High-temperature electron emission from diamond films
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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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l. INTRODUCTION functions (~1.5 eV) of most metallic emitters. On the other
) ] ) hand, field-emission devices have exhibited low effective

In recent years, chemical-vapor deposit€VD) dia- ok functions, and show promise in direct energy conver-
mond has attracted considerable interest for use as an elegy, applicationsusing thermionic and/or field emission.
tron emitter due to its low-field-emission characteristics. kqowier and Nordheifprovided the first theoretical treat-
Diamond films have important advantages over other fieldment of field emission from planar metal surfaces. Spindt
emission materials, including chemical stability, mechanicaljemonstrated that sharp geometric surface features enhance
hardness, and high thermal conductivity. In the present workemission substantialf. The emission properties of a wide
experimental results are interpreted in terms of the traditiona\yariety of metallic and semiconductor materials and struc-
Fowler—NordheimFN) theory and an alternative model that tyres have been studied in det4flThe emission properties
includes size and temperature effects explicitly. The comyf carbon-based/diamond materials, in particular, are very
parison between the FN results and the alternative modebpust® However, the physical reasons behind the outstand-
elucidates the potential advantages of the latter for use ifhg emission properties of carbon-based materials remain the
predicting high-temperature emission behavior. subject of scientific inquiry. Suggested applications for

High-temperature thermionic electron emission has beeRe|d-emission devices include vacuum field-effect transis-
studied for several decadéA fundamental understanding of tors, diodes and triodes, ion sources, electron guns, flat-panel
thermionic emission was developed primarily from vacuum-gdisplays, scanning microscopes, and many others.
tube transistors, which operate on the basis of electron emis- As an electron emitter, diamond can exhibit a low or even
sion over a potential barrier. Thermionic emission has als@egative electron affinitf NEA) with appropriate surface
been used for direct thermal-to-electrical power generationermination® This effect allows a reduction in the turn-on
Thermionic energy conversion is inherently efficient due toyoltage required to achieve field emission by eliminating the
the unimpeded flow of electrons through the vacuum and th@otential barrier required to inject an electron from the con-
elimination of heat conduction provided by the vacuum,duction band into the vacuufNEA can, therefore, improve
leaving thermal radiation as the primary heat loss mechafield emission when emitted electrons originate from the
nism. However, the power generation capacity of traditionatonduction band minimurt. With the absence of-type
thermionic devices is limited by the relatively high work doping, however, the concentration of electrons in the con-
duction band is negligible at thermal equilibrium due to the

; _ 11
aAuthor to whom correspondence should be addressed; electronic mail@fd€ band gap of diamondE(=5.45 eV): .
tsfisher@purdue.edu Much research has been conducted to elucidate the exact
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mechanism of field emission and to improve the performancenodels have been proposEd~®but these have typically
of CVD polycrystalline diamond as an electron emitter. Thefocused on electronic applications and thus simplified the
present work considers high-temperature emission from diathermal considerations that are central to the present work.
mond with the expectation that the temperature dependence The model is based on a modified potential field that al-
will provide insight into the emission mechanism. The tradi-lows for curvature-3

tional FN theory and an alternate theory are used to interpret

high-temperature emission data. The FN theory, which ig- R

nores temperature effects, produces estimates of emission pa—V(X) =—aR(L+R)I1= 7R

rameters, such as work function and field enhancement fac- )

tor, that vary significantly with temperature. The alternate _ 9 k-1 R 3)
theory, which includes temperature effects, is shown to pre- 4meg K+1 (2R+x)2x’

dict parameters within a narrower, albeit still broad, range. ) i ) )
The objective of the current work is to identify parametersWhereq is the magnitude of electron chargejs the applied

important to field emission in polycrystalline diamond field, L is the separation distance between electrotess

through experimentation and parameter estimation. Also, thie characteristic radius of the emitteg, is permittivity of

significance of temperature effects and the need to mod&facuum.K is the dielectric constant of the emitter, ands

them is highlighted. The following sections describe thethe distance from the emitter. The total emission currgnt,

theories of field emission and parameter estimation emtakes the form

ployed in the present work. Later sections describe the ex- .

plerimental methods and results compared to theoretical mod- | :qAJ D(W)N(W)dW, (4

els. a

where—W, represents the bottom of the conduction band of
Il. FIELD-EMISSION THEORY the emitterW is thex component of electron energye., in

