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A Physical Simulation Model
for Field Emission Triode

Chih-Wen Lu and Chung Len Le&enior Member, IEEE

Abstract—A simple but accurate physical model, which can Avramescu [15]. In addition, Bustat al. [18] developed a
be incorporated into circuit simulation programs such as SPICE  model based on a numerical approach, from which the result
for the field emission triode(FET), is developed. The model is ,piainad can serve as a guide for a more stringent theory. Jones

based on the Fowler—Nordheim (F-N) current density—electric Lo
field (J-E) relationship. An electric field form is adopted to et al. [19] also developed a circuit model for the FET array

calculate the current density distribution along the surface of the Operating at the low-voltage. Qiet al. [20] also developed
sphere-shape tip. The cathode current is obtained by integration a model for the FET amplifier. Most recently, lat al. [21]

of the current density over the emission surface. The gate current developed an FET triode model with a parameter extraction
is derived by the same integration, but over part of the emission procedure for SPICE simulation.

area. A procedure to extract the values for the parameters of . L
the model is also given. The model and the procedure has been In this work, a new FET model which is based on the F-N

applied to experimental devices to demonstrate its accuracy.  tunneling mechanism, (but its J-E relationship is related with
the device geometry parameters), is proposed. An extraction

procedure is also derived to extract parameter values based on
the devicel-V characteristics. The model is developed on the
diode as well as on the triode. Although the model is related
. INTRODUCTION with the device physical geometry parameters, the model is
IELD emission triode (FET) is a solid-state device whiclsimple and easy to be incorporated into the circuit simulation
features a miniature vacuum tube triode formed by appfrogram such as SPICE.
cation of modern intregrated circuit (IC) processing technol-
ogy. It can be used in the applications such as flat panel display Il. DEVICE MODEL
[1]_[‘.1]’ microwave tubes [5]-[7]. A typical Spindt type FET The device model is first derived for a diode and then
consists of a cathode, a control gate, and an anode simi Rtended for a triode
to that of a conventional vacuum tube triode. When a hig '
voltage is applied between the gate and the cathode, a very .
large electric field is formed on the tip of the cathode due t% The Diode Model
the sharp geometry of the tip and the short gate-to-cathoddrield emission diode modeling is generally based on the
distance. Following the Fowler—Nordheim (F-N) tunnelingk—N J-E relationship which relates the field emission current
mechanism electrons will be emitted from the surface ofensity,.J, to the electric field on the surface of the tif,
the cathode to the anode which is biased at a proper highd the work functiong. This relationship is given below as
voltage [8]-[10]. However, since the gate is always biasd€], [10]
more positively than the cathode, a large gate current can flow
J = AE? exp <——>

Index Terms—Field emission triode, Fowler—Nordheim, simu-
lation model.

at the zero or moderate positive anode voltage.

The applications of FET in circuits have triggered a demand
for its device model for circuit simulation. A simple, efficientyhere
and accurate FET model is pursued. Some works had been

1)

done on modeling the field emission diode [12]-[14] based on = M

the F-N J-E relationship. In their approach, so-called electric @ -#2(y)

field enhancement a and area b factors were used to transform B =6.86 x 107®% 2u(y)
the local J-E relationship to the glob&+V" characteristics. v(y) =0.95 — 42

The approach is somehow questionable since the electric field 370 x 10-4EY2 /3
is not constant across the tip and the factor b is a voltage y =379 x10 /
dependent parameter [15]-[17]. A different approach, in which (y) =11

I-V equation is obtained through integration of the current

density over the tip surface, is proposed by Nicolaescu afiiere/ i expressed in terms of A/GnE in volts/cm, and
$ in electron volts. In this approach, instead of lumping the
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Fig. 1. The “Saturn” model, given by Jensehal, in which the tip is a Angle (de

€es
floating sphere suspended near a ring of charge along the symmetry axis. grees)

Fig. 2. The angular current density distribution calculated from (1)—(3) for
several gate voltaged. is the critical emission angle beyond which the
across the surface of the tip into account. Hence, the electassion becomes negligible. The larger thg the larger thed..

field of the emission is first considered.
Previously, some work had been done on investigating 80
the electric field of the emission tip of different shapes
[22]-[24]. For example, Veert al. investigated the electric
field distribution of a tip of a shape of a paraboloid [23].
Jenseret al. [24] gave an expression for the electric field of

a Saturn model which is shown in Fig. 1, where the tip is a e
floating sphere suspended at the symmetry axis of a gate of a &
ring shape. The field at the position which is at an angle of g
with respect to the symmetry axis of the surface is given by ov

