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The field emission characteristics of the tungsten (110) surface before and after diffusive invasion by
vapor deposited gold and silver have been investigated using probe-hole microscopy. Adatoms adsorbed
on the terraces which surround W{(110) extend the plane area producing an apparent increase in work
function before invasion takes place. At temperatures above 500 K| the terraced regions are rearranged
by adsorbed gold but not by silver. Once populated the plane is rapidly covered with a complete
monolayer of the metal, and invasion by gold is consistent with a mechanism of nucleation and
2-dimensional growth, Both the work functions of the monolayers and the coverages at which they
form are in substantial agreemem with findings on macroscopic W{110} using LEED and related

techniques. © 1993 Academic Press, Inc.

1. Introduction

Field ion microscopy shows that the 110
plane on a thermally annealed tungsten tip
offers a relatively large area with a high de-
gree of structural perfection (/). This, to-
gether with the experimental (2} and theo-
retical (3) evidence that in field emission the
110 plane behaves as a free electron metal,
makes it an attractive substrate on which to
study adatom behavior and epitaxy. When
adsorption of gold on tungsten (110) was
examined, (4, 3), it was particularly notable
that the adsorbate atoms are weakly bound
on the (110) surface, readily departing by
surface diffusion into the surrounding re-
gions, to sites which presumably have
higher binding energy. When the gold ada-
tom population in the region surrounding
the clean plane becomes sufficiently high,
inundation of the plane rapidly establishes
a permanent population of adsorbate atoms.

Similar behavior has been seen in other sys-
tems (6, 7). However, unlike other invasion
processes, gold diffusion onto W(110) is in-
variably preceded by a small increase in the
work function ®(110) of the plane, and inun-
dation does not lead to the immediate estab-
lishment of a coverage-independent work
function. It was suggested (5) that the ob-
served increase in work function might be
due, not 1o the presence of gold on the plane,
but to an effective increase in the extent of
the plane area produced by the presence of
surrounding gold, because this would re-
duce the local applied ficld F,. which, in
the Fowler-Nordheim (FN) analysis, is in-
distinguishable from an increase in the work
function. In an attempt to clanfy the inva-
sion process and the conditions that precede
it, we have examined the invasion of W(110)
by gold and silver, and sought to distinguish
change in ®(110) from change in F,. and
the effective emitting area A.
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2. Measurement of Surface Properties

2.1. Work Function ® and Local Field
Strength F.

The FN model including the electrostatic
image term yields a curve of slope S(FN),
where

dlog(i/V?)

SEEN) = d(10%/Vv)

3/2
= —2.97 x 10® x %, xs(y), (1)

where { is the current (A). s(y) is an elliptic
function having a value close to unity. The
applied field F {volts/cm) is averaged over
the emitting area in question, and is related
to the applied voltage V through the field
enhancement factor 3:

F = BV. 2)

Equation (1) is commonly used to derive
changes A® in & since, if the emitting sur-
face changes from state 1 to state 2, the
change in work function is given by

SZ(FN)ZB B 1]

SN ®

-
Work functions of emitting areas selected
by the probe hole have been measured by
assuming a value for the average work func-
tion of the total emitting area, measuring
S(FN) for both the total area and the probed
areas, and applying Eq. (3) so that

d(probed area) = ®(total area}) + AD.
4)

Application of equation 3 assumes that F
and the elliptic function s(y) do not alter
between the two states. s(y) varies very lit-
tle under the prevailing experimental condi-
tions (8), and this is also generally true of
F when the measured changes refer to the
same examined areas. However, when the
probe hole technique is used, the local field
at the probed region cannot be assumed to
be the same as the average field F acting on
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the emitting tip. This is particularly true for
the (110) tungsten surface, which, on a ther-
mally c¢leaned tip, is an extensive plane at
the center of which the field F(110) is be-
lieved to be significantly less than F, due
to the larger local radius of curvature (9).
Following Ehrlich and Plummer (2), we
therefore assume that the true work function
of (110) is 5.25 eV, and that for the clean
plane the value of 8 can be obtained from
S(FN) using Eq. (1). The effect of the image
potential has not been included because it
is smali and does not substantially affect the
interpretation of our findings. Possible patch
field eftfects have been shown to be unim-
portant in the prevailing circumstances (9),
and are therefore omitted.

