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Diamond samples with varying defect densities have been synthesized by chemical vapor
deposition, and their field emission characteristics have been investigated. Vacuum electron field
emission measurements indicate that the threshold electric field required to generate sufficient
emission current densities for flat panel display applications (>10 mA/cm?) can be significantly
reduced when the diamond is grown so as to contain a substantial number of structural defects. The
defective diamond has a Raman spectrum with a broadened peak at 1332 cm ™! with a full width at
half maximum (FWHM) of 7-11 cm L. We establish a strong correlation between the field required
for emission and the FWHM of the diamond peak. The threshold fields are typically less than 50
V/um and can reach as low as 30 V/um for diamond with a FWHM greater than 8.5 cm™". It is
believed that the defects create additional energy bands within the band gap of diamond and thus
contribute electrons for emission at low electric fields. © 1995 American Institute of Physics.

I. INTRODUCTION

Diamond has attracted much attention as a cold cathode -

for field emission displays due to its negative electron
affinity! and robust mechanical and chemical properties. Ob-
servations of electron emission from chemical vapor depos-
ited (CVD) diamond under relatively low electric fields
(3—40 V/um) have been reported.> * Fabrication of diamond
field emitter arrays has also been attempted,” and a diode-
structured prototype field emission display based on a
diamond-like carbon cathode has been demonstrated.® How-
ever, it is not entirely clear how the electron emission from
these seemingly undoped or p-type-doped CVD diamonds
can occur at such low fields.

Usually, for a semiconductor field emitter, the emitted
electrons can originate from either the conduction band, the
valence band, and/or surface states. Diamond has a wide
band gap with E,=5.5 eV. In order to induce stable electron
field emission from diamond, either the bulk or the surface
must first be made conductive. Additionally, to.optimally
take advantage of diamond’s negative electron affinity to re-
alize low-voltage electron emission, the Fermi level must be
as high in the gap as possible. Unfortunately, efforts so far in
search of effective and reliable n-type dopants have not been
successful.”® Common n-type dopants in silicon such as ni-
trogen, phosphorus, and arsenic are found to either occupy
too deep a level in diamond to be activated or have very low
solubilities in diamond. Although p-type semiconducting
diamond is readily available by doping with boron, it is not
helpful for achieving low-field electron emission because the
energy levels filled by electrons are approximately 5 eV be-
low the vacuum level. Surface states do exist in the band gap
on reconstructed diamond surfaces,”'® but it is not known
how the electrons are transported to these surface states to
sustain the emission from the undoped or p-type-doped dia-
monds.
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This study identifies structural properties which govern
the electron field emission process from undoped and p-type-
doped diamonds. Low-voltage diamond field emitters with
such properties have been synthesized by controlling CVD
process parameters. A strong correlation was established be-
tween the field required for emission and the width of the
diamond Raman peak. It is believed that the defects create
additional energy bands within the band gap of diamond and
thus contribute electrons for emission at low electric fields.

Il. EXPERIMENTS AND DATA ANALYSIS

The diamond samples were prepared by microwave
plasma enhanced CVD using a mixture of methane and hy-
drogen gases. The methane. concentration and growth time
was systematically manipulated to produce a variety of dia-
mond samples with varying defect densities as listed in Table
L. For the undoped samples, the methane was turned off first
in the system shutdown procedure, to allow the hydrogen
plasma to etch away any graphite that might exist on the
surface. p-type semiconducting diamond was prepared by
bubbling hydrogen through a solution of boron oxide (B,03)
in ethyl alcohol during the growth process. The dopant levels
and distribution were measured by secondary ion mass spec-
troscopy (SIMS). The introduction of both structural defects
and boron dopants increases the conductivity and alters the
work function of diamond, thus directly affecting the field
emission propetties of diamond.

Raman spectroscopy was used to evaluate the structural
quality of the diamond samples. As shown in Fig. I, the
FWHM of the diamond peak at 1332 cm ' is a measure of
the perfection of the diamond structure (e.g., point defects
and stacking faults), and the intensity ratio of the graphitic
peak to the diamond peak (/,1/1;) indicates the amount of
graphitic phases present in diamond.!! We correlated both the
peak width and the intensity ratio with the emission proper-
ties and found no clear trend between the electric field nec-
essary for emission and the intensity ratio (I,;/I,;). This
indicates that the graphitic defects alone do not account for
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TABLE L Field emission properties of CVD diamond.