E(0) = Eo/[1+ A(1 — cos(6))] (@)

where E; is the maximum electric field at the position of
8 = 0° of the sphere and is a fitting parameter. In this work,
the Jenson’s result is used for our approach wherg taken
0.76. In fact, the electric field obtained by assuming: 0.76 Ve (V)
is almost the same as that obtained from the Veen's mode}. 3. The computed value @ in terms of v, from (1)-(3). Thed. is
The maximum difference between two field distributions idefined as/(é = 6.) = 0.1%J(¢ = 0). The value off. is almost linearly
less than 1.5% foP < 90°. So, we consider that (2) is aProPortional ©vs.
good approximated formula for describing the electric field
distribution on the surface near the apex of the tip. Hence, ¢arrent density over the emission surface of the tip, i.e.,
this work, we assume that the shape of the tip near the apex 6.
is a sphere and its field distribution is that of (2). 1. = 27r7’2/ Jsin 6 dé 4)

In practice, the field emission current is measured as a 0
function of the applied voltage. The conventional geometricalhere » is the radius of the sphere-shape tip ghdis the
factor 3 is used to correlate the electric field at the apex @fitical emission angle beyond which the current emission
the tip to the voltage [25], i.e., becomes negligible, i.e.,

J(@#)=0 foréd>6.. (5)

Eo = Y, 3)
From Fig. 2, the value of. is seen to be a function of

With (1)-(3), the angular current density distribution caf,. The larger the gate voltage, the larger valuefof This

then be calculated. Fig. 2 shows a calculated angular currémticates that a large¥), results in a larger emitting areé.

density distribution for several gate voltages for= 4.5 eV in terms of V, can be computed from (1)—(3). Fig. 3 shows

ands = 9.25x10° cm™!, which is a value calculated by usingsuch a plot for the above example wheig is defined as

the parameter extraction procedure which is to be presenté@ = 6.) = 0.1%.J(6 = 0). It can be seen that the value of

later in this paper for the first demonstrated device. It can Be is almost linearly proportional to the gate voltage.

seen that the current density is an exponential-like function ofHere, we also assume that the radiusf the tip is large

8. The cathode current can then be obtained by integrating #eough to allow the planar F-N J-E relationship to be applied
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) i ] obtained from the current density distribution along the cathode surface
Fig. 4. The value of the tern#V, / B, computed for several work functions. respectively 6, is the angle beyond which the cathode emitted charges are
The value of this term is smaller than one even the electrical field is up ¢ellected by the gate to be the gate current. The anode collects emitted currents

=

5 x 10° Vicm. emitted from the cathode for the angles frém= 0 to 6.

[26] and the value of3 in (1) is independent of electric field. emitted from the surface for the angle> 6, is collected by
Using (1)—(4), we can obtain the effective cathode current fefe gate to be the gate current. The gate curdgntan be

an array of emission tips to be obtained by integrating the emitted current density over the
9N A BBV range off = 6, to 6 = 6. from (1)—(3), i.e.,
I, = — B3 > (=1)"n+1)! 0
B 9 .1'2 2 € .
n=0 1, =2mr°N Jsin 6 df
/3Vg>" 6=6. b
i el (6) 2 (=B/BVy)ea 2
<B$ 6=0 :2m)\g‘4/33vg36 — > (=DM n+1)!
wherex = 1 4+ A(1 — cosf) and N is the number of the * n=
emission tips. NN (8)
In (6), sinceJ(# = 6.) = 0 from (5), the obtained cathode Bz,
current is:
where
22N A B . . BV "
I = = /33%36 (B/8Vy) ;::0(_1) (n+ 1)g<?9> . Zo =14+ A1 — cosb,).

(7) Ir:c (98), alsoJ(# = 6.) = 0 from (5), hencel, is a function
of 4,.

In (7), the term,3V, /B, is a function of E,. This term  ¢_'is a parameter related with the collecting ability of the
can be calculated by using (1) and (3). Fig. 4 plots the valggode. For a large anode voltagg, it gives a large value
of this term for several work functions. From this plot, it i$f 6,. For the saturation region of the FET devide, equals
seen that it is smaller than one even for the electric field Upﬂ@ee and all the cathode emission current becomes the anode
5 x 10° V/cm. The maximum electric field value in practic%urrent_ For the triode regiorﬁa is between 0 an@e. F|g 6
must be determined by the dielectric Strength of the inSUlatimthe p|0t5 of the gate Curreﬂ?7 versusé,, Computed from
material between the gate electrode and the substrate. Sincq#)&or a set of different gate voltages. These plots are very
insulator is most ||kEIy to be silicon oxide or silicon nitride,sim”ar to those measured curves of the gate currents versus
the dielectric strength is lower thanX610° V/iem. Hence, (7) the anode voltag®,. Hence, it is assumed that, for the triode

converges. Also, in (7), it is noted that is expressed in terms region of the FET§, is linearly proportional toV,, i.e.,
of the radius #” of the emission tip and it is proportional to

