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An extensive investigation was carried out into the influence of the adsorption of
oxygen, carbon monoxide, nitrogen, and hydrogen on the electrical conductance of
tungsten films obtained by evaporation. It appeared that tungsten films made in an
ultrahigh vacuum on a glass surface with a temperature of about 288°K have a
residual resistivity which exceeds the bulk resistivity at room temperature by a
factor 20. Heating at 373°K for 16 hr hardly influenced the large surface area of the
films, which amounted to 330495 cm®/mg tungsten, but reduced the residual resis-
tivity to about 10 times the bulk value. From the kinetics of the decrease in resist-
ance an activation energy of about 10 kcal/mole was obtained, which points to a
defect-annealing mechanism.

In all cases chemisorption appeared to decrease the electrical conductance of the
films. The fractional decrease in conductance was of the order of the ratio between
the gas molecules adsorbed and the metal atoms present in the film.

The BET surface area of the films was measured by xenon adsorption. Chemisorp-
tion of oxygen and carbon monoxide decreased the BET surface area by about 20%,
whereas hydrogen and nitrogen adsorption decreased it only by about 5%. This
demonstrates the presence of very narrow pores in the films, the entrance to which
is blocked to xenon atoms by chemisorbed oxygen or carbon monoxide.

To explain the experimental results, a detailed model of the films was developed.
In this model the films are composed of rather large porous clusters of metal parti-
cles intimately grown together. The clusters are connected by isolated particles of
the same size as the mean particle size in the film. Adsorption on these particles in-
fluences the conductance of the films, which implies that the effect of chemisorption
on the metallic properties is localized.

The decrease in conductance was determined to an important extent by the dis-
tribution of the admitted gas molecules over the internal surface of the film. The
sticking probability, its decrease with increasing coverage, and the mobility of ad-
sorbed species over the surface were reflected in the rate and the total amount of
the decrease in conductance.

The experiments with oxygen showed that at 273°K oxidation proceeds beyond a
monolayer, whereas below 200°K, after a monolayer coverage, oxygen is only physi-
cally adsorbed. At 77°K simultaneous adsorption of nitrogen in two very different
states was clearly demonstrated as well as the dependence of the ratio of these
states on previous saturation at higher temperatures.

The most natural way to explain the experimental results is to assume that
chemisorption affects the collective metallic properties mainly by changing the
intermetallic forces between the surface atoms and the other part of the lattice. In
hydrogen adsorption, the intermetallic bonds are only slightly weakened, whereas
chemisorption of the other gases brings about such displacements of surface atoms
that their contribution to the conductance is discontinued. The large effect per
adsorbed nitrogen molecule at 273°K is attributed to the very specific sites on the
metal surface to which adsorption of this gas is restricted at this temperature.
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CHEMISORPTION ON TUNGSTEN FILMS

INTRODUCTION

To elucidate the role played by the metal
in the chemisorption process many meas-
urements have been made of the change in
electrical conductivity of evaporated metal
films (7-15).* The results of these meas-
urements have mostly been explained by a
change in the specific conductivity, which
was ascribed to a variation in the number
of conduction electrons (2, 3, 6). Besides,
Sachtler and Dorgelo (8) attributed the
change in resistance to the fact that, in the
chemisorption process, the surface metal
atoms lose their metallic properties and
become nonconductive. The arguments in
favor of either mechanism are inade-
quately supported by experimental evi-
dence, and before conclusions about the
chemisorption mechanism can be drawn
from these measurements, more research
remains to be done on the electrical prop-
erties of porous evaporated metal films
upon adsorption. In a review of some
mechanisms explaining the effect of chemi-
sorption on the resistance of these metal
films, Ehrlich also stressed the need for
more experimental material (16).

A metal very well suited for this work is
tungsten. The adsorption of many gases on
tungsten was examined in detail by dif-
ferent methods, and clean films with a
large and relatively stable surface area
could be easily obtained. When we started
our measurements on the resistance of
tungsten films, no other work on this sub-
ject had been published. Shortly before our
work was finished a paper of Suhrmann
and co-workers appeared which contained
measurements in accordance with our
results (156).

