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Abstract
This paper reports on the behavior of electron field emission from diamond thin films at elevated temperatures. The study is motivated by
the possibility of using these structures in high temperature electronics or direct energy conversion processes. Three diamond samples were
tested: nanocrystalline diamond, crowned diamond tips, and peaked diamond tips. All samples displayed moderately efficient field emission
characteristics. For each of the samples, the onset of field emission decreased as the sample temperature increased. Temperature effects,
interpreted through advanced parameter estimation techniques, were shown to have a small influence on the estimated work function between
300 and 700 K, except for the peaked tip sample, whose estimated work function became very large at the highest temperature. Emission
areas were also estimated and revealed similar trends to that of work function.
D 2004 Elsevier B.V. All rights reserved.
PACS: 85.45.Db
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1. Introduction
Polycrystalline diamond films can exhibit outstanding
field emission properties with low turn on fields and high
current densities. The precise mechanism(s) responsible for
this behavior remain unclear, but most prior studies attribute
at least some of the behavior to the presence of small-scale
geometric features that serve as sites of local electric field
enhancement [1]. Numerous studies [2–8] have highlighted
the shortcomings of basic Fowler-Nordheim theory [9]
applied to emission from small surface features. In such
cases, the meaning of the three primary Fowler-Nordheim
parameters—work function, area, and field enhancement
factor—can become obscured. In the present work, we
employ an emission model that includes non-planar effects
to explain observed field emission from polycrystalline
diamond films at elevated temperatures. Thermal effects are
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included in the models and provide an important additional
degree of freedom in interpreting field emission behavior
via advanced parameter estimation techniques.
A variety of diamond films show strongly enhanced field
emission properties that can be demonstrated reproducibly.
Several possible mechanisms have been proposed to explain
such outstanding behavior. Wang et al. [10] observed
emission from the region between grains in polycrystalline
diamond films. Geiss et al. [11] described a theory involving
internal emission from a metallic electrode into the
cathode’s conduction band. Recently, nanocrystalline films
[12–15] have shown excellent field emission properties.
Diamond tip arrays also appear to be promising candidates
for electron field emission devices because of the field
enhancement produced by their geometry [16,17]. This
effect occurs due to a deformation of the potential field,
which enhances the local electric field and enables emission
of electrons at low applied voltages.
Several recent studies have reported significant effects of
temperature on field emission from diamond [18–22].
Sugino et al. [18] observed a substantial decrease in turn-
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on voltage as temperature increased from 20 to 200 8C for
phosphorus-doped films. Koch et al. [19, 20] also observed
such an effect at higher temperatures (up to 950 8C) for
nitrogen-doped films. At lower temperatures, Chen and Lue
[21] observed a significant decrease in emission from room
temperature to 100 K for boron-doped films. The strong
temperature effects observed in these studies suggests that
temperature variation may be useful in clarifying emission
mechanisms and unknown parameters (such as work
functions, emission areas, and geometric feature sizes) in
field emission materials.
The present work seeks to elucidate emission mechanisms from diamond films by considering geometric
and thermal effects in models that are used to interpret
experimental observations. Rigorous estimation techniques are employed to determine values of unknown
parameters, and experimental variations are included
explicitly in the process. The following section describes
the development and implementation of emission models
and parameter estimation techniques. The subsequent
section describes experimental implementation. Section
4 presents experimental observations and comparisons with
theory through parameter estimation. The final section
summarizes with several conclusions derived from the
work.

electron potential surrounding a conducting sphere of
radius a within a uniform electric field, F [29, pp. 60–
62]. The sphere’s surface potential can be matched
approximately to that of the planar cathode at a distance
L from the sphere’s center (see Fig. 1) via superposition of a
point source of strength FLa located at the sphere’s center.
Thus, setting the magnitude of the cathode and sphere
surface potentials to zero, the potential becomes, in
spherical-polar coordinates with image potential,




a3
a
/ðr; hÞ ¼ qF r  2 cosh þ qFL
1
r
r


ð1Þ

where r is the radial coordinate measured from the sphere’s
center, h is the polar angle, F is the macroscopic electric
field, q is the elementary electron charge, e 0 is the
permittivity of vacuum, and K is the emitter’s dielectric
constant. The macroscopic field can be expressed in terms
of the applied voltage V and cathode-anode separation
distance d as F=V/d.
For tunneling calculations, the foregoing potential field is
approximated by a one-dimensional potential along the axis
h=0 [8]. The WKB tunneling approximation [30, pp. 229–
233] is used to evaluate the tunneling coeficient D(W)

