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Direct current circuit simulation model for a field emission triode
Chih-Wen Lu and Chung Len Leea)

Department of Electronics Engineering, National Chiao Tung University, Hsinchu, Taiwan,
Republic of China

~Received 12 January 1998; accepted 26 June 1998!

A simple empirical circuit model, which can be incorporated into circuit simulation programs such
asSPICE, for a field emission triode is developed. The model is based on the Fowler-Nordheim~FN!
J-E relationship but takes into account the space charge effect and the exponential-like charge
distribution on the surface of the tip of the device. A procedure is also developed to extract the
parameters of the model. ©1998 American Vacuum Society.@S0734-211X~98!02105-2#
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I. INTRODUCTION

A field emission triode~FET! is a solid-state device which
features a miniature vacuum tube triode formed by the ap
cation of modern integrated circuit~IC! processing technol
ogy. A typical FET consists of a cathode, a control gate a
an anode similar to that of a conventional vacuum tube
ode, as shown in Fig. 1. When a moderate voltage is app
between the gate and the cathode, a very large electric fie
formed on the tip of the cathode due to the sharp geometr
the tip and the short gate-to-cathode distance. An elec
will be emitted from the surface of the cathode following t
Fowler-Nordheim tunneling mechanism to the anode wh
is biased at a proper high voltage.1–3 However, since the gate
is always biased more positively than the cathode, large
currents can flow at zero and moderate positive anode v
age. The cathode current characteristics, the gate cu
characteristics, and the output characteristics are show
Figs. 2~a!–2~c!, respectively.4 As the anode voltage de
creases, the anode current decreases and the gate curre
creases. The cathode current is always equal to the a
current plus the gate current.

Applications of FET circuits have triggered a demand
circuit simulation, which requires an efficient and accur
FET model. Some work was done on FET modeling.5–7 For
example, based on the ideal field emitter floating sph
model, Nicolaescu and Avramescu5 developed a field emis
sion diode model. Joneset al.6 developed a circuit model fo
a FET array operating at low voltage and characterized
model parameters by using theoretical and experime
techniques. Qinet al.7 also developed a model for the FE
amplifier. However, all these models are either fairly co
plicated or physical structure dependent and none of
models includes the space charge effect which makes theJ-E
relationship of the device deviate from the Fowler-Nordhe
~FN! J-E relationship in the high gate voltage region.8,9

In this work, we propose a FET model which is based
the FN J-E relationship but takes into account the spa
charge effect and the exponential-like charge distribution
the surface of the tip of the device.9 The model is simple,
accurate and easy to incorporate into a circuit simulat
program such asSPICE.

a!Electronic mail: cllee@cc.nctu.edu.tw
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II. DEVICE MODEL

The proposed device equivalent circuit is shown in Fig.
The anode and gate currents are both functions of an
voltageVa and gate voltageVg . The anode current can b
obtained by subtracting the gate current from the cath
current.

The cathode currentI c , mainly based on the Fowler
Nordheim relationship, is expressed as

I c~Vg!5AcVg
2 expF2

Bc

Vg
2C expS D

Vg
D G , ~1!

whereAc is a parameter related to the field enhanced par
etera and the effective emission areab by ;b/a2, Bc is Eca,
whereEc is the critical electrical field,10–14andC andD are
two parameters related to the space charge effect. When
device is operated at low gate bias,C andD are zero and Eq.
~1! can be simplified to

I c~Vg!5AcVg
2 expF2

Bc

Vg
G , ~2!

which is the typical FN equation.2,3,10,15In the above equa-
tions, the cathode voltage is assumed to be the refere
grounded voltage.

Figure 4 shows the FN plot of the cathode current of
experimental device of Figs. 2~a!–2~c!.4 In the plot, it can be
seen that the plot is a straight line at the low gate volta
region and bends at the high gate voltage region due to

FIG. 1. Typical field emission transistor consisting of a cathode, a con
gate and an anode.
2876/16 „5…/2876/5/$15.00 ©1998 American Vacuum Society

sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 09:00:06



II.
te. It
rent

dary

es-
i.e.,

wit
t
g
as

s are

nt.

g at
nd

2877 C.-W. Lu and C. L. Lee: dc circuit simulation model 2877

 Redis
FIG. 2. ~a! Characteristics of the cathode current of a FET measured
gate voltages varying from 60 to 78 V.~b! Characteristics of the gate curren
of the same device for which, as the anode voltage increases, the
current decreases.~c! Output characteristics of the same device for which,
the anode voltage increases, the anode current increases.
JVST B - Microelectronics and Nanometer Structures

tribution subject to AVS license or copyright; see http://scitation.aip.org/term
space charge effect. From this plot, parametersAc , Bc , C
andD can be determined, which will be explained in Sec. I

The cathode current is shared by the anode and the ga
is known that the gate current equals the cathode cur
when the anode voltage is zero. That is,

I g~Va50!5I c . ~3!