Turn-on field Threshold field
FWHM of for a current for a current
diamond density of density of
Growth Raman 0.01 mA/cm? 10 mA/cm?®
Sample® conditions peak (cm™1) (V/pm) (V/pm) Comments
#1 0.4%CH,/MH,, 7 h 38 no emission
#2 0.8%CH4/H,, 45 h 4.2 no emission
#3 1%CH,/H,, 12 h 74 72 120
#4 0.5%CHy/H,, 7h 7.8 51 84
#5 2%CHyH,, 4 h 10.9 22 31
#6 1%CH4H,, 7h 9.4 32 46
s #7 1%CHy/H,, 7 h, and 10.2 24 40
overcoated at
8%CH4/H, for 15 m
#8 0.3%CH,/H,, 30 h, 37 111 164 boron conc.
and B doped 10 em™3
#9 5%C,H;OH/H,, 8.1 58 107 boron conc.
14 h, and B doped 10%® cm™3
#10 0.6%C,H;OH/H,, 9.1 16 30 boron conc.
45 h, and B doped 10 cm™?
#11 2.5%C,H;OH/H,, 9.2 21 37 boron conc.
18 h, and B doped >10%® cm 3
#12 1.5%C,Hs;OH/H,, 10.5 21 38 boron conc.
60 h, and B doped >10% cm 3

*Samples #1, 6, and 7 have an island-type morphology, while all the other samples are continuous films.

the emission characteristics of diamond. We saw a strong
correlation of the emission field with the peak width, indi-
cating that other types of defects are at least as important.
Scanning electron microscopy (SEM) was used to measure
the crystallite size or emitting tip density; we assume that
there was one emitter site per crystallite, on average.

The experimental apparatus used for the field emission
measurements is shown in Fig. 2. A voltage cycled from zero
up to 2 kV was applied to a tungsten anode (1 mm in diam-
eter) to collect electrons emitted from the diamond surface. A
precision step controller (3.3 pm step size) was used to con-
trol the movement of the probe toward the sample surface,
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FIG. 1. A representative Raman spectrum with deconvolved components
from defective diamond showing the width of the diamond peak at 1332
cm”! and the intensity ratio of the graphitic peak to the diamond peak
(I1/141)- Peaks I and I are reported to be associated with the small crystal
sizes and/or disordered structures of diamond and graphite, respectively
(See Ref. 17). Peak IV is due to the presence of amorphous carbon.
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and the emission current-voltage (I-V) characteristics was
repeatedly measured as a function of the distance between
the probe and the diamond surface as shown in Fig. 3. To
eliminate the effects of surface contamination on the electron
emission from diamond, a hydrogen ion gun (400 V, 0.2
mA/cm?) was used to gently sputter-clean the sample prior to
each measurement. The 7-V data were then analyzed using a
Fowler—Nordheim equation. The emission current is taken to
be an appropriate integral over geometry and a distribution
of material parameters:

1=2n | R [ NOLIZEL (R4 aR. 0

This is necessary because the emitting surface is nonuniform,
with electronic properties, curvature, and applied field vary-
ing from tip to tip. In Eq. (1), the outer integral is over the
surface of the emitter, accounting for the decreasing electri-
cal field as one moves a distance R away from the point
directly underneath the spherical anode; E,(R) is the mac-
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FIG. 2. A schematic diagram of the experimental setup for the field emis-
sion measurement.
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FIG. 3. Representative /-V emission curves from defective CVD diamond
obtained at various spacings (d) between the anode and the cathode. The
dots and dashed lines are actual data, and the solid lines are fitted curves
based on the modified Fowler~Nordheim equation. /. is 0.1 nA.

roscopic electric field without local field enhancement.'? The
inner integral is over the probability distribution of tip pa-
rameters (e.g., some combination of sharpness and work
function); we take { to be the most important combination of
sharpness and work function. N({) is the density of tips per
unit area that have parameter [, and /, is the current emitted
by each such tip. The shape of N({) is generally unknown,
though it is clearly broad (when we place a phosphor screen
over the emitter, we find that the emission is dominated by
small areas; only 1%—10% of the emitter surface contributes
nearly all the current). We have taken N({) =Ny exp(—|{)/2,

where N, is the tip density obtained from the SEM measure--

ment; a Gaussian distribution function gives similar results.