2. Theoretical formulation
The outstanding field emission properties of many
cathode materials are a consequence of localized field
enhancement from extremely small geometric features.
Often, Fowler-Nordheim (FN) theory of field emission
has been applied to the analysis of tip-like emitters due
to its simplicity (and a buniversalQ model based on FN
theory has even been proposed for emission from carbon
nanotubes [23]). However, FN theory makes several
simplifications to arrive at an analytic solution whose
validity for predicting emission from sharp objects and
emission at elevated temperatures is questionable. A
common remedy for reconciling the difference between
planar field emission (presumed by FN theory) and
emission from small protrusions involves the use of a
field enhancement factor (b) that linearizes the highly
curved field near the location of emission. The hazards of
such an approach for simulating field emission from
CNTs has been documented recently [8], and earlier
studies have shown the significant limitations of FN
theory for other types of tip emitters [2,4,7]. In addition,
recent studies have shown that the FN linearization can
cause signification deviation in the predicted energy
distributions of emitted electrons [24,25].
Prior studies [26–28] have shown that a floating
sphere model can approximate, to reasonable accuracy,
the local electric field near the surface of a field emitter
with a sharp tip. The model begins with a description of

q2 að K  1Þ
8pe0 ðr2  a2 Þð K þ 1Þ;
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where x is the linear coordinate measured from the tip apex
along the axis h=0, / 0 is the potential along this axis, and
W=mv x2/2 is the energy associated with momentum in the
tunneling direction. The limits of integration x 1 and x 2 are
the roots of W/ 0. These roots can be determined by

Fig. 1. Coordinates and dimension definitions used in the calculation of
potentials.
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expressing W/ 0=0 as a polynomial in a normalized
coordinate xV=1+x/a
0 ¼ Fqax V5 þ ðW þ FqLÞx V4  Fqð L þ aÞx V3

 2
q k1
 Fqð L þ aÞ  W xV2 þ FqLx Vþ Fqa
þ
2a

ð3Þ

where k 1=(4pe 0)1. Evaluation of the transmission coefficient in Eq. (2) is aided by precalculation of the maximum
potential, / max, which is given by the real, positive root of
the equation


q2 k 1
0 ¼ FqaxV7 þ Fqð L  2aÞxV5 þ 2Fqa 
xV4
a
þFqða  2LÞxV3  4FqaxV2 þ FqLxVþ 2Fqa:
ð4Þ
Electron emission also depends on the number of
electrons available for emission with sufficient energy to
tunnel. Following Good and Mqller [31], the electron
supply function is taken as



4pmkT
W n
N ðW ÞdW ¼
ln 1 þ exp 
dW ;
ð5Þ
h3
kT
where m is the mass of an electron, k is Boltzmann’s
constant, and T is emitter temperature. Temperature-dependent emission is introduced through the supply function.
Electron emission is found by integrating the product of
Eqs. (5) and (2).
Z l
DðW ÞN ðW ÞdW ;
ð6Þ
I ¼ Aq
Wa

where A is the emission area and Wa is the energy at the
bottom of the conduction band.
2.1. Parameter estimation
Parameter extraction is usually performed by curve
fitting a model to experimental data. In the case of the FN
equation, the solution can be cast in terms of a line whose
slope and intercept can be resolved into the parameters of
interest, namely the enhancement factor b and work
function /. Because an analytic solution for the emission
current is not forthcoming in the present context, the
forward model (emission current) must be solved by
numerical integration. As such, estimation of model
parameters becomes difficult. Further, noise inherent to
experimental measurements introduces uncertainty in
parameter estimates, and this noise should be characterized.
Inverse methods [32] and parameter estimation techniques
[33] have been developed to extract model parameters while
including information about random noise.
Estimation of model parameters begins by considering a
least-squares minimization of the residual between predicted
model outcomes and measurements. The objective is given as
S ¼ ½I  gðg ÞT %1 ½I  gðg Þ;

ð7Þ
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where the I vector contains the measured current, the h(g)
vector contains the model prediction corresponding to the
measurements as a function of the model parameters, g and %
is the covariance matrix of measurement errors. In the present
work,g={a, /, A}, and % contains the standard deviation of
the measurement error along its diagonal. Errors are generally
field-dependent and increase with applied bias V. The
parameter estimation procedure has been used previously
[34] for estimation of field emission parameters using a
different forward emission model.Estimation of the parameter vector follows from a non-linear correction form
g i þ Dg; Dg ¼
g iþ1 ¼ g̃
g̃

XT %1 ½I  gðg̃
g i Þ
;
XT %1 X

ð8Þ

where the subscript indicates the iteration number and the
tilde indicates that the vector represents an estimate. The
sensitivity matrix X contains the derivatives of the prediction
with respect to the parameters. Because the forward model is
not analytic, a finite difference is used such that
X¼

Bgðg Þ gðg þ yg Þ  gðg Þ
c
:
Bg
yg

ð9Þ

The iteration repeats until the objective (Eq. (7)) is of the
order of the measurement noise.

