Effects of a series resistor on electron emission from a field emitter
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Universal curves are constructed that provide an immediate determination of the effect of a series
resistor on the electron emission from a field emitter. These curves are applicable to both the low
current and high current regime. The effects of space charge and of the series resistor are apparent
from these curves, which are applicable to a large class of materials. An example is given to
illustrate their use. ©1996 American Institute of PhysidsS0003-695(96)02544-3

Field emitters are an important, high brightness electron The field emitter impedancg depends nonlinearly on
source for display and for generation of coherentthe current, which in turn depends on the electron dynamics
radiation'~3 Electron emission, from both metal and semi- within the gap. The determination & requires a simulta-
conductor field emitters, has been observed to follow thaneous solution to the equations of motion, the continuity
Fowler—Nordheim(F—N) relation, according to which the equation, and the Poisson equation; with the F—N relation
emission current density rises rapidly with voltage. Thisbeing used as a boundary condition. The number of param-
rapid rise in the emitter current with voltage leads to seriouseters in these equations may be substantially reduced if some
implication of the emitter stabilitythermal, mechanical, and scales are constructed in such a way that, in terms of these
electrica), and an obvious way to improve the emitter sta-scales, all equations become dimensionless. Note that in so
bility is to add a series resistor to the emittddowever, the  doing, the electron dynamics in the vacuum region may then
addition of a series resistor would result in a higher operatindpe linked to the materials properties, which are represented
voltage, loss in efficiency, and much higher cost. by the F—N coefficient®\ andB in the present formulation.

In this letter, we use a simple model to provide a quandt is obvious from Eq(1) that the F—N coefficier provides
titative analysis of the effects of a base resistor on then electric field scal&,, and the F—N coefficier provides
voltage—currentY{—I) characteristics of a single field emit- a current density scal&,. From these two scales, the time
ter. Two features of the present work are noteworthy. Firstscaler, length scald, and voltage scalél follow.® Specifi-
we present a set of universal curves, from which the effectsally,
of a series resistor can immediately be determined once the

F—N coefficientsA, B, and the gap spacing are specified. Eo=B, Jo=AB2?, 71=¢Ep/Jdo,
Thus, these curves are applicable to a wide variety of field (3)
emitters. Second, our calculations take into account the ef- | _ep ;2/m ~ U=IE,,

fects of space charge that is present in the gap. The impor-
tance of the space charge and of the series resistor are appgfisere €, is the free space permittivity, areland m is, re-

ent from the curves, as illustrated by the example given.  gnectively, the electron charge and mass. In this letter all
Before applying the theory to a specific device, let USphysical quantities, such asJ,|,V,and E, are positive, by
first consider a planar model for the field emitter, driven by a.,yention.

dc_ voltageV and connected to a_series _resisltba_t its base_ We shall use a bar to designate normalized quantities:
[Fig. 1(@)]. We assume that the field emitter emits accordlngD_: D/l, =313y, E=E/Ey, V=VIU, Vg=V,/U.

to the F-N relation Then the F—N relatioril) reads

J=AEZe ¥/5s, (1) S
J=E% 'F, (4)
where J is the emission current densitf is the surface

electric field, and the F—N coefficienfs B are taken to be

known constants. LeB be the area of the emitting surfadz, +I————_"—_L

be the gap separation, aMg be the gap voltage. A lumped =

+

\%
circuit element of impedanc2 is used to represent the field Ve - @
emitter[Fig. 1(b)]. Thus, we have J(Ve) R

V=V,+IR=1(Z+R), 2
I
wherel =JS is the emitter current. It is clear from the last . 1+
expression that the base resis®mwill have a significant = v
i KK - (b)

effect only whenR is of orderZ or larger. x

dAlso with: Applied Physics Program, University of Michigan, Ann Arbor,

Michigan 48109. Electronic mail: yylau@umich.edu FIG. 1. (a) The field emitter model an¢tb) the circuit diagram.
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malized surface electric field is approximately equal to the
vacuum fielaV, /D, in which case Eqi4) may be inverted to
yield V,/D as a function ofJ. Thus, the functionz/D
=V,/DJ is a function ofJ only, in this low current density
limit. The divergence of the curves at higher values]afi
(a) Fig. 2(a) indicates that the space charge effects become im-
portant, i.e., when the surface electric fi@ldnay no longer
be represented by the vacuum fiéld/D.
Another way to see the importance of the space charge
effects at high current densities is to p®D* as a function
of J[cf. Eq.(5b)]. These curves are shown in Figbpwhere
we see that at high values df all curves converge to the
same asymptote, regardlessihf Specifically, this high cur-
rent asymptote read&/D*3=(81/32))3 which is simply
the Child—Langmuir law,V,=(813?D*/32)*3, written in
normalized forn?.
Thus, Eq.(58 and Fig. 2a) [equivalently, Eq.(5b) or
Fig. 2(b)] provide an immediate assessment of the impor-
tance of the series resistét at various levels of emitter
current. In other words, the curves in FiggaRand Zb)
1 provide the value of the series resisi®that would yield a
| () matched load t& [Fig. 1(b)], at various operating current
levels as measured by Note also that these curves are
“universal,” in the sense that each one of them is fixed once
D is specified.
To apply the above planar model to a realistic field emit-
ter with a field enhancement factg@ (8=1 for the planar
P mode), we assume that we may simply replace the electric
107 100 100 100 107 100 10 field scaleEy=B/B whereas all other scale lengths defined
J in Eq. (3) remain unchangef.