This study focuses on the high-temperature field-emissiothe dominant direction of emissignN(W)dW is the elec-
characteristics of polycrystalline diamond films for thermal—tron supply function, and (W) is the quantum tunneling
electrical energy conversion applications. Using the formulatransmission coefficient. In the present work, the transmis-
tion of Good and Mullel for basic FN emission, current sion coefficient is calculated using the Wentzel—Kramers—
density can be expressed analytically as Brillouin (WKB) approximation

| Lox10- SBZFA p( 10.4 p( —6.44x 1o7¢3/2) _——
=—————exX exp - BF ( : D(W)=exp{—f F|V(X)—W|dx), (5)
1 X1

¢ K3
wherel is the currentamp, A is the emission area (€ F  whereV(x) is the energy profile of Eq3), x andx, are the
is the averageapplied electric field\v/cm), B is the field  zeros ofw—V(x), andmis the electron mass. We recognize
enhancement factor, and is an effective work function the limitation of the WKB approach to account properly for

(eV). Note that temperature effects are absent. transmission at high fields and temperatures due to its ap-
Often, the FN expression is cast into a linear form proximate expansion about the chemical potential. However,

| 1 its ability to capture trends and provide reasonable quantita-
In(E) =Cp+Cq £l (2)  tive estimates of thermodynamic effects in a straightforward

manner is the primary motivation for its use in the present

In

where the slope; and interceptcy can be found using a work. The effect of small-scale features on emission current
simple linear regression. The three model paraméteosk  is included through the energy profigx) in the transmis-
function, emission area, and enhancement faaannot be sion coefficient of Eq(5). The supply functiol(W) can be
determined uniquely from current-voltage—V) behavior.  formulated analyticallf? and is a function of emitter tem-
The following section describes the method of estimatingoerature and work function
these parameters.

In the present work, we employ an alternate model that is 47mkT {—wW
more physically accurate than the basic FN approach. The N(W)= The 1+exp{ KT ” ©®)
model was described in a recent papemd is summarized
here for clarity. The model includes two important featuresThe integral current equation of E¢), while lacking the
that improve the physicality of the FN model. The tempera-convenience of an analytic forfisuch as the FN model of
ture dependence of the electrons available for emission prd=q. (1)], retains the full temperature dependence of field
vides more accuracy in simulating the thermodynamics oemission.
field emission. In addition, the curvature of the one- Consequently, the integral form is more physically accu-
dimensional potential field is described with the inclusion ofrate than the basic FN approach. In the present work, the
curvature due to geometric features, instead of the field enntegral was evaluated numerically to a convergence of less
hancement factor used in the FN formulation. Other detailedhan 0.1%.
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ll. PARAMETER ESTIMATION To determine the parameter vectgrthe derivative of the

objective functionS with respect to the parameters vector is
Inverse technique@nd parameter extractipoan loosely  set to zero. In order to find this minimizer, the sensitivity of
be described as approaches for solving ill-posed probi‘éms.the model, (), with respect to its argumeng must be
The present problem can be described as ill-posed becauggiculated. The sensitivity matrix represents how the model

experimental data inherently contain measurement errorghanges with respect to the parameters, and is central to de-
Therefore, the estimates will also Contain errors. HOWeVertermining the parameter extraction process

the error in the estimates can be characterized through the
use of confidence intervat8 We note that field-emission ex- ~ y _ In(y) _my+ oy~ ny) ®)
perimental data are particularly noisy, and therefore, the use dy oy '

of the statistical estimation techniques is particularly approrhis matrix can be determined analytically in some rare in-
priate. Parameter estimation techniques are related to cung,ces- normally, it must be determined numerically. For
fits (and actually reduce to curve fits for polynomial models example, the FN model of EL) has analytic derivatives in

but can incorporate any forward model and measurement e[; yq\vever, the derivatives of the alternate model of @j.

rors. ) i are determined numerically by perturbing a single parameter
If the solution to a theoretical modgg.g., Eqs(1) or (4)] Sy, and using a finite difference approach.

is expressed as a function of the unknown parameter vector,” gacause the model will in general be nonlinear, we use a

which containss, ¢, andA for the FN model, an®, ¢, and  14y|0r series expansion, neglecting higher-order terms to ob-

