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Two types of measurements have previous-
ly been employed in field-emission single-crys-
tal plane work-function determinations: (1) Rel-
ative work functions of various planes have been
obtained from the relative slopes of Fowler-
Nordheim (FN) plots for emission from these
planes, '" (2) absolute work functions have been
calculated by combining FN and field-emission
energy-distribution measurements from a plane. '~'

All results depend, of course, on the validity
of the FN equation. The following work involves
(1) discussion of electrostatic fields at the sur-
face due to patches (regions of different work
function), (2) correction to FN work-function
determinations due to the patch field, (3) der-
ivation of energy-distribution method for de-
termining work function, and (4) a method for
determining work function independent of both
patch and applied surface fields.

Surface patch fields. —An application of La-
place's equation shows that differences in work
function (or surface potential) on adjacent re-
gions of a single-crystal emitter give rise to
substantial electrostatic fields at the surface.
Surprisingly, none of the previous work has
taken these fields into account. For example,
either the (110), the (100), or the (112) plane,
together with its surrounding regions, can be
considered, in first approximation, as a disc
at a potential equal in magnitude to the negative
of its work function, surrounded by a wide an-
nular ring, or even an infinite plane, at a po-
tential equal in magnitude to the negative of
the average work function of tungsten, say 4.50
eV. If a disc of radius R at potential V, is lo-
cated in an infinite plane held at zero potential
everywhere outside of the disc, the field on

the disc axis is given by4

E P R2/(R2+z2)3/2

where V, is the difference in potential between
the disc and the surrounding plane, and g is
the distance above the surface of the disc along
the disc axis. The field at the surface of the
disc is E, = V,/R. A typical (110) plane with
a. radius of 25 to 50 A, assumed work functions
of 6 eV, '&' and surrounded by a region with a
work function of 4.5 eV would have a patch field
of from 6 to 3 MV/cm. This is in addition to
the applied field of about 40 MV/cm. The patch

0
field decreases somewhat over the 10-A dis-
tance above the surface, which contributes to
the potential barrier and increases with distance
off the axis.

Fowler-Nordheim technique for measuring
work function. —The current density from the
portion of the single crystal plane which is be-
ing measured is given by the FN equation'

1.54 x 10
yt'(y)

xexp[-6.83 x107cp'"v(y)/E) A/cm', (2)

E=E, +PV, (3)

where Fo is the static field at the plane due to
patch fields and V is the applied voltage. The
collected current is i = JA, where A is the emit-

where y is the work function in eV of the por-
tion of the surface being measured, F the field
strength in V/cm, v(y) and t(y) are slowly vary-
ing elliptic functions, ' and y =3."t9 x10 4E"2/y.
The relationship between voltage and field strength
is defined as
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ting area. Substituting Eq. (3) into Eq. (2) and
noting that P and A a,re independent of V, the
slope of the FN curve is given by

s log(i/V')
FN 8 (1/V)

0.87 V 2.96 x 107''"s(y)
(1 + tl V/Z, ) P(Z, /P V+1)' (4)

where c = [4(2m@')'"/3feF]v(y), d= [feE/
2(2m')" t(y)], E is the total energy of the emit-
ted electrons, m and -e are the electronic mass
and charge, It is Planck's constant, and g is
the Fermi energy = -cp. Retarding-potential
analyzers measure the integral of the current
up to an energy F, as a function of E. Expressed
as a fraction of the total current, Eq. (6) gives

where s(y) is a slowly varying elliptic function.
If the field distribution over the emitter in

the absence of the patch field is assumed to
be constant (P = constant), then the ratio of the
work function of a plane a (with pa.tch field Eo)
to plane b (no patch field) predicted from the
slopes of the FN plots, neglecting the first term,

&a SFN, (F0
+11

SFN& (8V

Calculations show that the presence of the
patch field does not cause a serious curvature
in the FN plot over the range of currents usual-
ly measured in this type of experiment. Since
the patch field at the (110) plane is in the direc-
tion of the applied field, if the above corrections
are appled to the previously measured'& 6-eV
work function of the (110) plane, assuming a

0
100-A diameter plane surrounded by a 4.5-eV
work-function surface, a value of 7 eV is ob-
tained for the corrected work function (see
Fig. 1). The low work-function planes, which
comprise the greater part of the emitter sur-
face, will experience a much smaller field in
the opposite direction.

