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Abstract

A new fabrication technology of polycryslalline diamond-clad 8i microtips using microwave plasma chemical vapor deposition (MPCVD)
has been developed Lo improve the characteristics of ¢lectron ficld emission from the pure Si tips. A uniform and smooth coa ing morphology
for the diamond-clad Si tips have becn achieved, Electron emission currents of diamond-clad tips are much higher than thote of pure Si tips.
Such great improvement is atteibuted to the lowering of the effeetive work function in the diamond-clad tips, The effects o1 phosphorus- and
boron-doped diamond-clad Si tips have been also studied in comparison with the undoped ones. The current-vollage characteristics of the
undoped diamond-clad lips were further enhanced by the in-situ doping of phasphorus or boron duc to a higher electron supptement. Moreover,
the P-doped diamond-clad tips show a better field emission performance as compared to the B-doped ones. This difference is surmised te be
associated with the higher electron conductivity and defect densities of P-doped diamond films.
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1. Introduction

Microsized field emitter arrays (FEAs) fabricated with
advanced micromachining technology has been intensively
progressed as the promising clectron sources for vacuum
microelectronic devices especiatly for the ultra-thin flat pancl
digplays [ 1]. Other potential applications include microwave
devices [2], ultra-speed switches, microsensors, [3] and
microsized intense electron sources. In order to achieve low
voltage and high efficiency for cold cathode operation, the
tip radius and surface work function of a field emitter should
be made as small as possible {4]. Moreover, emission sta-
bility is also a very important issue [5]. Amnong the various
types of FEAs, siticon microtips have become a very attrac-
tive candidate because of two notable advantages. First, thy
are easy to fabricate using modern kC technology, and second,
their tip radius can be easily sharpencd to the nanometerrange
{6}. Onthe other hand, their high wark function, low electron
condugtivity, and poor stability are the major drawbacks of
SiFEAs. These drawbacks, however, can be minimized using
surface coating. Coating of the surface of Si microtips with
various materials 1o enhance their emission efficiency and
stability has been reported {7,8]. Most of these reports
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focused on metals. Reccnily, there has been an increasing
interest in the application of CVD diamond films as the mate-
rial of electron emitlers or cold cathodes due to the unique
electrical properties of diamond: first, hydrogenated-(111)
diamond has a negative or at lcast very small electronaffinity,
i.e. a very low effective work function; and second, diamond
is well known to be one of the most chemically and physically
stable materials and has the highest thermal conductivity (20
Wem™'°C™") [9,10]1. Hence, fabrication of low-field dia-
mond field emitter atrays has been attempted [ 11-14], and
a diode-structured prototype field emission display based on
a diamond-like carbon has been demonstrated [ 15].

In order to take the advanlage of the diamond negative
electron affinity (NEA) property, there must exist a source
of electrons either in the conduction band or in a subband
with cnergies near or above the vacuum level. In addition,
the conductive channels of electrons are also necessary to
induce stable electron emission from the insulating diamend.
Zhu et al. [13) reported that the defects created additional
energy subbands within the band gap of diamond and (hus
contributed electrons for emission at low clectric fields. Xu
ctal. [14] suggested that the graphite inclusions cmbedded
in the diamond film might play an important role for the
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contribution of electron conduction channels. However, the
mechanism of electron emission from diamond or other car-
bon films is still not entirely clear, Recently, Okano and
Gleason [ 16] reported the electron emission from phospho-
rus-doped diamond films on plain Sisubstrates, showing low-
field emission as compared to boron-doped films. However,
the implementation of effective and reliable n-type dopants
is still difficult.

In this report, the microsized silicon field emission tips
coated with polycrystalline diamond! film has been success-
fully fabricated and characterized. This study has pointed out
that uniform polyerystalline diamond films coated on Si tips
by microwave plasma chemical vapor deposition (MPCVD)
exhibited better emission characteristics than those merely
coated on plain Si substrate. The P-doped and B-doped dia-
mend films on Si microtips have also been formed employing
in-situ doping technology. Hence, effects of diamond doped
with phosphorus and boron on emission properties were
cvaluated.

