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This work examines electron field-emission characteristics of polycrystalline diamond films at
elevated temperatures. Diamond is an excellent material as a field emitter because of its exceptional
mechanical hardness and chemical inertness. The motivation behind this study involves the use of
field emitters in applications where high temperatures exist. Nitrogen-doped polycrystalline
diamond films were grown by plasma-enhanced chemical-vapor deposition. To investigate the effect
of increased temperatures on field emission, current–voltage measurements were taken from the
same diamond film at varying temperatures. Results from these measurements indicate a decrease in
the turn-on voltage with increasing temperature. Further analysis of the temperature dependence of
emission is achieved through parameter estimation of the effective emitting area, field enhancement
factor, and work function. These results suggest that thermally excited electrons are responsible for
improved emission at high temperature. ©2003 American Vacuum Society.
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I. INTRODUCTION

In recent years, chemical-vapor deposited~CVD! dia-
mond has attracted considerable interest for use as an
tron emitter due to its low-field-emission characteristi
Diamond films have important advantages over other fie
emission materials, including chemical stability, mechani
hardness, and high thermal conductivity. In the present w
experimental results are interpreted in terms of the traditio
Fowler–Nordheim~FN! theory and an alternative model th
includes size and temperature effects explicitly. The co
parison between the FN results and the alternative mo
elucidates the potential advantages of the latter for us
predicting high-temperature emission behavior.

High-temperature thermionic electron emission has b
studied for several decades.1 A fundamental understanding o
thermionic emission was developed primarily from vacuu
tube transistors, which operate on the basis of electron e
sion over a potential barrier. Thermionic emission has a
been used for direct thermal-to-electrical power generat
Thermionic energy conversion is inherently efficient due
the unimpeded flow of electrons through the vacuum and
elimination of heat conduction provided by the vacuu
leaving thermal radiation as the primary heat loss mec
nism. However, the power generation capacity of traditio
thermionic devices is limited by the relatively high wo

a!Author to whom correspondence should be addressed; electronic
tsfisher@purdue.edu
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functions (;1.5 eV) of most metallic emitters. On the oth
hand, field-emission devices have exhibited low effect
work functions, and show promise in direct energy conv
sion applications1 using thermionic and/or field emission.

Fowler and Nordheim2 provided the first theoretical treat
ment of field emission from planar metal surfaces. Spi
demonstrated that sharp geometric surface features enh
emission substantially.3 The emission properties of a wid
variety of metallic and semiconductor materials and str
tures have been studied in detail.4,5 The emission properties
of carbon-based/diamond materials, in particular, are v
robust.6 However, the physical reasons behind the outsta
ing emission properties of carbon-based materials remain
subject of scientific inquiry.7 Suggested applications fo
field-emission devices include vacuum field-effect trans
tors, diodes and triodes, ion sources, electron guns, flat-p
displays, scanning microscopes, and many others.4

As an electron emitter, diamond can exhibit a low or ev
negative electron affinity~NEA! with appropriate surface
termination.8 This effect allows a reduction in the turn-o
voltage required to achieve field emission by eliminating
potential barrier required to inject an electron from the co
duction band into the vacuum.9 NEA can, therefore, improve
field emission when emitted electrons originate from t
conduction band minimum.10 With the absence ofn-type
doping, however, the concentration of electrons in the c
duction band is negligible at thermal equilibrium due to t
large band gap of diamond (Eg55.45 eV).11

Much research has been conducted to elucidate the e
il:
5873Õ21„1…Õ587Õ6Õ$19.00 ©2003 American Vacuum Society
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mechanism of field emission and to improve the performa
of CVD polycrystalline diamond as an electron emitter. T
present work considers high-temperature emission from
mond with the expectation that the temperature depende
will provide insight into the emission mechanism. The tra
tional FN theory and an alternate theory are used to inter
high-temperature emission data. The FN theory, which
nores temperature effects, produces estimates of emissio
rameters, such as work function and field enhancement
tor, that vary significantly with temperature. The alterna
theory, which includes temperature effects, is shown to p
dict parameters within a narrower, albeit still broad, rang

The objective of the current work is to identify paramete
important to field emission in polycrystalline diamon
through experimentation and parameter estimation. Also,
significance of temperature effects and the need to mo
them is highlighted. The following sections describe t
theories of field emission and parameter estimation e
ployed in the present work. Later sections describe the
perimental methods and results compared to theoretical m
els.

II. FIELD-EMISSION THEORY

This study focuses on the high-temperature field-emiss
characteristics of polycrystalline diamond films for therma
electrical energy conversion applications. Using the formu
tion of Good and Muller12 for basic FN emission, curren
density can be expressed analytically as

I 5
1.531026b2F2A

f
expS 10.4

f DexpS 26.443107f3/2

bF D ,

~1!

whereI is the current~amp!, A is the emission area (cm2), F
is the averageapplied electric field~V/cm!, b is the field
enhancement factor, andf is an effective work function
~eV!. Note that temperature effects are absent.