2.2. Local Current Density I, and
Emitting Area A

van Qostrom (8) has shown that the cur-
rent density J, and the emitting area A are
readily derived from FN data since S(FN)/V
is a linear function of log J and is only
weakly dependent on ¢®. By choosing an
i,—V, pair, K can be obtained from K =
S(FN)/V and the current density in the
probed area, J,, from tabulated values of K
(8). A is then calculated from A = i,/J,.
Areas obtained in this way from the present
data are estimated to be accurate to within
5%.

3. Experimental Procedure

The probe-hole field emission microscope
has been described previously {/0}). Tung-
sten tips, formed by electropolishing short
lengths of 0.005-in. diameter outgassed
wire, were spotwelded to hairpin loops of
the same wire and provided with short po-
tential leads for measurement and control
of the tip temperature. Temperatures, mea-
sured from the resistance of the central por-
tion of each loop, were controlled by a ser-
vocircuit to within =2 K, and are accurate
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to within =5 K over the range employed,
300-800 K. The applied imaging voltage,
accurate to within 0.05%, was derived from
a precision high voltage source {(Fluke
Model 408B). The total emitted current,
which was in the range 1-100 nA, was mea-
sured using a Keithley Model 602 amplifier,
while the much smaller probe hole currents
of 0,001-10 pA were measured with a Keith-
ley Model 616 digital amplifier. The tip im-
age was stecered magnetically using a small
rotatable d¢ electromagnet and the (110)
center was located by adjusting the image
to give the minimum current through the
probe hole. The total energy distribution of
the electrons emitted by the probed region
was obtained using the retarding-field
method, by simultaneously recording i, and
a smoothly varying bias voltage V), applied
between tip and collector (17). Work func-
tions computed from i-V data by standard
Fowler—Nordheim anaiysis were subjected
to a point-throwing routine which held the
errors (computed by least squares analysis)
below 0.02 eV, Gold was condensed onto
the tip from a bead of metal (Johnson Mat-
they, Specpure) enclosed in an electrically
heated spiral of outgassed 0.005-in. diame-
ter tungsten wire, sited 2 cm from the tip so
as to deliver gold vapor to the side of the
tip and not directly to the visible 110 plane.
Reproducible gold doses were delivered by
precisely controlling and timing the source
current. Earlier work (/2) had established
that the average work function of the emit-
ting tip attains a maximum value at an ada-
tom population of 6.7 + 2 x 10" gold atoms
per m*. This was used to calibrate the gold
flux. The assembled microscope was vac-
uum-processed to attain a pressure below
1 x 1077 Pa, the glass envelope sealed, and
the system gettered using molybdenum to
reduce the pressure of active gases to below
1 x 107! Paas judged by the rate of contam-
ination of the cleaned tip surface. Frequent
jon pumping was necessary to maintain the
partial pressure of helium below { x 10~°
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Pa. Examination of the 110 plane requires
that relatively high emission currents (—~1 X
10-% A) be drawn for periods of 10-15 min,
during which time gas evolution from the
phosphor screen can be a significant source
of contamination. The screen was therefore
outgassed by imaging at 3 X 107% A for
periods totalling 30 min and, after gettering,
the surface could be imaged for periods of
20 min at the maximum working current,
(5 % 1077 A), without incurring significant
contamination.

4. Experimental Results
4.1. Gold

Processes which occur on the imaged sur-
face can be conveniently foltowed by moni-
toring the change AV, in V,, the voltage
which must be applied to draw a selected
field emission current i. This permits
changes in surface conditions to be mont-
tored efficiently, and these changes can be
related to physically meaningful properties,
such as the change in work function or emit-
ting area, by acquiring the necessary data
in separate experiments. We have adopted
this strategy, and Fig. | shows AV, for the
total emission current i, = 5 x 1077 A and
AV, for the probe hole current i, = 1 X
107" A. The tungsten surface was prepared
by thermally cleaning the tip at 2500 K for
10 sec and annealing at 1500 K for 20 sec.
Each dose of gold was condensed on the
tip surface at 78 K in zero field, spread by
diffusion at a chosen temperature for a de-
fined time, usually 30 sec; V, and V| were
then measured at 78 K. Experiment showed
that 30 sec was generally sufficient to effec-
tively complete all change, yielding a quasi-
equilibrium state.