2. Experimental procedures

A | pm thick oxide layer was grown and was photolithe-
graphically patterned to form arrays of 50 X 50 circular discs,
3 pm in diameter, on 2~4 (& cm, (100)-oriented n-type Si
substrates. Employing the previously patterned oxide layer
as the mask, the cone-shaped Si microtip arrays were subse-
quently formed using SF,/Cl, reactive ion etching, An oxi-
dation-and-stripping process was applied to further sharpen
the etched tip to about 25 nm in radius [17]. Before the
deposition of diamond, the as-fabricated sharply curved Si
microtips were first cleaned by H, plasma pretreatment and
followed by diamond powder (particlesize, 0.1 pm) scratch-
ing. In order 10 grow a continuous diamend film, diamond
powder scratching process is necessary to ¢reate nucleation
sites on the surface of Si substrates. Next, the scraiched Si
substrates were dipped into a solution of HF:H,0 = 1:100 for
a few seconds to remove the native oxide on the silicon, Then
diamond films were deposited on the 2 X 2 mm? Si substrates
with a 50 X 50 tips array using microwave plasma-enhanced
cheinical vapor deposition (MPCVD) at 850°Cusing aCH,—
C0, gas mixture. For the P-doped and B-doped diamond,
vapor dopant sources of trimethyl phosphite (P(OCH;)5)
and trimethy] borate (B(OCH,);) were introduced in the
diamond deposition [ 18-20]. The flow rate of P(OCH;,),
and B(OCH,); was varicd from 0 (undoped) to 0.5 scem
when they were introduced to the flow ratios of CH,/CQ, of
18/30~20.5/30. The microwave power was set at 450 W
and the reaction time was 2 h, The pressure during deposition
was 25 Torr, The fabrication procedures are shown in Fig, 1,

3. Results and discussion

After semi-anisotropic RIE etching and oxidation sharp-
ening, the result of forming sharp silicon microtips with tip

radius about 25 nm are shown in Fig. 2. The aspect ratio of
the resultant sharp silicon microtips is about 3 wm/3 pm.
According to our previous work and other works by Zhu et
al. [13] and Xu et al. [14], the higher defect densities in
CVD-grown diamond films are responsible for the enhanced
clectron emission. Hence, the defective diamond crystallites
deposited by a higher flow ratio of CH,/CO, (>20/30) is
preferred. Besides, the low flow ratio also leads to a rough
and non-uniform coating morphology on the high curvature
tip region. The SEM images shown in Fig. 3(a), 3(b) and
3(c) show the surface morphology of undoped, P-doped and
B-doped diamond-clad Si tips deposited by a flow ratio of
20.5/30 in a CH,~CO, gas mixture with na dopant source, a
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Fig, 1. Fabrication procedures of diamond-clad Si tips: (a) defining oxide
mask; (b) Si tips etched by SF,/Cl, RIE; (c) sharpening the etched tips
loyi idati d-stripping treatment; and (d) diamond film

Lo e -] an
deposited on the Si tips.

Fig. 2. The results of forming sharp Si microtips with an aspect ratio of
3 pm/3 e
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Fig. 3. Sutface morphologies of diamond-clad Si tips deposited by a flow
ratio of 20,5/30 in CH,-CO, gas mixtures: (a) undoped ones; (b) P-doped
ones with P(OCH;};=02 scem; and (c) B-doped omes with
B(QCH;);=90.2 sccm,

P(OCHj,), fiow rate of 0.2 scem and B(OCH;) 5 flow rate of
0.2 sccm, respectively. To form a continuous and uniform
coating, a thicker film (2~3 um) was grown and therefore
resulted in a much more blunt shape than the original
uncoated Si tip. Both the P-doped and B-doped diamond-clad
tips arc slightly Jess in size uniformity compared to the undo-
ped ones, as shown in Fig. 3(a)-3(c). This result indicates
that the doping proress has no signi ot effect on the surface
morphology of deposited diamond.