Because of the nonuniformity, it is likely that the best
emission region (which may dominate the emission current)
is not directly under the end of the probe. We have intro-
duced a parameter « that specifies how far laterally the hot
spot is from the probe; this should vary randomly from lo-
cation to location. We calculate the effective radius R g of an
emitting region that would be required to produce [ if the
current per tip were constant at its central (e.g., R=0) value;
we then mathematically move the tip up by azRgﬁl(ZRpmbe)
{the amount the spherical probe has curved away from the
surface at a radius @R ). We find that fitted values of « are
typically less than one, as would be expected.

The  current per tip, I,=2mr’[F%sin ¢
JIL,E,(R) f($)]d ¢ is similarly an angular integral of the
local current density over the end of each emitting tip. We
take r to be an average tip radius (simply to make units
consistent—the value of r collapses into a;, below); devia~
tions from the average are collapsed into a; (below) or ¢
Likewise, the part of the field enhancement factor that de-
pends on tip radius’is collapsed into J(...) via other param-
eters (i.e., ap and by, below). What is left is the angular
dependence of the field enhancement, f(¢), which is taken
from a sphere-on-cone model.!? -

Finally, J(...)
Nordheim form: J=E? exp[(ag+a{)— (b0+b1§)/E],13
with aq the log of the typical F-N offset, and b, the typical
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is parameterized with the - Fowler— -

F-N slope. As typical, these parameters contain a combina-
tion of information on the tip radius, work function, geom-
etry, and surface physics. The parameters a@; and b; then
measure the width of the probability distribution of emitters
and are proportional to the nonuniformity of the emitters. If
a,~1 or b= 1, then one begins to get strong nonuniformity,
with tip-to-tip current variations on the order of 100%.

Therefore, in addition to the two parameters a, and b,
which are used to describe the classic Fowler—Nordheim
equation, three new parameters (a,,b;,a) were found nec-
essary to achieve a good fit of the data. The fitting of data to
calculations was carried out by means of a weighted least-
square fit between asinh(/ g,/ noise) and asinh(Zcgcutated/ noise):
where I ;.. was the observed measurement noise near zero
current (107'° A). The hyperbolic arc-sine function was used
as a substitute for log function that has good behavior at zero
current. The appropriately fitted parameters are then used to
extrapolate the I-V characteristics of emitters to a standard
display pixel. Both the threshold electric field required to
obtain a current of 1 wA over an area of 100 ,u,mz (that is, a
current density of 10 mA/cm? for sufficient phosphor activa-
tion) and the turn-on field (for a current density of 0.01
mA/cm?) were subsequently calculated.

Ill. RESULTS AND DISCUSSION

As indicated in Table I, high quality diamond (e.g.,
samples #1 and 2), that has low defect densities and a narrow
Raman peak (FWHM <5 cm™ '), generally does not emit
electrons. When the applied electric field increases, electrical
breakdown or arcing eventually occurred on the surface due
to the highly insulating nature of the high quality diamond.
However, the defective diamond (e.g., samples #3-7) with
the Raman peak width broadened to beyond approximately 7 .
cm™! exhibited characteristic Fowler—Nordheim emission
behavior. Smooth and consistent /-V curves were measured
from these samples in a history independent, reproducible
manner as shown in Fig. 3. In the figure, the voltage was
raised from zero to the maximum (+2 kV) and then de-
creased to zero. As the probe moved one step closer (3.3 um)
to the sample surtace, the above voltage cycle was repeated.
Curve fitting analysis gives threshold field values in the
range of 30—120 V per micron distance between the anode-
cathode gap and turn-on field in the range of 22-72 V per
micron for these defective diamond samples. This compares
favorably with the high quality, p-type-doped diamond
which requires a turn-on field of more than 110 V/um and a
threshold field of greater than 160.V/um. A strong correla-
tion between the threshold emission field and the FWHM of
the diamond Raman peak is evident as shown in Fig. 4. In
the figure, data from ion-implanted diamond samples are also
included.!