The maximum in the AV, vs gold dose
corresponds to a gold adatom density of
6.7 £ 2.0 x 10" atoms/m?. (/?) and estab-
lishes the mean surface adatom population
as successive doses of gold are added. The
characteristic sharp decrease in AV, of (110)
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FiG. 1. Effect of adsorbed gold on emission from the total tip AV|, (---), and from the 110 plane,
AV,. Successive doses of gold are condensed onto a tungsten surface at 78 K and heated for 30 sec
at the indicated temperature. M corresponds to the density of atoms in the 111 plane of gold, Regions

1 to 4 are considered separately in the text.

depicted in Fig. | is thought to mark the
invasion of the plane by gold diffusion from
its surroundings, and Fig. 2 shows that the
coverage at which this occurs decreases as
the spreading temperature is increased. Fig-
ure 3 presents a AV -coverage characteristic
taken at a temperature which yields the
largest increase in AV, together with the
results of FN data taken at the arrowed
points, to yield #(110), A, and g at the center
of the plane. The behavior of AV, can be
conveniently divided into four regions as
indicated on Fig. I:

(1) the small, reproducible, and tempera-
ture-independent increase in AV,

(2) a further rise in AV, which increases
as the spreading temperature is raised

(3) the sharp drop which is thought to
mark the invasion of the plane

(4) the establishment and consolidation of
a gold overlayer.

Region 1. Gold on the 110 plane reduces
d(110) (5); thus any increase in work func-
tion cannot be due simply to gold on the
plane. The initial increase in AV, is accom-

panied by a 0.1 eV increase in ®(110) and
a reduction in the emitting arca A. Identical
thermal treatment of a clean tungsten sur-
face produces no change, indicating that the
observed changes are not due to impurity
in the tungsten.

Figure 4a presents a typical field ion mi-
crograph of a thermally cleaned tungsten
surface, and shows that the diameter of the
110 plane approaches 30% of the tip radius
(see below). On this basis the central plane
on the tip under examination is 24 nm in
diameter; thus a probe sited at the plane
center examining an emitting area approxi-
mately 4 nm in diameter should not receive
any contribution from the surrounding ter-
raced regions. However, changes in these
relatively remote surroundings can alter the
field at the plane center by altering 3.

Adsorption of gold atoms is most likely
to take place at the step edges (Fig. 4b),
increasing the radius of the plane and reduc-
ing the local field strength. An attempt was
made to measure 8 independently by exam-
ining the energy distribution using the tech-
nique developed by Young and Clark (/1),
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FiG. 2. Chaage in the invasion characteristic with spreading temperature T, showing the decrease

in the adatom density at invasion and the increase in the rise R with increasing temperature. Alternate
experimental peints have been omitted for clarity,

but the result was inconclusive because the
total error in the measurement was compa-
rable with the observed change. The emis-
sion profile of the plane, obtained by mag-
netically scanning the probe hole across the
plane (9), showed no detectable broadening
on adsorption of relevant amounts of gold.
If we attribute all the measured change in
®(FN) to alteration in F{110), then it follows
from Eq. (1) that the latter must decrease
by a factor of 0.975, and A must thercfore
decrease by the same amount. Measure-
ment shows that the diameter of the first
terrace ring, Fig. 4a, is greater than that of
the central plane by a factor of approxi-
mately 1.11. Assuming this to apply to the
examined surface, gold adsorbed on the first

terrace will increase the radius of the central
plane by 11%. Figure 4b shows a section of
the terrace structure in which the indicated
tip dimensions were derived by equating the
diagonal distance between two {211} planes
with the tip radius, and calculating the latter
from the FN data.