Auger clectron spectroscopy { AES) was used to identify
the surface compositions of the diamond-clad Si microtips.
The AES spectra corresponding to the specimens in Fig. 3(a)
and 3(b}) are shown in Fig. 4. In the spectra, the carbon peak

=y
\“‘_’_\_/\/ Diamond Shoulder
Undoped
POCHy)y=0.2
g
& | B(OCH,);=0.2
8
=y
=X 258 eV
r4
£
AES spectra
Dia-5i tips
CH/C0,=20.530
Y
Carbon Main Peak
T T T T T M T T T
220 240 260 280 300
Kinetic Energy (V)

Pig. 4. Auger electron spectra (AES) of undoped, P-doped and B-doped
diamond-clad Si tips. The main carbon peak at 272 eV was detected and
neither 8i nor O peaks were detected. A detectable phosphorus peak at around
120 eV was not shown.

at 272 ¢V was detected and neither Si nor O peaks were
detected. The low-energy shoulder around 258 eV in the
positive peak of the carbon main peak in the undoped sample,
shown in Fig. 3(a), indicated that the surface structure was
diamond rather than graphitic or amorphous carbon compo-
nents {21]. As for B-doped samples, their AES spectra were
similar to those of undoped samples. [t reveals that diamond
films deposited with a dopant source of B(OCHj;); do not
significantly change their film property. However, the AES
spectrum of the P-doped sample shawn in Fig. 3(h) did not
exhibit an obvious shoulder, implying a diamond-like carbon
(DLC) nature containing a large amount of graphitic, amor-
phous carbon and/or other defects. To simplify the descrip-
tion, the Si tips coated with diamond films under CH,/CO,
flow ratio of 20.5/30 were represented as **Dia-8i tips’' in
the following description. Moreover, a small phosphorus
peak at around 120 eV was deteoted. [t indicates that P dop-
« s are successfully doped into diamond. According 1o the
Jutectable sensitivity of AES spectrum, concentration of P
dopant is high, in the order of 10" cm 7,

Field emission properties of the diamond-clad samples
were characlerized in high-vacuum environment with a base
pressure of about 2.6 X 10~ ** Pa. A schematic diagram of the
test configuration is shown in Fig. 5. The spacing between a
unit cmitter array and the graphite collector was controlled at
a constant ~30 pm and a unit array contains 50 X 50 tips.
When a copper plate instead of Lthe tip array was pul on the
cathode, a current of less than 1 nA was measured. Prior to
the electrical measurement, a high constant voltage of about
1100 V was applied to the emitters to ¢xhaust the adsorbed
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Fig. 5. Schematic diagram of a high-vacuum field emission characterization
system.

molecules and evaporate the native oxide. As shownin Fig. 6,
the emission current (I,) versus applied voltage (V,) char-
acteristics of the P-doped, B-doped and undoped diamond-
clad microtips are all superior to that of puce Si microtips, in
spite of their relatively blunt curvaturcs, [1 is attributed to the
lowering of the work function due to the negative electron
affinity of (111) diamond films and/or the much largereffec-
tive emission area of the diamond coating. Besides, the sec-
ondary electric ficld enhancement due to the nano-protrusion
on the rough diamond-ctad tip surface may also be partially
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Fig. 6. Emission current (/,) versus applied voltnge (V,) characteristics of
the P-doped, B-doped and undoped dinmond-clad tips; the P-doped, B-doped
and undoped di d deposiled on Si plain sul + and the pure Si tips.
The spacing between the emilter and collector was a constant aboul 30 pin
and the tip number was 2500.

responsible for the emission current enhancement [12]. At
V.= 1100V, a much higher emission current (/) of 1.69mA
for the P-doped Dia-Si tips with P(OCH,3),=0.2 scom was
achieved, as compared to the 91 p.A for B-doped one with
B(OCH,),=0.2 scom and only 45 wA for the undoped one.
Hence, ¢lectron emission from the Dia-Si tips was greatly
enhanced by introducing dopants. P-doped emitters exhibited
higher emission currents than B-doped samples for ¥, > 600
V. In nrder to evaluate the effects of fiow rate of P and B
dopant sources on emission current enhancement, one may
introduce the *‘cnharczment ratio’* defined as

ch = (Id”u)