The above equation can be considered to be the boun
condition for deriving the gate current expression.

At the above boundary condition, the gate current expr
sion should be the same as that of the cathode current,

h

ate

FIG. 3. Proposed device equivalent circuit. The cathode and gate current
both functions of anode voltageVa and gate voltageVg . The anode current
can be obtained by subtracting the gate current from the cathode curre

FIG. 4. FN plot of the cathode current of an experimental device operatin
Va5200 V. The plot is a straight line at the low gate voltage region a
bends at the high gate voltage region due to the space charge effect.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 09:00:06
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I g~Va50,Vg!5Ag~Va50!Vg
2 expF2

Bc

Vg
2C

3expS 2
D

Vg
D G , ~4!

whereAg(Va50)5Ac and it is also related to the field en
hanced parameter and the effective emission area. The
enhanced parameter should be the same as that in the ca
current expression. The effective emission area is depen
on the anode and gate voltages. A larger gate voltage a
smaller anode voltage give a larger gate current. So,Ag is a
function of Vg and Va . The current density distribution o
the surface of the tip is an exponential-like decay.9 We ex-
pressAg in the following form:

Ag5Ac expS E1Va1E2Va
22

F1Va1F2Va
2

Vg
D , ~5!

whereE1 , E2 , F1 andF2 are parameters to be used to fit t
effective emission area of the gate current. When the an
voltage is not zero, the gate current can be expressed a

I g~Va ,Vg!5AcVg
2 expFE1Va1E2Va

2
Bc1F1Va1F2Va

2

Vg

2C expS 2
D

Vg
D G . ~6!

The anode current can be obtained by subtracting the
currentI g from the cathode currentI c , i.e.,

I a5I c2I g . ~7!

III. PARAMETER EXTRACTION

As mentioned previously, the parameters can be extra
in values from the measured cathode current and gate cu
in the FN plots of an experimental device. To describe
procedure more clearly, device data which were publishe
the literature are used as examples for the demonstratio

FIG. 5. Plot of the difference between lnAc2 (Bc /Vg) and ln(Ic /Vg
2) with

respect to 1000/Vg from which the values ofC andD can be extracted.
J. Vac. Sci. Technol. B, Vol. 16, No. 5, Sep/Oct 1998
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The first device example used is that published in Bets
paper.4 The device was a silicon field emitter array of 640
~80380! tips. The radius of the bullet-shaped tip was le
than 20 nm. The spacing between tips was 4mm, so the tip
density was 6.253106 cm22. The diameter of the gate ape
ture was 2mm, which was larger than that of its silico
dioxide mask. The distance between the anode plate and
was 1 mm. In Betsui’s measuring apparatus, the gate
grounded and negative voltage was applied to the cathod
extract electrons. In this work, the cathode voltage is
sumed to be the reference grounded voltage. The cath
the gate, and the outputI-V characteristics are those shown
Figs. 2~a!–2~c!, respectively.

In Eqs.~1! and~6!, Ac , Bc , C, D, E1 , E2 , F1 andF2 are
unknown parameters. From the FN plot of Fig. 4, the valu
of Ac andBc can be obtained from the slope and the int
cept of the coordinate axis in the nonspace charge regio16

The values ofAc and Bc are 1.2131022 A/V2 and 7.81
3102 V, respectively.

The values of parametersC and D can be extracted by
rearranging Eq.~1! as

FIG. 6. FN plot of the gate current of the experimental device for seve
Va’s from which the values of the anode-voltage-dependent factors, lAc

1E1Va1E2Va
2 andBc1F1Va1F2Va

2 , are calculated from the slope and th
intercept of the coordinate axis for each anode voltage.

TABLE I. Extracted values for the device model parameters of the exp
mental device of Ref. 4.

Parameter Value

Ac 1.2131022 A/V2

Bc 7.813102 V
C 3.5631012

D 443103 V
E1 2.9231021 V21

E2 2.8731024 V22

F1 2.273101

F2 3.9331022 V21
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 09:00:06
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ln Ac2
Bc

Vg
2 ln

I c

Vg
2 5C expS 2

D

Vg
D . ~8!

Since I c is measured data and theAc and Bc values are
already known, the difference between lnAc2 (Bc /Vg) and
ln(Ic /Vg

2) can be plotted as shown in Fig. 5, which is
exponential decay curve against 1000/Vg . The values ofC
andD can be easily extracted from this plot.