There is a parabolic decrease in F(110)
from the plane edge to its center (9). Based
on this, and assuming that the field at the
plane edge is unchanged by expansion, it
can be shown that an increase in radius by
11% will reduce the field at the center, re-
ducing 8 by a factor of 0.925, which yields
an apparent increase in P(110) of 0.3 eV,
This is probably an overestimate because
the field at the plane edge is likely to increase
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FiG. 3. Adsorption characteristic of gold on W{110) for T = 750 K which yields the maximum rise
R. showing the work function ¢ (eV), the emitting area A (nm?), and the field enhancement factor

B % 107* at the indicated points.

slightly. Figure 3 shows that 8 decreases by
afactor of 0.98, in agreement with the above
model. Thus, bearing in mind the uncer-
tainty in the true dimensions of central plane
and terraces on the surface under examina-
tion, we conclude that plane expansion can
certainly account for the observed increase
in $(110).

Adsorption of gold on the surroundings
reduces A to about half its original value.
Reduction of A has been observed for ad-
sorbates such as nitrogen (8), and attributed
to modification of the tunnelling barrier by
the adatom, but with no adsorbate present
in the examined area, change in A cannot
be attributed to this cause. It seems possible
that the reduction in local field through plane
expansion will be accompanied by a change
in the shape of the 3-dimensional tunnelling
barrier, but this will not appear in the
Fowler—Nordheim model which treats the
barrier as 1-dimensional.,

Region 2. Despite the considerable in-
crease in AV_ there is no significant change

P
in & or 3, but there is a small decrease in

A. The fact that the rise in AV} is dependent
on the treatment temperature 7, Fig. 2, sug-
gests that it results from a process of surface
diffusion. Field ion microscopy has shown
that in the presence of gold the environs of
(110) can be rearranged at temperatures as
low as 400 K to form a tungsten surface with
improved structural perfection, of the plane
edges (13). In Fig. 2, every dose of gold was
heated to the stated temperature for 30 sec,
and since each dose was identical, differ-
ences between the degree of change pro-
duced in 30 sec at different temperatures
will crudely reflect differences in the rates
of the process observed.

The total change in AV, (R in Fig. 2),
divided by N, the relevant number of heat-
ing periods, is then a measure of the rate of
change. Figure 5 shows an Arrhenius plot
of n(R/N} vs 1/T which yields an activation
energy of 0.4 = 0.1 eV for this process. This
is comparable with the value 0.48 = 0.04
eV observed for diffusion of sub-monolayer
gold over the environs of (110} (J4). Thus it
seems probable that although at the highest
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F1G. 4. (a) Field ion image of thermally clean and
annealed tungsten showing the large central 110 plane,
its surrounding terraces, and four {211} planes. (b)
Schemalic section through the plane and first terrace,
having the approximate dimensions of the probed sur-
faces, illustrating plane expansion by adsorbed gold.

temperatures other factors are limiting the
observed change (Fig. 3), surface diffusion
is responsible for much of the rise R in
Fig. 2.

Region 2 is therefore believed to result
from diffusion of gold and tungsten atoms in
association, leading to improved structural
perfection of the plane edges. This has a
small effect on the emitting area A, while ®
and 8 remain unaltered (Fig. 3}, presumably
because the size of the central plane and the
surrounding terrace structure do no change
substantially during this process. The ef-
fects seen in regions | and 2 are in marked
contrast to the behavior observed when gold
is deposited directly on (110) from a head-
on source and heated at comparable temper-
atures (3). In this case gold is lost from the
terraces by diffusion down the tip shank,
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and none of the features seen in regions 1
and 2 are observed.

Region 3. The sharp fall in AV clearly
marks the invasion of the central plane by
gold and is seen with both the head-on and
side-on sources.

The process of plane invasion has been
analyzed elsewhere (6), showing that the
ratio of the adatom density on the plane, n,,
to that on the surroundings, #,, depends on
temperature T and is given by

Bp exp [—P—H _ Hs],
nﬁ

kT )

where H, is the binding energy of a gold
atom on the 110 plane, and that on the sur-
roundings, H,, is dependent on adatom den-
sity according to

H, = H0 — a-n,, (6)

where H (0) is the binding energy at zero
coverage. As the population of adatoms on
the surroundings rises their binding energy
falls until, at a critical coverage, the central
plane population rises to the point when a

ln {R/NY

-1 e

-2 1 1 1 —1 i

1.4 16 18 20 22 24
17T K x 10?