where I, and 1, are emission current of doped and undoped
Dia-Si tips at a maximum V, of 1100 V. The value of R,
represents the degrec of electron emission enhanced by intro-
ducing various dopant concentrations. Fig. 7 shows that the
R, of Dia-8i tips is significantly dependent on the flow rate
of dopant sources. For dopant flow rates beyond 0.05 scem,
the value of F,, is rapidly incrcased with increasing
P(OCH;); flow rat¢ until R,, rcaches a maximum value of
38 a1t P(OCH;),=0.2 sccm, and Ry, is then rapidly dropped
to be 3.5 at P(OCH;),=0.5 scem, as shown in Fig, 7. The
resistivities of the diamond films doped with P(QCH,) ;=0 2
scem were measured by the four-point probe method and
were found to be at least one-order of magnitude lower than
those of undoped films. It is believed that the P-dopants and
their associated defect densities increase the energy state den-
sities within the bandgap of the diamond Gilm [22]. Subse-
quently, it causes both a higher conductivity and the
remarkable enhancement of the electron emission from the
P-doped Dia-Si tips. This suggests that the flow rate of
P(OCH;); <0.05 scem is not sufficient to aciivate the doping
P impurities and the associated defect densities in the as-
deposited diamond films to sipnificantly increase their con-
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Duped Din-Si tips
CH,/CO,~20.800
Va=1100V
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Fig. 7. Enhancement ratio {R,,} versus dapant source fow rate elaracter-
istics of doped diarmond-ctad Sitips.
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ductivity. However, as aresult of the AES analysis shown in
Fig. 5, the quality of diamond film is degraded by introducing
P dopants. Although the defective diamond coating is pre-
ferred, the as-deposited diamond is degraded to be a fully
amorphous sp” carbon (a-C) film loosing the NEA property
of diamond, if too much P dopant is introduced. The rapidly
decreased R., of Dia-Si tips doped under P(OCH,);=0.5
sccm was then attributed to the above phenomenon, Therg-
fore, the dopant concentration of P{OCH;) ; should be opti-
mized to achieve the maximum field emission enhancement.

As for the B-doped Dia-Si tips, the flow rate of B(OCH;),
exhibits little effect on the value of R, compared to those of
the P-doped ones. The R,, of B-doped Dia-Si tips were
smaller, apart from cne exception fordeped B(OCH;); =0.2
scem, It suggest that for the B-doped Dia-Si tips it was nec-
essary to introduce a higher B{(OCH,); concentration for
making a significant effect on electron emission. This result
is expected since electron emission from n-type semicon-
ducting diamond is generatly preferred. As a result of char-
acterization, the P-doped diamond-clad tips show a better
field emission performance as compared to the B-doped ones.
This difference is surmised to be associated with the higher
clectron conductivity and defect densities of P-doped dia-
mond films. Besides, defining Fy. as the threshold value of
the applied field needed to generate a current of 20 pA in our
array size with about 0.2 mm? (i.c. a typical current density
of 10 mA em ™2 required for effectively exciting a phosphar
pixel in a field emission display), the Fy value was reduced
from 33.6 V pum ™! for the undoped diamond-clad tips to 22.3
V wm™" for the P-doped ones and 30 V pm ™' for the P-
doped ones, It indicated the electron emission from P-doped
Dia-Si tips shows low-field emission as compared to B-doped
ones. However, it can be seen from Fig, 6, that when the
applied voltage V, is <600 V, the I, values of P-doped and
B-doped are very close, which suggests that their effective
work function are similar, Hence, the J, difference between
P-doped and B-doped diameond films seem to be dominated
by the variation of the electron conductivity.

To confirm that the emission was indeed field emission,
the currents emitted from plain substrates coated with P-
doped and undoped diamond layer were also investigated.
The emission currents measured at V,=1100 V werc only
about 17 pA for the former and 760 nA for the latter. This
indicates that most of the emission currents are from the
diamond-clad tips.

4, Conclusions

In summary, uniform and continuous diamond films have
been successfully coated on Si microtips using the MPCVD
technology. The characteristics of emission currenl against
applicd voltage for the blunt undoped diamond-clad tips show
superior emission at lower field compared to the pure Si tips.
Ttis attributed to the lowering of the work function due to the

negative electeon affinity of (111) diamond films and/or the
much larger effective emission area of the diancond coating.
The P-doped and B-doped diamond films on Si microtips
have also been formed employing in situ doping technalogy.
Effects of the phosphorus and boron dopants on the emission
properties were evaluated. The P-doped diamond-clad tips
chow a better field emission performance as compared to the
B-doped ones. This difference is surmised to be concerned
with the higher electron conductivity and defect densities of
P-doped diamond films.
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