I. MEeTHODS

An accurate investigation into the effects
of adsorption on the electrical resistance
requires a metal sample with a large sur-
face area in a perfectly clean condition. A
metal film evaporated on a cooled substrate
in an ultrahigh vacuum from a previously
carefully degassed filament fulfils these
requirements.

*QOnly the literature of the last seven years
has been cited.
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a. Materials

The films used in this work are evapo-
rated from 02-mm tungsten wire (Drijf-
hout, Amsterdam; spectroscopically pure).
Previously heating the wire in a separate
apparatus at 10-* mm Hg removes impuri-
ties from its surface. After this treatment
the black appearance changes into a bright
metallic one.

Oxygen is obtained by heating thor-
oughly degassed potassium permanganate,
and carbon monoxide by decomposing
formic acid with phosphoric acid at
150-180°C, followed by drying and purifi-
cation over potassium hydroxide (mass-
spectrometric analysis showed an oxygen
content of 0.05%). Hydrogen is purified by
diffusion through palladium or nickel; and
nitrogen is prepared by decomposition of
degassed sodium azide, The resulting nitro-
gen is adsorbed on silica at 77°K and hy-
drogen impurities, if any, are pumped off.
Mass-spectrometrically, only 0.016% oxy-
gen could be found. The xenon used for the
determination of the BET surface area was
obtained from Air Liquide. Analysis
showed the presence of 0.93% Kr, 0.17%
H,, 0.09% N;, and 0.02% O.. This gas is
further purified by pumping at 90°K till a
vapor pressure of 6.1 X 102 mm Hg is
observed [after correction for thermal
flow (17, 18)].

b. Ultrahigh Vacuum Techniques

Figure 1 represents the apparatus used
in this work. Before the deposition of the
film the measuring cell (A) is evacuated
through the magnetically operated valve
(B) filled with indium on the left side. The
measuring cell may be isolated from the
pumps by this valve, which has a large con-
ductance when open, and can withstand
atmospheric pressure after solidification of
the indium without measurable leakage,
provided the indium is handled carefully.
To ensure that the glass is wetted by the
indium the formation of an indium oxide
layer on the glass should be prevented. To
this end also the closing device is filled
with indium so that the essential parts of
the glass are permanently covered with the
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main vacuum
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line

(H)

gases

metal., After this valve has been closed, a
gas pressure can be maintained over the
film without any loss on the pump side.
The other side of the measuring cell is con-
nected to the gas-metering system by a
greaseless glass balljoint shutter (C).
When the pressure at either side of this
shutter is kept at 10° mm Hg or lower,
leakage is negligible.

The metering system is evacuated by a
separate small glass mercury diffusion
pump (H). The pressure of the admitted
quantities of gas is measured by a McLeod
gauge (F). To prevent contamination the
gases are handled by mercury cutoffs. Be-
fore the gases enter the measuring cell the
mercury vapor is removed by a trap cooled
at 195°K.

|
(G) L

Fia. 1. Experimental apparatus. A. Measuring cell. B. Indium valve, magnetically operated. C, C'
Ground-glass balljoint shutters. D. Alpert-Bayard ionization gauge. E. Conventional ionization gauge.
F. McLeod gauge. G. All-glass mercury diffusion pump, Venema and Bandringa (19). H. Small glass
mercury diffusion pump. (1), (2), (3) Mercury cutoffs.

To diminish the gas evolution of the
walls the enclosed part of the apparatus is
baked out at 300-400°C. Pumping was ef-
fected by an all-glass mercury diffusion
pump (G), designed by Venema and Band-
ringa (19), backed by a metal mercury
diffusion pump and a rotary oil pump of
the main vacuum line. During the bake-out
the pressure in the system is mainly deter-
mined by the adsorption of carbon dioxide,
carbon monoxide, water, and nitrogen in
the cold traps. When the adsorption in the
cold trap approximates saturation, the
pressure varies with the level of the liquid
nitrogen in the trap. Then the pressure is
determined not only by the transport of
gases to the trap, but also by the adsorbing
surface area. Since the pumping speed is
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proportional to the adsorbing surface area,
the pressure determined by the equilibrium
between desorption from the walls and fila-
ments and the pumping speed also varies.
In order to maintain the high adsorption
power of the trap it is necessary to bake
the entire apparatus after the mercury dif-
fusion pumps, including the end part of the
diffusion pump itself. The end part of the
pump and the trap on the pump are for'a
short time baked out with thermal tape.
To prevent large amounts of mercury pene-
trating into the apparatus, this is discon-
nected from the pump by a balljoint shut-
ter (C') during the bake-out of the first
trap (G). Then the first trap is cooled
again, the balljoint shutter is opened, and
pumping is continued.