A for the alternate model, then the estimates can be foungﬂin an expression for the parameter vector correction:
from a simple minimization problem. The objectivs, is

given in terms of the experimental daté, and the model B %t A A XT®™Y — ()] ©
solution, 7(y): Yi+1= VT Ay, Y YT IX )
S=[Y—g(»]"® Y- n(y], (7)  where the tilde represents the fact that the parameter vector is

whered is the covariance matrix of measurement errors. Fof- estimate, ‘f.’md thg subscripF Is an itgratipn indgx. The itera-
simplicity, the covariance matrix is given as a square matriQ'O)n. pr()ﬁahss IS dCOﬂtI;\El]ed un.tll the Ofbf[ﬁcuve.defmiﬂ by Eq.
with relative measurement errors for each measuremerg IS 0 ¢ elfotrh ero b N v?rlance 0 etnqlse mt etr:nea}[-h
along the diagonal. If the error is constant, the matrix can pgUrements. € number of measurements 1s greater than e

defined as the product of variance and the identity matrix. I’ iched " d ; t,t btai timat
this special case, measurement errors can be eliminated fro atched exactly and we cannot expect fo oblain an estimate

the formulation because they do not affect the value of thé at gives an objectlye !ess_ than the measurement noise.
estimates. Also, because the objective is formulated as a least-squares

minimization, we can be confident that a global minimum
(excluding local noise minimawas found.

TasLE |. Total emission current and turn-on voltage data for the N-doped

diamond cathode. IV. EXPERIMENTAL SETUP
Temperature Turn-on voltage Current at 950 V For this experiment, polycrystalline diamond samples
(°C) (%) (A) were fabricated by plasma-enhanced chemical-vapor deposi-
o tion on 2 in. silicon wafers? The Si wafers were roughened
300 900 1.%10 X _ . X
500 860 5106 with a diamond grit slurry to enhance the nucleation and

growth of the diamond films. The samples were grown in
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0.01 : ture. Graphite was chosen due to its smaller coefficient of
ol - thermal expansion than the ceramic resistive heaters. Thus,

< 001 | good thermal contact was established between the graphite
2 and the resistive heaters at elevated temperatures. To isolate
% 0.02 the heater block electrically, an insulating sheet of aluminum
€ -003; nitride was used due to its high thermal conductivity. A tan-
@ 0.04 talum heat shield was placed around the heater block to pre-
z 005 | vent radiative heat loss. Type K thermocouples were used for
E ) all temperature measurements.

-0.06 | ;
2 Emission Area —«— \‘\

-0.07 | Tiv Radius —es— \ V. RESULTS AND DISCUSSION

.0.08 L Work Tunction e In Fig. 1,1-V characteristics are shown for the N-doped

15 2 25 3 3.5 4 45

CVD diamond sample on a Si substrate at high temperatures.
Field (V/ium)

Note that no emission was observed at room temperature.
Fic. 3. Sensitivity coefficients as functions of applied field for the alternate The data clearly indicate a strong dependence of field emis-
model. sion on temperature. The total emission current recorded at
950 V and the turn-on voltage at each temperature are shown
in Table I. Higher total currents are observed with increasing
hydrogen plasma, with nitrogen gas added as a dopaté&mperature. The turn-on voltage was defined as the voltage
source, to a thickness of 148m. To help activate the dopants required to reach LA from the diamond sample. A signifi-
in the diamond samples, rapid thermal annealing was utilizedgant reduction in the turn-on voltage is shown with increas-
at 1000 °C. After the annealing process, the resistivity of theng temperature. A FN plot for the emission data from the
cathode was measured to bel M) cm. N-doped cathode is shown in Fig. 2. The characteristic linear
Field-emission properties were tested using a conventrend with a negative slope indicates conformity to the FN
tional diode method in a chamber evacuated to’1Torr. A relation[see Eq.(1)].
gold-coated copper sphere served as the anode, whose posi-The results in Figs. 1 and 2 indicate a moderate tempera-
tion was controlled by a micromanipulator. Molybdenum ture dependence, which can be explained by the increased
plates were used to provide the electrical contacts to the catlearriers in the conduction band of the emitter. We postulate
ode and anode utilizing a 3000 W power supfBorensen that the emission mechanism is similar to that proposed by
DHP3U). An Agilent 34401A multimeter was used to record Geiset al®* and other8-?*and proceeds through three steps:
the emission current data through an IEEE-488 interfaceli) tunneling from the substrate to the diamond filiin), elec-
The same sample was tested up to 1000 V at temperaturéon transport through the diamond bulk, aid) tunneling
ranging from 300 °C to 500 °C. At each voltage increment,from the diamond surface to the vacuum. As temperature
ten current measurements were taken to ensure consisteniegreases, the population of higher-energy electron grows,
and repeatability. The average and standard deviation of thend more carriers can tunnel into the conduction band of the
duplicate measurements also provide a statistical quantificamitter. Neither the foregoing FN theory nor the alternate
tion of the measurement error due to noise. model is capable of simulating this complex emission pro-
A graphite heater block with two embedded resistive heateess precisely. However, the estimated parameters, such as
ers served as the heat source to control the cathode tempergork function ¢, field enhancement factg, or characteris-
tic radiusR, provide some insight and correlation with the
physical mechanism.