Fi1i. 5. Arrhenius plot of In(R/N) vs /T, where R
is the rise in indicated on Fig. 2, N is the number of
doses of gold over which R is achieved, and T is the
spreading temperature.
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FiG. 6. Invasion of W(110} by gold. Plot of the measured coverage of the surroundings n(crit) at
invasion vs temperature. The error bars indicate that each invasion point may be in error by a
maximum of % | dose of gold. Application of Eq. (7) (---), shows the expected dependence of n(cnit)
on temperature, and a greater dependence on a, the decrease in binding energy, than on ncrit).

stable nucleus is formed on the plane, The
energy of binding to the nucleus will be
higher than that to the plane, and rapid com-
pletion of a gold monolayer on the plane will
ensue. Thus at the invasion point n, and n,
will have critical values nfcrit) and n,(crit),
respectively, and from Eq. (5}, nfcrit} can
be expressed as

kT [np(crit):l .

. HO - H
nfcrit) = ;-ln n(oriD) (H.(0) —P—]

a

@)

Over the relevant range of n, the logarithmic
term will change only slightly, so that n (crit)
should vary approximately linearly with
temperature, and Fig. 6 shows this to be
approximately true.

The value of g is not known, but a de-
crease in the binding energy of 1 eV during
formation of a monolayer has been observed
for silver (/5) and lead (/6), and we there-
fore assume that a = 1eV. H,(0) for gold

is3.3eV(7),and H, = 2.2 eV (4). If we
assume that the smallest stable nucleus is 2
atoms, on a 110 plane of 24 nm diameter,
nfcrit) = 4.42 * 10™ atoms/sq.m. Equation
5 can then be solved iteratively, n.(crit),
converging to within 1%z in 3 iterations. The
resuit is presented in figure 6 for ny(crit)
corresponding to 2, 3 and 10 atoms on the
plane.

In an SEM study of silver nucleation on
a macroscopic W(110) surface in UHYV,
Spiller et al. (18) presented evidence for crit-
ical nuclei of size ranging from 2 to 46 atoms,
but as they point out, on such surfaces steps
will be important in nucleation. Thus al-
though such steps are not present in the
probed area, the assumption that just 2
atoms on the plane are required to form the
required nucleus is likely to be an underesti-
mate. However, as illustrated in Fig. 6,
nJcrit) is not strongly dependent on the cho-
sen value of ny(crit). The predicted values
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of n[crit) are more strongly dependent on
the parameter @ (Fig. 6), and on the heats
of binding, none of which are known with
sufficient accuracy to throw further light on
the nucleation mechanism. Despite the ex-
perimental uncertainties, we believe that the
model does account satisfactorily for the ob-
served behaviour.

Following invasion, ¢ cannot be derived
from FN data because 8 may also have
changed. However, Bauer et al. {19), have
shown that a complete monolayer of gold
forms a 1 % 1 structure on W(110) resulting
in an increase in ®(110) which depends on
the spreading temperature, ranging from
0.12 ¢V at 300 K to 0.20 eV at 900 K. We
estimate the increase in ®(110) for spreading
at 750 K to be 0.150 e V; thus $(110) will be
5.40 eV, and from Eq. (1), B increases o
1.58 following invasion. Thus it seems that
the entire decrease in V, on invasion, Fig.
3, can be attributed t¢ an increase in S,
while ®(110), coincidentally, remains un-
changed despite acquiring a monclayer of
gold.

Region 4. With increasing gold cover AV,
eventually becomes constant, Bauer et al.
(19), using LEED, have shown that when
the gold coverage exceeds 3 monolayers a
sirained Auflii) structure forms and
A®(110) becomes approximately constant
at 0.20 eV, If we assume this to be true in
the present case then ®(110) becomes 5.45
eV, and 8 decreases to 1.43, Fig. 3, which
implies the restoration of a relatively
smooth surface. At this stage Bauer et al.
find a tendency to growth of 3-dimensional
crystallites which, in the present case,
should lead to an increase in roughness
and a reduction in the emitiing area A.
The absence of nucleating sieps on our
{110} surfaces could account for the lack
of any evidence for crystallite formation,
but the reason for the observed increase
in A is not clear, Presumably it reflects
the development of the band structure of
gold.