V2, instead ofV2 as in the conventional field emission diode 0o = (Vo — Var) 9)

current-voltage expressions [9], [25]. whereV,r is the threshold voltage of the FET device, above

) which the anode starts to collect the emitted currents. The
B. The Triode Model value of V,r is dependent on the anode configuration. A
For a triode, the current emitted from the cathode is sharesaller distance from anode to gate gives a lowgr. V1
mostly by the anode and by the gate. In this case, as in Figisbalso dependent on the gate voltage. A larger gate voltage
which is the plot of one of curves of Fig. 2, the current emittecauses a larger value &f,+.
from within the surface of the tip frorh = 0 to the angld, is To verify the above assumption, the values&gf versus
collected by the anode to be the anode current and the curréptare computed from the data of Fig. 6 and the measured
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Fig. 6. The computed gate current as a function of the emission &agle

from (8) for different gate voltages. Fig. 8. The plots ob, versusV, computed by using (8) from Fig. 6 and the

measured gate currents but with as the varying parameterd, increases
first then decreases with respectitg for all V.

80 T T T T T H
I [ ! I where ag, a1, and a; are parameters to be extracted in the
L _ later extraction procedure.
V66V Since the emission current always equals the anode current
60— plus the gate current, the anode curréntan be obtained by
= | subtracting the gate curreff of (8) from the cathode current
g 1, of (7), i.e,
g 40
= | I,=1. -1, (11)
201~ I1l. PARAMETER EXTRACTION PROCEDURE
i In this section the extraction procedure for values of the
necessary parameters of the above (7)—(10) are described. To
oL— t+ . I . 1 . 1 . describe the procedure more clearly, device data which were
0 20 40 60 80 100 ; L ,
v. W published in this area are used as demonstration examples.

The first device example used is that published in the
Fig. 7. The plots of the computed values &f versusV, which are Betsui's paper [11]. The device was an silicon field emitter

computed from the data of Fig. 6 and the measured gate currents baseqip,rhys of 6400 (80>< 80) tips. The radius of the bullet-
(8) for several gate voltages. Four plotted curves are roughly linear and thej

r . . .
extrapolated points intersect at the horizontal axi¥atz 0, 4, and 6 V for shaped t'p_ was reported belng _Iess tha_-n 20 nm. The spacing
V, <68V, =70V and= 72 V, respectively. between tips was ;4m, so the tip density was 6.25 10°

cm~2. The diameter of the gate aperture wasn? which

was larger than that of its silicon dioxide mask. The distance
gate currents respectively for several gate voltages by usingfween the anode plate and gate was 1 mm. In Betsui's
(8), and the results are plotted in Fig. 7. The plotted curveseasuring apparatus, the gate was grounded and negative
are approximately linear and their extrapolated values at theltage was applied to the cathode to extract electrons. In
horizontal axis are approximately 0, 4, and 6 V My < 68 this work, the cathode voltage is assumed to be the reference
V, =70 V and = 72 V, respectively. grounded voltage.

In the above equationy is a factor which relates the anode In (7)—(10), ¢, 7, N, A, 3, «, and V7 are unknown param-
voltage to the angld,. It is expected to be a function of eters. In the extraction procedure, these parameters are not
the gate voltage. Fig. 8 is the plots 6f versusV, also extracted individually. They are extracted through two param-
computed by using (8) from the same Fig. 6 and the measumdrs: A’ and B’. A’ is a parameter related with the emission
gate currents but witf¥, as the varying parameters. It is seearea andB’ is a parameter related with the geometrical
that 4, increases first, due to the increasing valugfofsee factor j3:
Fig. 3), with respect t&,, then decreases due to the increasing

i~ . - , 2mPNA & BV \"
emitting area collected by the gate (see Fig. 4). Hence itis A' = ~"— "3 E (-1D)*(n+ 1! == (12a)
. ; AB B
then assumed that is a function of V, of second order n=0
polynomials, i.e., and
B
! J—
a=a+ a1V, + CLQVH2 (10) B = 8’ (12b)
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Fig. 10. Theln(Ic/qu*) versus1/V, plot of the cathode current of the

Fig. 9. The computed summation of the first four terms of the summatiﬁggLTﬁﬂéaLgi\(”;e/{),,g?riu?r?(ggfxzfg,\é') It_'?%sc/l%??ly approximated
c g h & g

part, 2 _,(=1)"(n + 1){(3Vy/B)™, of the parametert’ as a function of
Vg for 8 =9.25x10° cm~! andg = 4.5 eV. Itis a slowly varying function
of V, for the whole 0-300 V gate voltage region. TABLE |
EXTRACTED PARAMETERS OF THE FIRST EXAMPLE