After the first bake-out period the tung-
sten wire is reduced by electrically heating
in hydrogen of 0.1-2 em Hg. Subsequently,
the system is again baked out and the
metal parts are degassed. The Alpert-
Bayard ionization manometer (D) is de-
gassed by an electron bombardment with
a maximum emission current of 25 ma at
650 volts. The tungsten filament is elec-
trically heated by a current of about 4
amps. To degass also the end of the fila-
ment each platinum-iridium clamp holding
the tungsten wire is connected with two
tungsten leads clad with glass as far as
possible (not shown in the figure). These
leads also enable the clamps to be heated
during degassing so that the ends of the
filament are at a higher temperature dur-
ing degassing than during evaporation,
when the clamps are not heated. This pro-
cedure, published by Sachtler and Dorgelo
(4), prevents desorption of gas from the
end parts of the filament, when its tem-
perature is increased. After the metal parts
have been degassed, the apparatus is again
baked out, the heating of the metal parts
being only moderated but not stopped to
avold readsorption of gas. During this
bake-out the pressure is measured by a
conventional ionization gauge (E).

At the end of this cycle, when all parts,
except the first trap, are hot, the pressure
is about 5 X 10 mm Hg. After cooling of
the second trap to liquid-nitrogen tempera-
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ture the pressure is in the 10® mm Hg
range. When the measuring cell is at room
temperature and the Alpert-Bayard ioniza-
tion gauge is switched on, the pressure is
less than 10 mm Hg while the tungsten
filament is still hot.

c. Evaporation of the Films

The films are deposited on the cylindri-
cal wall of the measuring vessel. Two types
of cells were used: one with a 3.2 em di-
ameter and one with a 5.8 cm diameter. In
both cases the film was about 7.5 c¢m high.
Generally 10-20 mg of tungsten are evapo-
rated in 1 hr. During the evaporation the
cell wall is cooled with streaming water at
about 15°C. The filament is heated by a
current of about 6 amps. When the current
is raised to this value, the pressure rises
momentarily to 1-2 X 16-°® mm Hg to drop
after some seconds to below 1 X 10~ mm
Hg. Then the measuring cell is discon-
nected from the pumps by the indium
valve. Since the indium already melts at
150°C the valve closure needs no excessive
heating of the glass walls which could
cause a rise in pressure.

During the depositing of the film its re-
sistance gradually decreases; no abrupt de-
crease, as is reported for other metals, is
observed (20). Only one film is obtained
from each tungsten filament; after each
measurement a new filament is mounted.

d. Measurement of the Film Resistance

In this investigation the electrical re-
sistance of the films was measured in two
different ways: viz.,, by a Wheatstone-
bridge method and by a compensation
method. In both cases the influence of
thermal emf is eliminated by commutation.
In the first method contact with the film
is established through two platinum wires
that are so melted to the glass walls that
they are diametrically opposed and paral-
lel to the cylinder axis. Use was made of
cylindrical platinum wires of 0.2 mm di-
ameter and semicylindrical platinum wires
of 1 mm diameter.

The thinner wires generally give a better
contact with the film. The current through
the film is about 5 ma; a 200-fold variation
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in potential difference across the bridge
does not lead to a different value for the
resistance.

In measurements by the compensation
method a glass rod mounted close to the
wall prevents deposition of the film on one
side of the wall over a narrow range paral-
lel to the cylinder axis. On either side of
this uncovered zone a 0.2-mm platinum
wire is melted to the glass to carry the
current to the film. Here the current is
about 10 ma, and flows only in one direc-
tion. To measure the potential difference
across the film, the film is connected to a
Dieselhorst compensator by two previously
evaporated platinum films, These narrow
films are deposited diametrically on the
cell wall and are well sintered.