Often, the FN expression is cast into a linear form

lnS I

F D5c01c1S 1

F D , ~2!

where the slopec1 and interceptc0 can be found using a
simple linear regression. The three model parameters~work
function, emission area, and enhancement factor! cannot be
determined uniquely from current–voltage (I –V) behavior.
The following section describes the method of estimat
these parameters.

In the present work, we employ an alternate model tha
more physically accurate than the basic FN approach.
model was described in a recent paper13 and is summarized
here for clarity. The model includes two important featur
that improve the physicality of the FN model. The tempe
ture dependence of the electrons available for emission
vides more accuracy in simulating the thermodynamics
field emission. In addition, the curvature of the on
dimensional potential field is described with the inclusion
curvature due to geometric features, instead of the field
hancement factor used in the FN formulation. Other deta
J. Vac. Sci. Technol. B, Vol. 21, No. 1, Jan ÕFeb 2003
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models have been proposed,12,14–16but these have typically
focused on electronic applications and thus simplified
thermal considerations that are central to the present wo

The model is based on a modified potential field that
lows for curvature:13

V~x!52qF~L1R!F12
R

x1RG
2

q2

4p«0

K21

K11

R

~2R1x!2x
, ~3!

whereq is the magnitude of electron charge,F is the applied
field, L is the separation distance between electrodes,R is
the characteristic radius of the emitter,«0 is permittivity of
vacuum,K is the dielectric constant of the emitter, andx is
the distance from the emitter. The total emission currentI ,
takes the form

I 5qAE
2Wa

`

D~W!N~W!dW, ~4!

where2Wa represents the bottom of the conduction band
the emitter.W is thex component of electron energy~i.e., in
the dominant direction of emission!, N(W)dW is the elec-
tron supply function, andD(W) is the quantum tunneling
transmission coefficient. In the present work, the transm
sion coefficient is calculated using the Wentzel–Kramer
Brillouin ~WKB! approximation

D~W!5expH 2E
x1

x2A8m

\2 uV~x!2WudxJ , ~5!

whereV(x) is the energy profile of Eq.~3!, x1 andx2 are the
zeros ofW2V(x), andm is the electron mass. We recogniz
the limitation of the WKB approach to account properly f
transmission at high fields and temperatures due to its
proximate expansion about the chemical potential. Howe
its ability to capture trends and provide reasonable quan
tive estimates of thermodynamic effects in a straightforw
manner is the primary motivation for its use in the pres
work. The effect of small-scale features on emission curr
is included through the energy profileV(x) in the transmis-
sion coefficient of Eq.~5!. The supply functionN(W) can be
formulated analytically12 and is a function of emitter tem
perature and work function

N~W!5
4pmkT

h3 lnF11expS z2W

kT D G . ~6!

The integral current equation of Eq.~4!, while lacking the
convenience of an analytic form@such as the FN model o
Eq. ~1!#, retains the full temperature dependence of fie
emission.

Consequently, the integral form is more physically acc
rate than the basic FN approach. In the present work,
integral was evaluated numerically to a convergence of
than 0.1%.
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III. PARAMETER ESTIMATION

Inverse techniques~and parameter extraction! can loosely
be described as approaches for solving ill-posed problem17

The present problem can be described as ill-posed bec
experimental data inherently contain measurement err
Therefore, the estimates will also contain errors. Howev
the error in the estimates can be characterized through
use of confidence intervals.18 We note that field-emission ex
perimental data are particularly noisy, and therefore, the
of the statistical estimation techniques is particularly app
priate. Parameter estimation techniques are related to c
fits ~and actually reduce to curve fits for polynomial model!,
but can incorporate any forward model and measuremen
rors.

If the solution to a theoretical model@e.g., Eqs.~1! or ~4!#
is expressed as a function of the unknown parameter ve
which containsb, f, andA for the FN model, andR, f, and
A for the alternate model, then the estimates can be fo
from a simple minimization problem. The objective,S, is
given in terms of the experimental data,Y, and the model
solution,h(g):

S5@Y2h~g!#TF21@Y2h~g!#, ~7!

whereF is the covariance matrix of measurement errors.
simplicity, the covariance matrix is given as a square ma
with relative measurement errors for each measurem
along the diagonal. If the error is constant, the matrix can
defined as the product of variance and the identity matrix
this special case, measurement errors can be eliminated
the formulation because they do not affect the value of
estimates.

FIG. 1. I –V behavior ofn-type diamond cathode for temperaturesT5300
and 500 °C.

TABLE I. Total emission current and turn-on voltage data for the N-dop
diamond cathode.

