeping the
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Figure 5. (a) AFM and (b) SPCC images on undoped diamond. The growth condition was the
same as in figure 4.

distance between the surface and the tip constant, the computer-controlled stage was moved by
1 mm x 1 mm in the x and y directions, and the field emission current mapping was obtained
at a microscale.

3. Results and discussion

From SEM observations, we found well-developed randomly oriented crystalline planes. The
surface roughness increased with deposition time and secondary grains on a crystalline facet
were observed in the sample deposited for 12 h. All the samples showed a sharp Raman
peak around 1333 £ 1 cm™'. There was no particular difference in surface morphology
between p- and n-type silicon substrates.

Figure 3 shows STM and CITS images of size 330nm x 330 nm obtained for boron-doped
diamond films grown for 6 h with growth conditions of 1% methane and 0.77 ppm B,Hg. The
white region in figure 3(b) indicates the high current area. It can be seen that some grain
boundaries on specific facets emit electrons, which do not necessarily correspond to the peak
positions morphologically. These results are in agreement with the results of Frolov et al [13]
using scanning tunnelling field emission microscopy (STFEM). The local -V characteristics
at high and low electron emission positions are also shown in figure 3. Both results show the
non-linear behaviour typical for a tunnelling current, although there is a difference in current of
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Figure 6. SPCC images for various bias voltages on undoped diamond grown for 6 h with 1%
methane.

more than one order of magnitude between the high and low emission positions. It was difficult
to obtain an STM image for the undoped sample, because of the high resistivity in diamond
film. However, we could obtain STM images in rare cases even on undoped samples. It should
be explained that some of the grain boundary was electrically conductive and was connected to
the surface conductive layer formed by hydrogen termination. In the high magnification case
of size 20 nm x 20 nm, it was found that some grain boundaries emitted electrons at first, and
the white area expanded to almost the whole area on increasing the bias voltage. This indicates
that electron emission initiates at some grain boundaries on specific crystalline facets.

Figure 4 shows AFM and SPCC images obtained for undoped diamond grown for 6 h with
1% CH4. The white area in figure 4(b) indicates the high current region. It can be seen that
a crystalline facet and some boundaries between facets are conductive, although no doping
gas was introduced in the CVD chamber. It can be seen that the local /—V characteristics at
two points in figure 4(a) show Ohmic behaviour. However, the current in another facet is less
than 0.01 nA at £0.3 V, indicating an insulating surface. Figure 5 is another result of AFM
and SPCC obtained for undoped diamond. The growth condition was the same as in figure 4.
It is noted that some grain boundaries and some crystalline facets near grain boundaries are
conductive. It was found that the resistance in some facets was very low even for the undoped
case. A similar result was obtained for the boron-doped case. The conductive grain boundaries
for undoped diamonds should be formed by the incorporation of impurity atoms. It was
considered that impurity atoms such as residual atoms in the CVD chamber precipitated along
the grain boundary. It is known that CVD (111) diamonds treated in hydrogen plasma after
deposition have a p-type conducting layer due to hydrogen termination. We considered that
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(a)

Figure 7. SPFEC images for (a) undoped diamond and (b) boron-doped diamond grown for 6 h
with 2 ppm B,Hg.
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Figure 8. The local /-V characteristic in the high emission region of figure 7. The inset is the
Fowler—Nordheim plot.
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Figure 9. The threshold voltage versus boron doping concentration.

once the conductive grain boundaries were formed, the surface layer became conductive to the
boundary, resulting in low resistance areas in the SPCC image. Figure 6 is the result of SPCC
measurement on undoped diamond grown for 6 h with 1% methane for various bias voltages.
It can be seen in figure 6 that the white area spreads on increasing the bias voltage. There
are some regions where the current remains very low even under the bias condition of 7 V.
Therefore it is considered that the resistivity in bulk diamond is high although the conducting
grain boundary is formed because of the incorporation of impurity atoms.

Figure 7 is the result of SPFEC measurements for undoped diamond and boron-doped
diamond with 2 ppm B,Hg. The spacing between surface and tip was 30 um, and 2000 and
4000 V were applied to the tip by changing the position over an area of I mm x 1 mm. It can
be seen that random emission sites also exist at a microscale. Figure 8 is the /-V plot in the
high emission region of figure 7(a), where the inset is a Fowler—-Nordheim plot indicating the
field emission current characteristic. It has been reported that for diamond and diamond-like
carbon, the activation process under high electric field causes a stable increase in field emission
current [12]. The current was measured at least five times, and the stabilized /—V characteristic
was plotted in figure 8. We define here the threshold voltage which causes 1 nA current from
the /-V plot. Figure 9 shows the threshold voltage for various boron concentrations. It can
be seen that the threshold voltage decreases with doping concentration. This should be due to
lowering the resistance in diamond by adding boron atoms. On the other hand, the threshold
voltage for undoped diamond was higher than that for boron-doped diamond, and had the
lowest value in the case of 3 h. The increase in threshold voltage with deposition time for the
undoped case might be explained by the increase in the electrically isolated area on diamond.

Asaresult, the following mechanism is deduced for electron emission from polycrystalline
diamond. The grain boundaries on specific facets work as initial emission sites. In the high
currentregion, the p-type conducting surface and conductive grain boundaries make the current
pass from the electrode to the emission site. Therefore both the surface state and the grain
boundary are keys to fabricate a diamond cathode with high efficiency.
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4. Summary

We performed STM/CITS, AFM/SPCC and SPFEC measurements on boron-doped and
undoped polycrystalline diamond films. From nanoscale characterization, a high current was
observed at some grain boundaries. This indicates that electron emission initiates at some grain
boundaries on specific crystalline facets. The surface resistance was low at some boundaries
and facets even for undosed diamond, which suggests that the current flows to the surface
mainly through the conducting pass which shows Ohmic behaviour. An increase in boron-
doping concentration caused a decrease in threshold voltage, whereas for undoped diamond
the threshold voltage increased with deposition time. This suggests that the conducting pass
is important for field emission as well as the surface state on crystalline facets.
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