When, upon adsorption, the change in
resistance measured by the compensation
method and that measured by the Wheat-
stone-bridge method between the platinum
films are compared, the relative variation
of the latter was always smaller, by at
most 20%. The temperature coefficient of
the resistance measured by the Wheat-
stone-bridge method is slightly higher than
that measured by the compensation
method.

With the semicylindrical wires the tem-
perature variation of the resistance is
anomalous and much greater; e.g., a 100°C
temperature increase lowers an 11 ohm
resistance by about 2 ohms. In this case
the resistance variations with temperature
are not quite reproducible; obviously ad-
ditional electric resistances due to poor
contacts between film and wires influence
the measurement. However, the relative
change in resistance per adsorbed molecule
does not differ very much from the values
obtained by the compensation method,
when during the adsorption and the meas-
urement, the temperature is kept constant.

e. Determination of the Surface Area

The surface area of the films is deter-
mined, according to Brunauer, Emmett,
and Teller (21), by measurement of the
extent of the physical adsorption of xenon
(2, 6) at 90°K at relative pressures rang-
ing from 0.05-0.30. To ensure equilibrium
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the pressures are measured about 15 min
after the admission of the gas. The pres-
sure readings are corrected for thermal flow
by Liang’s empirical expression, as modi-
fied by Bennett and Tompkins (17). Dead
space amounts to about 1800 cm?.

The effective surface area per xenon
atom is determined from comparative
measurements of the physical adsorption
of krypton and xenon on carbonyl! iron. If
Livingston’s value for the effective surface
area of krypton (22) is accepted (18.5 A?),
the value for xenon appears to be 22.4 A2
This value is in good accordance with
Anderson and Baker’s (23) value of 23 A?
based on geometrical arguments.

II. ResuLTts
a. Properties of the Films

When the resistance is measured im-
mediately after evaporation as a function
of temperature, in the range 77-290°K, a
straight relationship is obtained in accord-
ance with Matthiessen’s rule (24) (Fig. 2).
This indicates that the total resistance may
be divided into a temperature-dependent
ideal resistance brought about by the lat-
tice vibrations of the metal, and a tem-
perature-independent residual resistance,
which is due to scattering of conduction
electrons by lattice defects, grain bound-
aries, etc. As in both the bulk metal and
the evaporated films the effect of tempera-
ture on the ideal resistance is brought
about by the thermal vibrations of the
metal atoms, the bulk value can be ac-
cepted for the temperature variation of the
specific resistance (resistivity) of the films.
Therefore we assume:

dps/dT = dpy,/dT

in which p; is the resistivity of the film and
po the resistivity of the bulk tungsten,
From

By = (letsi/Oetr)ps = Gy

where R, is the film resistance, l.;; the ef-
fective length, and O.., the effective sur-
face area (width times thickness) for the
electricity transport, it follows that
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dR:/dT =G (dpp/dT)
hence

dRs/dT o bt

doo/dT 7 Oy
Consequently, an impression of the geo-
metric factor G of the film can thus be
obtained from the temperature variation
of the resistance (25, 26). The temperature
variation of the resistivity of bulk tung-
sten is (27):

dpy/dT = 2.36 X 10752 cm °K™!

The geometric factor @ enables the ideal
resistance of the film to be calculated.

Ria = pu@

in which p, is the resistivity of bulk tung-
sten with a negligible amount of residual
resistance, viz. (27),

b = 4.89 X 10~%Q cm at 273 °K

In Table 1 all these data are collected
for three films deposited in the 5.8 em di-
ameter cell; the residual resistivity is cal-
culated from the difference in experimental
and ideal resistance. From these data it
can be concluded that at 273°K the residual
resistivity is about 20 times the ideal
resistivity ; this indicates a highly distorted
metal structure.