Temperature
(°C)

Turn-on voltage
~V!

Current at 950 V
~A!

300 900 1.531026

500 860 5.131026
JVST B - Microelectronics and Nanometer Structures
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To determine the parameter vectorg, the derivative of the
objective functionS with respect to the parameters vector
set to zero. In order to find this minimizer, the sensitivity
the model,h(g), with respect to its argumentg must be
calculated. The sensitivity matrix represents how the mo
changes with respect to the parameters, and is central to
termining the parameter extraction process

X5
]h~g!

]g
'

h~g1dg!2h~g!

dg
. ~8!

This matrix can be determined analytically in some rare
stances; normally, it must be determined numerically. F
example, the FN model of Eq.~1! has analytic derivatives in
g. However, the derivatives of the alternate model of Eq.~4!
are determined numerically by perturbing a single param
dg, and using a finite difference approach.

Because the model will in general be nonlinear, we us
Taylor series expansion, neglecting higher-order terms to
tain an expression for the parameter vector correction:

g̃i 115g̃i1Dg, Dg5
XTF21@Y2h~g!#

XTF21X
, ~9!

where the tilde represents the fact that the parameter vect
an estimate, and the subscript is an iteration index. The it
tion process is continued until the objective defined by E
~7! is of the order of the variance of the noise in the me
surements. If the number of measurements is greater than
number of parameters to be estimated, the data will not
matched exactly and we cannot expect to obtain an estim
that gives an objective less than the measurement no
Also, because the objective is formulated as a least-squ
minimization, we can be confident that a global minimu
~excluding local noise minima! was found.

IV. EXPERIMENTAL SETUP

For this experiment, polycrystalline diamond samp
were fabricated by plasma-enhanced chemical-vapor dep
tion on 2 in. silicon wafers.19 The Si wafers were roughene
with a diamond grit slurry to enhance the nucleation a
growth of the diamond films. The samples were grown

FIG. 2. FN plot of emission from an N-doped diamond cathode atT5300
and 500 °C.
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590 Shin et al. : High-temperature electron emission from diamond films 590
hydrogen plasma, with nitrogen gas added as a dop
source, to a thickness of 1.5mm. To help activate the dopant
in the diamond samples, rapid thermal annealing was utili
at 1000 °C. After the annealing process, the resistivity of
cathode was measured to be;1 MV cm.

Field-emission properties were tested using a conv
tional diode method in a chamber evacuated to 1027 Torr. A
gold-coated copper sphere served as the anode, whose
tion was controlled by a micromanipulator. Molybdenu
plates were used to provide the electrical contacts to the c
ode and anode utilizing a 3000 W power supply~Sorensen
DHP3U!. An Agilent 34401A multimeter was used to reco
the emission current data through an IEEE-488 interfa
The same sample was tested up to 1000 V at tempera
ranging from 300 °C to 500 °C. At each voltage increme
ten current measurements were taken to ensure consis
and repeatability. The average and standard deviation of
duplicate measurements also provide a statistical quanti
tion of the measurement error due to noise.

A graphite heater block with two embedded resistive he
ers served as the heat source to control the cathode tem

FIG. 3. Sensitivity coefficients as functions of applied field for the altern
model.

FIG. 4. Sensitivity coefficients as functions of applied field for the F
model.
J. Vac. Sci. Technol. B, Vol. 21, No. 1, Jan ÕFeb 2003
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ture. Graphite was chosen due to its smaller coefficien
thermal expansion than the ceramic resistive heaters. T
good thermal contact was established between the grap
and the resistive heaters at elevated temperatures. To is
the heater block electrically, an insulating sheet of alumin
nitride was used due to its high thermal conductivity. A ta
talum heat shield was placed around the heater block to
vent radiative heat loss. Type K thermocouples were used
all temperature measurements.

V. RESULTS AND DISCUSSION

In Fig. 1, I –V characteristics are shown for the N-dop
CVD diamond sample on a Si substrate at high temperatu
Note that no emission was observed at room temperat
The data clearly indicate a strong dependence of field em
sion on temperature. The total emission current recorde
950 V and the turn-on voltage at each temperature are sh
in Table I. Higher total currents are observed with increas
temperature. The turn-on voltage was defined as the vol
required to reach 1mA from the diamond sample. A signifi
cant reduction in the turn-on voltage is shown with incre
ing temperature. A FN plot for the emission data from t
N-doped cathode is shown in Fig. 2. The characteristic lin
trend with a negative slope indicates conformity to the F
relation @see Eq.~1!#.