It can be seen that for the field emission to occur, un-
doped diamond must exhibit a Raman peak width in a nar-
row range of about 7—11 cm . Undoped diamond with the
Raman peak width less than 7 cm ™! are generally too insu-
lating to sustain a stable emission. On the other hand, when
the peak width exceeds 11 cm™, the diamond Raman signa-

- ture becomes so broad and weak compared to peaks origi-

nating from graphitic and amorphous carbon components

o
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FIG. 4. A diagram showing the correlation between the diamond Raman
peak width with the threshold field required to yield an emission current
density of 10 mA/cm? for the undoped diamond.

that the deposits are usually considered as diamond-like or
amorphous carbon films rather than genuine diamond. These
films are reported to be capable of emitting electrons at rela-
tively low fields,® but their emission stability and reliability
have not be established, and they are not the subject of the
present study. For the undoped diamond, the required thresh-
old field for emission falls rapidly as the Raman peak width
increases, from about 120 V/um at the peak width of 7.4
em™! to about 30 V/um at 10.9 cm™ L.

Such a strong correlation between the emission field and
the width of the diamond Ramian peak is also observed from
the boron-doped, p-type semiconducting diamond as shown
in Fig. 5. Samples with larger peak width or higher defect
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FIG. 5. A diagram showing the correlation between the diamond Raman
peak width with the threshold field required to yield an emission current
density of 10 mA/cm?® for the boron-doped, p-type diamond.
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FIG. 6. A schematic energy band diagram showing the presence of defect-
induced energy bands within the band gap of diamond. A positive electron
affinity (x) of 0.5 eV is assumed. The applied field is 150 V/um which
causes the band bending, and no surface states are shown. The position and
width of the defect-induced bands are arbitrary for illustration purpose only.

densities require lower fields for emission. The samples with
the peak width in the range of 9.1-10.5 cm ™’ (samples #10—-
12) require a threshold field in the range of 30—40 V/um.
This is almost five times lower than that required for a high
quality p-type sample (sample #8) which has a peak width of
3.7 cm™ L It is interesting to note that the p-type semicon-
ductivity allows stable emission to be obtained from dia-
mond exhibiting a Raman peak width as low as 3.7 cm™ L. If
undoped, such high quality diamond would show arcing or
breakdown behavior similar to samples #1 and 2.

There have been a number of reasons proposed that
would relate defect density to field emission characteristics.
For instance, emission from graphitic inclusions or enhanced
conductivity along grain boundaries have been suggested.>*
However, both our sample growth technique and Raman
measurements argue against any contribution from graphite.
We believe it is more likely that the enhanced field emission
originates from the defect-induced energy band(s) which are
formed within the band gap of bulk diamond.!>!6 As sche-
matically shown in Fig. 6, a series of defect-induced bands
are assumed to form throughout the band gap because of the
presence of a wide variety of structural defects. If these
bands are wide enough or closely spaced, the electron hop-
ping within the band(s) or excitation from the valence band
could easily provide a steady fiow of electrons to the surface
(or surface states which are not identified in the diagram) to
sustain stable emission of electrons into vacuum. The forma-
tion of these defect bands raises the Fermi level into the
upper part of the band gap, and thus reduces the energy
barrier that the electrons must tunnel through. However, the
exact positions of these defect-induced energy bands can not
be determined from the field emission measurements because
of uncertainties in the local field enhancement and the emis-
sion area, both of which are impossible to quantify at
present. Both theoretical calculations and experimental stud-
ies such as photoemission are needed to determine how the
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defects couple together to form conducting bands and to
identify the exact energy levels from which the electrons
originate. -

IV. CONCLUSIONS

In summary, vacuum field emission measurements on
CVD diamond samples with varying defect densities indicate
that the electric field required for electron emission can be
significantly reduced when the CVD diamond is properly
grown so as to contain a substantial number of structural
defects. A strong correlation is established between the re-
quired threshold field to generate sufficient emission current
densities for display applications (>10 mA/cm?) and the Ra-
man peak width which is a measure of the defect densities in
diamond. It is likely that the broad types of defects present in
the diamond structure create additional energy bands within
the band gap of diamond and thus contribute to the electron
emission at low electric fields.
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