3. Experimental procedure
Three different samples were fabricated and tested in this
work. The first sample was a nanocrystalline film fabricated
according to the protocol described by Zhou et al. [12]. The
film was deposited on a silicon substrate (100 orientation) to
a thickness of approximately 0.5 Am. The other two samples
possessed molded pyramidal tip features and were prepared
as described by Kang et al. [35]. Two different silicon molds
were employed with base pyramid dimensions of 2 and 3
Am, respectively. For the 2-Am base, each inverted
pyramidal mold ended with a single sharp-pointed peak.
For the 3-Am base, the silicon mold was over-etched such
that the inverted mold ended in a four-sided crown, instead
of a single tip. Hereafter, the two samples are identified as
dpeakedT and dcrownedT, respectively.
The crowned and peaked diamond samples are shown
in Fig. 2. After deposition into the inverted silicon molds,
the exposed surface was brazed to a planar molybdenum
substrate of 2.5-mm thickness. The silicon mold was then
removed completely by etching in KOH. The samples
were mounted on a heated stage in vacuum for emission
testing.
A Hewlett Packard 6621A DC power supply provided
and maintained heat input. Temperature measurement, via
K-type thermocouples, was recorded on the top surface of
each sample, and the output signal was monitored using a
Fluke model 52-II thermocouple thermometer. A floating
zirconium probe was implemented as the biasing anode.

116

D.G. Walker et al. / Diamond & Related Materials 14 (2005) 113–120

turn-on field (i.e., the field at which current exceeds 1 AA)
of approximately 65 V/Am. At T=500 K, the turn-on voltage
decreases to 55 V/Am. However, prior study shows turn-on
voltages for nanocrystalline diamond in the range of 3–5 V/
Am [12]. The larger turn-on fields observed in the present
work could be the result of differences in grain structure.
The inset of Fig. 3 shows the Fowler-Nordheim plot for the
nanocrystalline sample in which each data set exhibits
approximately the same slope. The similar slopes of the
samples indicate a relatively unchanging field enhancement
factor b (assuming a constant work function), which is
estimated to be 1.56 105 and 1.25 105 cm1 for the
respective temperatures of 300 and 500 K, assuming a work
function of 4.5 eV. These values are similar to those
estimated from other experiments [13]. As previously
mentioned, the nanocrystalline diamond film produced
higher currents for a given voltage as the sample temperature increased. This result can be attributed, in part, to the
supply function’s temperature dependence wherein higher
temperatures produce increased supply of electrons available for emission, resulting in larger currents.
Fig. 2. Sem image of diamond tips; (a) crowned diamond microtips, (b)
peaked diamond microtips.

Vacuum gap positioning was controlled in the vertical
direction using a Burliegh 1700–25 inchworm motor and
6000 ULN controller. The vacuum gap was 10 Am for each
test. A voltage bias ranging from 0 to 1000V was applied
across each of the samples under a typical vacuum chamber
pressure of 1 107 Torr. This procedure was repeated for
various temperature settings in the range 300–700 K.

4. Results
Plots of field emission current as a function of applied
voltage for the nanocrystalline diamond film are shown in
Fig. 3. The results indicate a room-temperature emission

Fig. 3. Current–voltage behavior of the nanocrystalline diamond thin film.

Fig. 4. Current–voltage behavior of diamond-tip emitters; (a) peaked
device, (b) crowned device.
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Fig. 4 displays the current–voltage characteristics of the
peaked and crowned diamond tip samples. The emission
characteristics of these samples are similar. Fowler-Nordheim (FN) plots for the two diamond tip devices are shown
in the insets of Fig. 4. These plots confirm that both devices
exhibit field emission behavior. Using isothermal FN theory,
estimated values of field enhancement factor b for the
crowned sample range from 7.63 104 to 2.91 105cm1.
Estimated values of b for the peaked-tip sample range from
2.50 105 to 3.42 105 cm1. Crowned tips and peaked tips
follow the same thermal trend as the nanocrystalline films,
as the FN lines shift to the right with increasing temperature,
while generally maintaining a relatively constant slope.
Improved insight into temperature effects on field
emission can be obtained from examining estimates of
parameters inherent to the non-analytic model of Eq. (6).
The parameters of interest include work function /,
effective emission area A, tip radius a, and tip height L.
The field enhancement factor in the FN formulation is
inversely proportional to the tip radius and proportional to
tip height. Because this model contains physical geometric
quantities instead of fitting parameters, more reliable
estimates for work function and effective emission area
can be obtained. The following paragraphs discuss the
results of this model in terms of the interdependencies
among the estimated physical parameters, highlight the
results among different parameter types, and illustrate the
temperature dependence of the estimated parameters for the
various samples under study.
For the nanocrystalline film sample, estimates of work
function are shown in Fig. 5 as a function of tip radius.
Because of the correlation of parameters, only effective area
and work function were estimated simultaneously. Consequently, the tip radius was swept through a range of values for
each data set, and the tip height was held constant at 0.5 Am.
The estimates do not definitively indicate the work function.
Instead, they provide a bound on the tip size based on
physical arguments. Because the work function is expected to
exist in the range of 3.2–5.1 eV [36], the estimated tip radius