157
4.2, Silver

Field ion microscopy has shown that, un-
like gold, adsorbed silver does not induce
any rearrangement of the (110} environs
(13), but does produce a considerable de-
crease in the work function of the plane (20).
We have therefore examined silver invasion
of the 110 plane by surface diffusion. The
metal was vapor deposited from a Specpure
source of similar construction to that used
for gold. Particular attention had to be given
to purging the source of residual oxygen as
noted previously (/7).

Figure 7 shows typical behavior of AV,
and AV, with increasing silver concentra-
tion. The initial rise in AV, is very small and
exhibits no clearly measurable change with
spreading temperature, but the increase in
both ®(110) and A with an accompanying
decrease in B is similar to that seen with
gold, and we propose that these also result
from the widening of the 110 plane. Invasion
is marked by a large decrease in AV, t0 a
value which remains constant with increas-
ing silver coverage until at an adatom den-
sity of 3 x 10" m? there is a further sharp
drop to a final concentration-independent
value. This behavior is quite unlike that of
gold but is closely similar 1o invasion of
W(110) by lead and copper, (6, [0} and of
Group lb metal diffusion onto low-index
planes of rhenium (7) and iridium, (27).

Monolayer silver on W(110) forms an
Ag(111) structure which is strained in the
100 direction to fit the periodicity of W(110),
and reduces ®{110} by 0.60 eV (19). If we
assume this to be the structure formed in
the present case, then d(110) at the plateau
becomes 4.65 = 0.03 eV, and 3 is seen to
have changed very little.

The dramatic decrease in A at coverages
exceeding 2 monolayers is difficult to ex-
plain. It could result from formation of small
3-dimensional crystallites which become the
dominant electron emitters, but there is no
corresponding increase in 3. Bauer et al.
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FiG. 7. Adsorption characteristic for silver on W({110), spread at 450 K, showing the work function
¢ (eV), the emitting area A (nm?), and the field enhancement factor 8 x 107 AV, (----).

observed small 3-D crystallites to grow on
the second monolayer only at temperatures
above 800 K (/9), but Spilter et al. (/8),
detect crystallite growth before completion
of the second layer and at temperatures be-
low 600 K. Unlike gold, silver shows no de-
pendence of plane invasion on spreading
temperature,

5. Conclusions

1. Changes in work function (measured
by Fowler—Nordheim analysis) which are
observed at the center of W(110) when ad-
sorbed gold or silver is allowed to surround
the W(110) plane but not to invade it, result
from a reduction in the local applied field
due to expansion of the plane by adsorption
of metal atoms in the terrace sites which
surround the central plane.

2. At elevated temperatures gold-medi-
ated diffusion of tungsten in the terrace re-
gions reduces the emitling area leaving the
work function and field strength at the plane
centre unchanged. Adsorbed silver is
known to be incapable of altering the tung-
sten substrate structure in the environs of

(110), and in keeping with this there is no
evidence of silver-mediated diffusion at ele-
vated temperatures.

3. An abrupt reduction in V, marks the
invasion of the 110 plane by gold and the
temperature-dependence of this step is con-
sistent with a mechanism of invasion, nucle-
ation, and rapid growth of a monolayer. By
coincidence the work functions before and
after invasion are almost identical, the inva-
sion being marked only by change in the
surface roughness. Invasion by silver pro-
duces a considerable change in work func-
tion but surprisingly, invasion shows no de-
pendence on temperature.

4. Work functions cannot be measured
beyond the invasion point, but if the values
derived from the work of Bauer er al. are
assumed, a consistent account of the ob-
served changes can be presented for both
gold and silver, in which the derived
changes in /& are physically plausible.

5. The 110 plane on an annealed tungsten
field emitter tip remains a useful and
uniquely well-defined environment for ex-
amining nucleation processes. It is step-free
and defect-free and the techniques of field
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ion microscopy can reveal the extent to
which the substrate structure is altered.
These microscopic techniques are best
combined with parallel macroscopic stud-
ies, and the necessary contact between
macro and micro investigations can be
made through measurement of work func-
tton changes.
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