0.06 The linear dependence of the sensitivity coefficients indi-
cates whether parameters are correlated. High correladion
g 0.04 confounding means that the parameters cannot be estimated
£ o002 independently. It has already been suggested that the param-
2 eters are highly correlated for the FN model because the
g 0 formulation can be cast into an expression for a line. This
g 002 form [EqQ. (2)] contains, at most, two independent param-
E 0.04 TaBLE Il. Estimates of parameters from the alternate model with 95% con-
2 0.06 fidence intervals.
008 Work Functlog P Y Parameter 300°C 500°C
15 2 25 3 3.5 4 45 Emission area gm?) 852-6+15%-6 4.76—-4+120k-4
Field (V/um) Emission site radius 9.3e—1*+1.3%k-1 523-1*x0.90%-1
m
Fic. 4. Sensitivity coefficients as functions of applied field for the FN \(/lvtor>k function (eV) 1.38+0.121 2.26:0.146
model.
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TasLE Ill. Estimates of parameters from the FN model. VI. CONCLUSIONS

Parameter 300°C 500°C This work has presented experimental data for the field-

Emission area ) 69%-6 9.00-6 emlsismn ccr;aractenstlcs ofa I:—dopid CVIg dlamopd ca;hohde
Enhancement factor 32 21.3 at elevated temperatures. The enhanced emission of ther-

Work function (eV) 1.14 1.27 mally excited electrons allows field emission to be applied to
power generation applications where high temperatures exist.
An increase in the maximum current density and a decrease
in the turn-on voltage were observed with increasing tem-

. I erature.
eters. Figures 3 and 4 show the sensitivities of the current 8 N . . . .
; . . Parameter estimation techniques, which provide a rigor-
the parameters to be extracted. A visual inspection suggests - . . .
o = . . . Ous, statistical means of correlating experimental data with
that all sensitivity coefficients exhibit possible linear depen-

dent behavior. This feature can be verified further with thetheorencal models, were applied to the problem of field

. I o o emission and were shown to produce reliable results. From
identifiability factor, which is found from the sensitivity ma- the alternate model, reasonable estimates for emission area
. _ T . e ™ . . ) y
t.”X (M=|X"X|). An identifiability of zero indicates perfect emission site radius, and work function were obtained simul-
!lne_ar depender!ce. Th_erefore, any va!ue greater than Ze{8neously. The parameters extracted from the FN model veri-
indicates a relative ability to extract unique parameters. AI'fied trends found in estimates from the alternate model. All
though the identifiability is arguably small in both cases .

(Mpy=3.86—27,M = 2.66—19), the alteate model of the estimates indicate that the emission characteristics ex-
FNT 9.0 yWigit— &Y™ '

clearly indicates an advantage over the EN model. hibit a strong dependence on temperature. Additional experi-

. ments should reduce the uncertainty in the parameter extrac-
Because the three parameters of the FN formulation can- . .
ion process and improve the estimates.

not be estimated simultaneously, we examine the alternate .
) . ) . ) Future work will concentrate on the temperature depen-
model first. This model is not strictly linear on a FN plot. ) .
. " dence of electron field emission for doped and undoped poly-
Therefore, more than two parameters can be extracted simul- . . . . ot
: crystalline diamond structures. This work will provide in-
taneously. Estimates of the parameters from the alternaté . . : .
. . sights into the high-temperature operation of a variety of
model are given in Table Il. For both temperatures, we exs. e ; .
. ; . .. .field-emission devices. Also, a more comprehensive param-
pect the radius to be approximately the same since it is o .
. . : eter estimation model will be developed to extract several
purely a geometric quantity. Although the estimates are . !
. . . . L physics-based parameters from experimental data.
slightly different, the difference is nearly within the measure-
ment noise and the two are considered to be statistically
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