The values of the gate current parameters,E1 , E2 , F1 and
F2 , can be obtained by a similar procedure. Taking the na
ral logarithm and rearranging the gate current expressio
Eq. ~6!, we obtain

FIG. 7. Reconstructed output characteristics~solid curves! simulated from
the extracted values of the circuit parameters and the original meas
output characteristics~dotted curves!. Two sets of characteristics match ve
well.

FIG. 8. I-V characteristics of a Spindt-type FET with a single emitter~Ref.
9!. The open circle curve is the data points obtained from Ref. 9 and
solid line is the reconstructed curve from Eq.~1!.
JVST B - Microelectronics and Nanometer Structures
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-
of

ln
I g

Vg
2 1C expS 2

D

Vg
D5 ln Ac1E1Va1E2Va

2

2
Bc1F1Va1F2Va

2

Vg
, ~9!

whereI g is measured data. The values ofE1 , E2 , F1 , and F2
can be obtained by plotting ln(Ig /Vg

2) 1C exp2 (D/Vg)
against 1/Vg for each anode voltageVa in Eq. ~9!. Figure 6 is
the FN plot for an experimental device for severalVa’s. The
values of the anode-voltage-dependent factors, lnAc1E1Va

1E2Va
2 and Bc1F1Va1F2Va

2 , can be calculated from the
slope and the intercept of the coordinate axis for each an
voltage. Then, the values ofE1 , E2 , F1 , and F2 can be
extracted. The values derived for all the parameters are s
marized in Table I.

The experimental device above was used to extract
values of the parameters in Eqs.~1!, ~6! and~7!. The values
obtained can be used to reconstruct the characteristics o
device. Figure 7 shows the reconstructed output charact
tics ~the solid curves! of the device along with the originally
measured output characteristics~the dotted curves!. Two sets
of characteristics match very well.

To verify the validity of this model for a field emissio
cathode operated in the space charge region, a second
ample is also given. Figure 8 shows theI-V characteristics of
a Spindt-type FET with a single emitter,9 where the open
circle curve are the data points obtained from Ref. 9 and

ed

e
FIG. 9. I-V characteristics of a FET triode with 100 emitter tips. The squ
curves are the data points obtained from Ref. 17 and the solid lines
reconstructed curves from the model.

TABLE II. Extracted values for the device model parameters of the exp
mental device of Ref. 9.

Parameter Value

Ac 1.0131022 A/V2

Bc 5.203102 V
C 1.113101

D 5.883102 V
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 09:00:06
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solid line is the reconstructed curve from Eq.~1!. At the high
field region where the space charge effect becomes evid
the I-V deviates from the Fowler-Nordheim straight lin
characteristics. The two curves show a good match. The
ues derived for the parameters are summarized in Table

A third example of a FET of a different emitter geomet
is also used to verify the model. Figure 9 shows theI-V
characteristics of a FET triode with 100 emitter tips and
separate anode in the form of a tube located 5 mm from
gate electrode,17 where the square curves are the data po
obtained from Ref. 17 and the solid lines are reconstruc
curves from the model. This device operates only in the n
space charge region. So the values of parametersC andD are
zero. Two sets of curves also agree with each other well.
values derived for the parameters are summarized in T
III. This example also demonstrates that the model is ap
cable to a FET with emitters of tube geometry.

IV. CONCLUSION

In this work, a simple empirical model for a FET devic
has been developed. The model can be used in circuit s
lation programs such asSPICE. For the model, the cathod
current is based on the FN relationship but takes into acco
the space charge effect, and the gate current, which is
based on the FN relationship through the boundary co

TABLE III. Extracted values for the device model parameters of the exp
mental device of Ref. 17.

Parameter Value

Ac 3.4431025 A/V2

Bc 1.793103 V
E1 5.3131021 V21

E2 25.9731023 V22

F1 1.073102

F2 21.09 V21
J. Vac. Sci. Technol. B, Vol. 16, No. 5, Sep/Oct 1998
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tion, I g(Va50)5I c , considers the exponential-like decay
the charge distribution on the surface of the tip of the devi
A procedure to extract the values for the model parame
has also been demonstrated. To obtain the model parame
six sets of measurements for different gate voltages, th
sets for the nonspace charge region and three sets fo
space charge region are needed. The model has been ap
to experimental FET devices of different geometrie
namely, an emitter array, a single emitter and a tube type
anode, to show its applicability. From the successful ap
cation to the three device examples of different geometrie
can be said that this model can be applied to describe
Spindt-type FETs.
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