With these two parameters, the emission current can be ex- ~ Parameteror Term [Value or Function
pressed as: A 6.27x10° A/V?
. B 708 V
I,=A Vg e 9/, (13) 21tr2NAB3 S , e
. : ' 6.22x107° +1.94x107'V, A/V
Fig. 9 plots the value of the summation of the first four v AB ov (z] <6:5V * ¢
terms of the summation part of the parametérversusV, o 4V (Vg=_70V))
for taking 8 = 9.25 ><_105 crr_r1 and¢ = 4.5 eV (It is of 6V (V:=72V)
enough accuracy by just taking the first four terms since the a ~8.77x10" degrees/volts
term [3V,/B]™ converges fast). It can be seen that for the a‘: 1%10" degrees/volts
whole 0-300 V gate voltage region it is a slowly varying a, ~11x10 degrees/volts
function of V;. Hence, it can be considered to be constant r 19nm

during extraction. Also, it was reported that the paraméter
is a slowly varying function ofV; [27], hence the parameter
B’ is also a slowly varying function o¥,. It can also be work function of 4.5 eV and(y) = 1 is assumed. This value

considered to be constant during extraction. is consistent with that reported in [11].
Since we can rearrange (13) as To this point, the only two parameters of unknown values
are « and V,r. Their values can be obtained from Fig. 7. In
In 1o A — 5’ (14) the figure, the slope and the intersection of straight lines with
Vg?’ Vy the V,, coordinate axis for eack,, give the values ofr and

V.r. For this exampleV,r is determined to be approximately

for the diode characteristics, we can pla(Z./V?) versus 0.4, and6VforV, <68V, =70Vand= 72V, respectively,

1/V, to obtain a straight line. From the slope and the inteAnd the values of determined as a functionigfare plotted
section of the straight line with the coordinate axis, the valué Fig. 11, where the square dots are the extracted data and
of A’ and B’ can be obtained. Fig. 10 shows such a plot dhe solid line is the fitted curve for (10). The fitted values for
the device, which were operated & = 260 V. The plotted Parametersiy,a;, anda, are also shown in Table I.

curve is seen to be a straight line. The values obtainedifor With all the values obtained in Table I, the gate current
and B’ are 6.27x 10~% A/V? and 708 V, respectively. The can be calculated and reconstructed from (8) and (9). Fig. 12
term of (272N A/AB) 32, which is a slowly varying function shows the reconstructed gate current (the solid curves) versus
of V,, in the gate current equation, can be obtained from th@ with the measured data (the dotted curves). With the
values of A’ and B’ from (12a) and (12b), respectively. Forcathode and gate currents obtained, the anode current is
this example, its value is 6.22 10+ 1.94 x 10~7V,. The calculated from (11) and is shown in Fig. 13. In the above two
values of A’, B/, and (2rr? NA/AB)3* of this example are figures, the calculated reconstructed currents and the measured
compiled in Table I. From these values, if the work functiogurrents match very well.

$ and the number of tips are known, the radiusf the tip To verify the accuracy of this model, a second example is
can be estimated. For this example, the number of tips is 64@50 given. Fig. 14 shows the 1-V characteristics of an FET
A value of 19 nm is obtained for the radiusof the tip if a triode with 100 emitter tips [28], where the dotted curves are
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1.6 ——— ——T7 TABLE II
EXTRACTED PARAMETERS OF THE SECOND EXAMPLE
Parameter or Term [Value or Function
12 . A 6.78x10° A/V?
< B 16x10° V
g ] 2u'NAgs  (6.69%10749.46x10™" V,
S 08 - 1B
g Var 147 V
2 i a, 7.92 degrees/volts
G a -3.67x107 degrees/volts
04 — a, 0 degrees/volts
r 17.7n0m
0.0 ] . . .
-50 0 50 100 150 the parameters are summarized in the Table II. This example
Anode voltage (V)

also verify the accuracy of the model.
Fig. 12. The reconstructed gate current (the solid curves) and the measured
data (the dotted curves) verslig.

IV. CONCLUSION

In this work, a simple but accurate physical model for FET

L _ device has been developed. The model can be used in the
V=72V circuit simulation programs such as SPICE. For the model, the
cathode current based on the F-N relationship is obtained by

1.6

g | integration of current density on the surface of the emission tip.
g V=70V The emission anglé, is introduced to describe the emission
5 . area. The gate current is derived by same integration but on
3 - a different emitting area. A procedure to_extract the values
= & for the model parameters has also been given. The model has
V=66V been applied to experimental FET devices to demonstrate its
V=64V accuracy.
V=62V 1
i
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