(@ The plot ofZD vs J7 | = As an example, consider a field emitter with work func-
FIG. 2. (a) The plot of Z/D vs J for various values oD. The asymptote at — — — —16 42 —
low values ofJ is the Fowler—Nordheim relation in which the surface elec- tion ¢=4 eV, D=0.5 um, S=3x10 m’, and =20

tric field is the vacuum fieldi.e., space charge is unimportar(b) The plot [See Ref. T. m the Sl_ gnits, this Workisfunction gives
of Z/D*3 vs J for various values ob. The asymptote at high values dfs Fowler—Nordheim coefficient&=4.72<10"> and B=5.2

the Child—Langmuir law(i.e., space charge effect is very imporfant X 10 upon using the frequently used expressionsAdB
in terms of ¢ [See, e.g., Ref. [5 The electric field scale

which becomes material independent. The circuit equatioffo=B/8=2.6x10° Vim, the current density salé,=AB?

(2) may be written in either of the following formor rea- ~ =1.27X 10" A/m? and the other scales in Eq3) are
sons to be given shorfly 7=1.81X10" 19 5, 1=1.49x10 ¥ m, andU=3.87x 10 8

V. As these scales are obtained from a mathematical con-

1

V Z R struction, they do not have a ready physical interpretation;
T_T D’ (53 put their use enables us to reduce the numerous independent
parameters into a single onB, as shown in Fig. 2. In the
Vv z R present example) =D/I=3.36x 10'°. If we are interested
TABZWJF DB’ (5b) in a current ofl=0.5 uA being drawn from such a field

L emitter, the value o=1/S=1.67x10° A/m?, and the nor-

where the normalized impedancésandR are defined by malized current density becomés-J/J,=1.31x 10" 8. For

- = these values af andD, Fig. 2a) shows that the space charge

Z=Vg/J, Rsz(JOS)/U'_ _ © effects are unimportant and th@D~10". This givesZ

The normalized impedancg_is a function ofJ only, =3.36x10", and thereford/,=ZJ=4.4x 10°. This implies
once the normalized gap spacifigis specified. It may be a gap voltage/,=V,U=170 V and the emitter impedance
obtained from theV—I characteristics that was constructed Z=V4/1=3.4x 10 ). In the presence of a series resisRr
from the simultaneous solution to the force law, continuitythe external voltage required¥6=170 V+RX0.5uA. The
equation, Poisson equation, and the Fowler—Nordheinpase resistor will exercise a negligible efféat 0.5uA) only
equatior® Shown in Fig. 2a) are the curve@/D as a func-  if R<340 MQ. The numerical values of these impedances
tion of J at several values d [cf. Eq.(53)]. From Fig. Za),  may seem very large. Recall, however, that these values are
we see_that at low values df the quantityZ/D is indepen-  for a single tip, while the number of tips, which are in par-
dent of D. The underlying reason is that at these low currentallel, is very large in practice.
densities, the space charge effects are unimportant, the nor- For other values of emitter currehtwe can use a simi-
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10°

10°

I(amps)

—R=0 ohm
= =R=10" ohm

===R-10° ohm

resistor, the currentapproache¥/R at high voltages, since
Z would be small compared witR [cf. Eq.(2)]. Once more,
the relative importance of the resistor is measuredrii
and the latter quantity is current dependpsft Fig. 2].

The general treatment given in this letter is applicable to
all emitters as long as the emission law is governed by the
F—N relation. The adoption of the planar model is expected
to be reliable when the effect of space charge is small. Less
certain is when the space charge effect becomes substantial,

in which case the use of the planar model and of a single
local field enhancement factg8) adopted here may be ques-
: tionable. What is given here is then an identification of the
10' 10° 10° 10° regimes where the series resistor and the space charge effects
V(volts) are significant, as well as a quantitative assessment of their

relative importance.
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voltage regime is simply the F—N relation in which the sur- the case ofionzerasurface electric field that is required for field emission.
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p igh voltages, the S|tuat|_on changes _ramatlca Y, ( €Penad?one way to apply the planar model to a realistic emitter is to determine the

ing on the value of the resistance. Whens low, (the lim- unknown quantities8 andS semiempericalljassuming tha#, B, and the

iting case beingR—0), the gap voltage/, becomes the dc  tip anode spacin@ are given from theF-N plot, which is a plot of log.

supply voltageV which, at high values, yields the Child— (1/Vg) versus (I¥y). This plot is a straight line with a negative slope in

Langmuir limiting current. TheR=0 curve in Fig. 3 then the low voltage regimécf. Eq. (4)]. The measured slope of this straight

shows the transition from the F—N relation to the Child—

line gives (—~BD/B), which yields 8 asB and D are given, while the
Langmuir law as the voltage increases. At a high value of (SA8%/D?), which yieldsS

FIG. 3. Thel-V characteristic at several values of the series redistbield
emitter parametersp=4 eV, D=0.5 um, S=3x1071® m?, and 8=20.

measured intercept of this straight line with the ordinate gives log
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