Energy distribution combined with Fowler-
Nordheim theory with patch field correction. —
Energy-distribution measurements have been
combined with FN data so that two independent
relationships between work function and field
may be obtained. In this way the work function
and field associated with the (134) plane of tung-
sten was determined. ' Van Oostrom has em-
ployed this technique extensively. '

In the following discussion the broad exponen-
tial character of the integrated current is used
to overcome problems resulting from energy-
analyzer resolution and the difficulties of ex-
tracting energy distributions from the integrated
curves.

The zero-temperature distribution in total
energy of field-emitted electrons is given by'

P(E)dE = (4vmd/h ) exp( —c—g/d) exp(E/d), (6)

i(E) f e ddE'

io f e ddE

where ip = total current. Therefore,

io-i(E) E-&= exp
Sp

The "slope" of the energy-distribution curve
is defined as

d log[i, -i(Z)]
E d(E)

and it follows that

0.434x2(2m/) ~ t(y)
SeI"

Substituting Eq. (3) into Eq. (8) and dividing by
Eq. (4) gives

(8)

3 S t(y) 1/E
+1s s(y) v gv (9)

%hen a value has been obtained for y using
Eq. (9), this value can be substituted into Eq. (8)
to obtain the field strength at the surface. In
the final analysis an iterative process must
be employed in assigning values to Eo, t(y),

Cl

2—

a

0
0 40 80 I20 I60 200

RADIUS OF (IIO) PLANE (A)

FIG. 1. Work-function correction t Eq. (5)] versus
radius of measured plane, with work function of sur-
rounding region, ~, as a parameter. Values typical
of the (110) plane (i.e., y eas =6.0 eV, R =30 to 200 A)
were employed. Since the resolution of the field elec-

0
tron microscope is at best 20 A, the corrections would
be of questionable value for radii less than about 30 k
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Since t(y) is extremely slowly varying, it can
be considered to be independent of S~, and it
follows that

d(logi S ')

d(S )
= -0.668(p

( )
.

t y

By measuring the dependence of the "slope"
of the energy-distribution curve, Sg, on total
current (by varying the applied field), it is pos-
sible to obtain accurate values of y regardless
of patch fields. The fact that the energy-dis-
tribution measurement gives the ratio of the
square root of the work function to the true sur-
face field makes this approach feasible. From
this information the true surface field can then
be calculated.

Discussion. —It is clear that patch fields exist
and must be corrected for' in FN and past en-
ergy-distribution-type work-function measure-
ments. This fact is consistent with the anneal-
ing-temperature dependence of the uncorrect-
ed (110) work-function values (y decreases as
annealing temperature increases) as measured
by Muller, since plane size decreases with in-
creasing anoealing temperature. The use of
the field-independent analysis [Eq. (11)]obviates
this problem.

The above work grew out of recent energy-

s(y), and 8. The complications introduced by
the patch field would seem to make precise de-
termination of y and E by this technique diffi-
cult or impossible.

Field-independent determination of y.—If Eq. (8)
for the "slope" of the energy-distribution curve
is solved for I', the true field at the surface,
and substituted into the FN equation, we obtain
foIL the current density

J= (3.04x10~/S ') exp[ —1.54yS v(y)/t(y)']. (10)

distribution measurements in this laboratory
which indicated (110) work functions in excess
of 7 or 8 eV9&'~ (before patch-field correction),
depending on (110) plane size. Patch-field cor-
rection would further increase this work-func-
tion value. Should these values prove to be
correct, a unique surface with novel electron-
ic and perhaps chemical properties is available
for surface investigations.

The authors wish to express their apprecia-
tion to Dr. David Schubert for theoretical guid-
ance in the patch-field problem and to other
members of the Electron Physics Section, Na-
tional Bureau of Standards, for valuable dis-
cussions.
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