That the films do not have a compact
platelet structure follows from the geo-
metric factors in Table 2. The geometric
factors for compact flat films with the
same amount of tungsten on the same sub-
strate as the experimental films, are also
given in the table. For the films in the nar-
rower cell the discrepancy is larger (about
a factor 3) than for the films in the wider
cell (about a factor 2). Hence, the devia-

TABLE 1
ProrerTiES OF TUNGSTEN FIiLMs ArTER DEPOSITION
Temp. coeff. of Geometric Ideal Residual
Film R’k resistance drR/dT factor resistance resistivity
no. Q) (% °K-1) (R°K1) (ecm™1) ) (Q em)
27 35.3 0.019 6.6 X 1073 2.8 X 108 1.4 1.2 X 10
28 24.0 0.020 4.9 X 10 2.1 X 108 1.0 1.1 X 10~
30 25.15 0.029 7.2 X107 3.1 X 108 1.5 8.1 X 10
1.09 24.7 0.032 7.8 X103 3.3 X 108 1.6 7.0 X 10°%
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2 tion from a platelet structure is larger for
w N A A A A O A I the thicker films in the narrower cell.
égg ';< ;“( ;’( '>"< ';< '>"< ; ';( g After the evapor.ation the films are not
2 Ol O AN A A E: stable and the resistance decreases spon-
I z S aNSZ REE taneously. If the process is assumed to be
° first order, a rough estimate of the activa-
. = tion energy of this process yields a value
32 lomnomoroe |3 of 13 keal/atom in the first stage of
BEG | W QAN @D | g annihilation. This activation energy is high
g |eee" T |g compared with values observed for gold,
E silver, and copper, viz., 2-4.5 kecal/atom
R g (28), but this is quite acceptable in view
c“‘;é) LtLa22ss §o of the high melting temperature of tung-
. 'gﬁg? L I e e I ] E} Sten (29)
& 8228 | XXX ff XXX £ To avoid interference of this spontaneous
£ U“"zgv B il I decrease with the effects of adsorption on
g = 2 the resistance, the films are heated at
N 2 373°K for 16 hr before the influence of
g ; adsorption is measured. After this treat-
§ . zy828858 |8 ment the resistance again follows Matthies-
gl Zsr | L L e e v | © sen’s rule in the temperature range 77—
xd B ECR SRR eboRal Bt 300°K. For the films deposited in the
" vl oo ~ANFoos | § . .
gl © PSS I - 3.2-cm measuring cell the decrease in re-
2 g sistance during the heat treatment is much
o o @ less than for films evaporated in the 5.8-cm
= TTTTTRETOO|N cell, viz.,, about 1Q for a resistance of
28 e = about 5Q and 10200 for a resistance of
& E S»‘é z ;< XX KX XX f 20-35 Q, respectively. This indicates that
2 " EBRREBBS |8 the radiation of heat from the tungsten
= N i ) filament in the narrower cell already causes
z o an annihilation of defects during the
81 & . - evaporation. The large decrease in resist-
2] SEL | 823BILELE | & ance of the films deposited in the wider
B| fislccocscsaa | & cells cannot be ascribed to the lower thick-
Bl & E ness of these films as rather thin films
2 E (weight: about 3 mg against 10-20 mg
g « d normally) in the narrower cell do not give
Blass- | SAEIRSRS (5 a large decrease in resistance upon heating.
E e 5" “¥w NP oNn | g Table 2 gives the properties of films
i after heating at 373°K. From a comparison
T3 of the data in Tables 1 and 2 it appears
L - & that the residual resistivity is sharply
‘E%@E LI eS 25T E diminished by heating whereas the geomet-
®ag D E 2 ric factor does not vary much. This is
- 8 evidence that defects are only annealed
= 3 during heating, which was already sug-
| oennaane 3 z gested by the still low value of the activa-
CE | oaggaanrs (W8 tion energy, which is in good agreement
<8 with Pierotti and Halsey’s (30) and Ander-
- |5 3 son and Baker’s (23) observations that the
Bs | w00 0o < _§ £ surface area of evaporated tungsten films
Ef | NI NAN® - did not decrease upon heating at 710° and
S 510°K, respectively.
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The surface area of our films is much
larger than the geometrical area on which
the film is deposited, viz. 5000 cm? against
©HOMNMOANND about 100 cm? Like the geometrical fac-
aaaaaaaa tor, this, too, points to the films not having
a compact structure. The surface area is
roughly proportional to the weight of
tungsten evaporated; all values measured
are between 300 and 500 cm?/mg of tung-

338 8 S 8 8 S sten, Apderson and Baker (23) measured
values in the same range for films evapo-
rated on the wall of a 7.6 cm diameter
vessel.