The results in Figs. 1 and 2 indicate a moderate temp
ture dependence, which can be explained by the increa
carriers in the conduction band of the emitter. We postul
that the emission mechanism is similar to that proposed
Geiset al.20 and others21,22and proceeds through three step
~i! tunneling from the substrate to the diamond film,~ii ! elec-
tron transport through the diamond bulk, and~iii ! tunneling
from the diamond surface to the vacuum. As temperat
increases, the population of higher-energy electron gro
and more carriers can tunnel into the conduction band of
emitter. Neither the foregoing FN theory nor the alterna
model is capable of simulating this complex emission p
cess precisely. However, the estimated parameters, suc
work functionf, field enhancement factorb, or characteris-
tic radiusR, provide some insight and correlation with th
physical mechanism.

The linear dependence of the sensitivity coefficients in
cates whether parameters are correlated. High correlation~or
confounding! means that the parameters cannot be estima
independently. It has already been suggested that the pa
eters are highly correlated for the FN model because
formulation can be cast into an expression for a line. T
form @Eq. ~2!# contains, at most, two independent para

e

TABLE II. Estimates of parameters from the alternate model with 95% c
fidence intervals.

Parameter 300 °C 500 °C

Emission area (mm2) 8.52e2661.59e26 4.76e2461.20e24
Emission site radius
~mm!

9.30e2161.30e21 5.23e2160.909e21

Work function ~eV! 1.3860.121 2.2660.146
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591 Shin et al. : High-temperature electron emission from diamond films 591
eters. Figures 3 and 4 show the sensitivities of the curren
the parameters to be extracted. A visual inspection sugg
that all sensitivity coefficients exhibit possible linear depe
dent behavior. This feature can be verified further with
identifiability factor, which is found from the sensitivity ma
trix ( M5uXTXu). An identifiability of zero indicates perfec
linear dependence. Therefore, any value greater than
indicates a relative ability to extract unique parameters.
though the identifiability is arguably small in both cas
(MFN53.8e227,Malt52.6e219), the alternate mode
clearly indicates an advantage over the FN model.

Because the three parameters of the FN formulation c
not be estimated simultaneously, we examine the alter
model first. This model is not strictly linear on a FN plo
Therefore, more than two parameters can be extracted si
taneously. Estimates of the parameters from the alter
model are given in Table II. For both temperatures, we
pect the radius to be approximately the same since i
purely a geometric quantity. Although the estimates
slightly different, the difference is nearly within the measu
ment noise and the two are considered to be statistic
similar. Despite the large confidence intervals on the a
estimates, the difference here is significant. This differenc
a function of the temperature of the device during emissi
For elevated temperatures, the number of emission sites
increase. Because the emission area is related to the nu
of emission sites, the area should also increase. The
mates further indicate that the work function is a strong fu
tion of temperature. However, the estimates are compar
to the known work function of different forms of carbon.

The traditional FN approach for extracting paramet
was also examined in an attempt to verify the estimates
tained from the alternate model. Even though we do not
pect to be able to extract more than two parameters simu
neously, we can use the information obtained from
alternate model to guide the estimation of the FN paramet
The emission site radius and the enhancement factor
unique to the alternate model and the FN model, resp
tively. Therefore, these corresponding parameters canno
compared directly. However, they are inversely proportio
to each other; large field enhancement is a result of sm
emission site radius. The emission area and work func
estimates are expected to be similar between the two mo
Table III gives the estimates of the FN model. With the a
fixed from the estimates of the previous analysis, the w
function exhibits the same trend between temperatu
However, the values in each case are smaller than thos
timated for the alternate model. The inverse relationship
tween the radius and enhancement factor was maintaine

TABLE III. Estimates of parameters from the FN model.

Parameter 300 °C 500 °C

Emission area (mm2) 6.99e26 9.00e26
Enhancement factor 32 41.3
Work function ~eV! 1.14 1.27
JVST B - Microelectronics and Nanometer Structures
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VI. CONCLUSIONS

This work has presented experimental data for the fie
emission characteristics of a N-doped CVD diamond cath
at elevated temperatures. The enhanced emission of
mally excited electrons allows field emission to be applied
power generation applications where high temperatures e
An increase in the maximum current density and a decre
in the turn-on voltage were observed with increasing te
perature.

Parameter estimation techniques, which provide a rig
ous, statistical means of correlating experimental data w
theoretical models, were applied to the problem of fie
emission and were shown to produce reliable results. F
the alternate model, reasonable estimates for emission
emission site radius, and work function were obtained sim
taneously. The parameters extracted from the FN model v
fied trends found in estimates from the alternate model.
of the estimates indicate that the emission characteristics
hibit a strong dependence on temperature. Additional exp
ments should reduce the uncertainty in the parameter ex
tion process and improve the estimates.

Future work will concentrate on the temperature dep
dence of electron field emission for doped and undoped p
crystalline diamond structures. This work will provide in
sights into the high-temperature operation of a variety
field-emission devices. Also, a more comprehensive par
eter estimation model will be developed to extract seve
physics-based parameters from experimental data.
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