Fig. 5. Estimate of work function for nanocrystalline thin film.
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Fig. 6. Estimates of work function for (a) peaked sample and (b) crowned
sample.

falls between 10 and 25 nm. Interestingly, the estimated work
function decreases by approximately 0.5 eV as temperature
increases from 300 to 500 K. Higher temperatures were not
tested with this sample due to catastrophic arcing failure. The
area estimates were found to be ~104 Am2 for both
temperatures. Although the value increased slightly for
increasing tip radii, the increase was negligible.
Fig. 6 shows estimated work functions of both the
peaked tip sample and the crowned sample for varying
emitter radii. Both show the same trends and place the tip
radius in the range of 10–25 nm based on expected work
function values. Further, these values are consistent with
estimates of the nanocrystalline diamond sample in Fig. 5.
For the peaked sample, the work function estimates at the
lower two temperatures are similar for all emitter radii.
However, for the highest temperature, the estimated work
function increases dramatically. This increase is apparent in
the I–V curve of Fig. 4, where a kink appears just after
device turn-on. Considering the FN plot in the inset, two
distinct FN slopes are apparent on either side of this feature.
The estimation procedure, which cannot resolve two slopes,
is weighted toward the slope of larger magnitude and thus
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predicts a higher work function. For the crowned sample in
Fig. 6, the estimated work function decreases between 300
and 500K and then remains relatively the same between 500
and 700 K. This behavior at lower temperatures is consistent
with that of the nanocrystalline film.
Temperature also affects a strong change in emission
area, as shown in Fig. 7. At lower temperatures, estimated
area increases for the peaked sample and decreases for the
crowned sample. The former result seems intuitive, as the
relatively constant work function observed in Fig. 6a would
require larger areas to produce markedly higher currents, as
observed in Fig. 4a. The latter observation is less obvious
but is the result of the decrease in work function between
300 and 500 K. Apparently, this decrease in work function
occurs over relatively small regions of the emitter sample,
and these regions then dominate the emission characteristics. At the highest temperatures, the emission area
increases significantly for both samples and may be the
result of improved conduction in the emitter materials.
The preceding results at the highest temperatures are
generally consistent with those of Koch et al. [20] and
indicate an increase in emission area at these temperatures.

Fig. 8. Temperature dependence of (a) work function and (b) effective area.

Fig. 7. Estimates of effective emission area for (a) peaked sample and (b)
crowned sample.

To highlight temperature effects, estimates at a tip radius
of 15 nm were selected for further investigation. Fig. 8
shows results for work function and emission area in terms
of temperature explicitly. The estimated work functions for
all samples exhibit small decreases with increasing temperature at low temperatures, but the work function for the
peaked sample increases markedly between 500 and 700
K. A possible explanation for this behavior, and one
supported by the results of Koch et al. [20], is that
hydrogen desorption occurs in this temperature range,
causing an increase in diamond’s electron afinity and
therefore effective work function. Emission area plotted in
Fig. 8(b) as a function of temperature on a logarithmiclinear scale indicates relative stability in emission area at
low temperatures but a significant increase in area at high
temperatures. These results are consistent with observed
phosphor screen images taken by Koch et al. [20] in which
isolated the emission locations are seen at low and
moderate temperatures, but nearly uniformly emission is
observed at high temperatures. We note that a rigorous
physical explanation of this behavior has not yet been
proposed. However, an increase in electron mobility in the
bulk emitter material and on its surface is a likely
contributor to this behavior.
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5. Conclusions
The present study presents temperature-dependent field
emission measurements of nanocrystalline diamond and
two samples of geometrically enhanced 9 polycrystalline
diamond. For each sample, the turn-on voltage decreased
as temperature increased, which is consistent with other
observations. This result is explained by considering a
temperature dependent supply function. In this case more
electrons are available for emission. However, estimates
indicate that the work function can increase with temperature, which would effectively decrease the current of an
emitter if this were the only effect. Estimates also indicate
that effective area increases with temperature, which is
also consistent with other observations. The net result
is significantly larger currents at elevated temperatures.
At lower temperatures, from 300 to 500 K, the increase
is likely due to an increase in the supply function.
At higher temperatures, 500–700 K, the increase in
supply function alone does not account for the observed
increase in current. Surface termination likely plays a
significant role by allowing many more emission sites to
become active. This suggests that the increase in current
occurs suddenly near a particular temperature. More tests
are warranted to investigate thermally enhanced field
emission.
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