§ § § § g § ﬁ § After adsorption the resistances again
follow Mathiessen’s rule within the experi-
mental accuracy. In Table 3 the data are

s ppPoeor collected. The increase in' resistance of

o2 2e8ss about 10% by the adsorption of oxygen,

XX | XXXXX carbon monoxide, and nitrogen causes the

IR QILLYRr slope of the resistance—temperature curve

N mew e also to increase by about 10%, which, for

the time being, is expressed as a change in
the geometric factor. No change in residual

O 2mw e resistivity is detected beyond the experi-
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SS A mental error.
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R R R Fie. 3. Effect of oxygen adsorption on the con-
ductance of evaporated tungsten films at 77°,
195°, and 273°K. O, Film no. 24; 252 c¢cm?*/mg;

g a=256 (77°K). A, Film no. 26; 403 cm’/mg;
Len®eag e a=267 (195°K). @, Film no. 25; 340 cm’/mg;
NANNANAAQD e=215 (273°K). |, Adsorption of 2 x 10"

molecules/cm?.
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b. Effect of Oxygen Adsorption

In Fig. 3 the influence of oxygen adsorp-
tion on the conductance at three tempera-
tures is represented by plotting the relative
decrease in conductance AM/A, versus the
number of oxygen molecules adsorbed per
tungsten atom.

In the first stage of the process, in which
about 5 X 10'* oxygen molecules/cm? are
adsorbed, the adsorption is immeasurably
fast, while the conductance also decreases
very fast. At 77° and 195°K more gas is
still rapidly adsorbed, after the adsorption
of about 5 X 10'* molecules/em?, but the
conductance does not change any more.
At 273°K the adsorption of more gas is
slow and the conductance decreases linearly
with the amount adsorbed.

(o] 5 10
Ong S
\ 0O, - molecules adsorbed 2
. - x10
\ W-atom
8
\
o
A
\
\
}A\
~5-0, A, - O
\o\ AA
\ AX\ 2
o A\ o x10
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\
o 3 !
\  az=1%
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\
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R
—104 [+] -5
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\
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. N
°
AX 07 e 8273 °K |
Ao \
[e]
! %
-154 Q —~10
\
N
0,
~g 77 °K
\8\.%*5 I

Fic. 4. Comparison of effects of oxygen on the
conductance at 77° and 273°K. Further oxidation
at 273°K. @O, Film no. 1.07; 420 cm?*/mg;
(77°K). A A, Film no. 1.06; 335 cm?’/mg;
(273°K). @ A, Immediately after admission of
oxygen. O A, After equilibration. 1T, Adsorption
of 2 % 10® molecules/cm?®.
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At all temperatures investigated in the
initial stage the decrease in conductance
per oxygen molecule adsorbed is relatively
small. Afterwards the conductance de-
creases linearly with the amount of oxygen
adsorbed. The slope of the straight part of
the curve is of the order of unity, which
means that the change in relative conduct-
ance is of the order of the number of
oxygen molecules adsorbed per tungsten
atom. At 273°K the slope is less than at
77°K and 195°K, viz. 2.1 versus 2.6.

During the slow adsorption at 273°K the
decrease in conductance is again linear
with the amount of oxygen adsorbed, but
now the slope of the curve is less. This is
illustrated by the measurements of Fig, 4.
These measurements, in contrast to those
in Fig. 3, are made by the Wheatstone-
bridge method. Owing to the contact resist-
ance between film and platinum wires,

OO 2 4 6 8
\ Oz - molecules adsorbed <102
J I~ W -atom

-124

Frc. 5. Effect of oxygen admitted at 77°K on
the conductance measured at 77°K and 273°K.
Film no. 28; 265 cm?/mg; A, measured at 77°K
after admission at this temperature; W, measured
at 273°K after admission at 77°K; O, measured
at 77°K after recooling; 1, adsorption of 2 X 10%
molecules/cm?.
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which does not change on adsorption, the
slope is now slightly less, viz. 1.91 at 273°K
and 2.25 at 77°K.

Figure 5 shows an experiment in which
the oxygen is admitted at 77°K and the
conductance is measured at 77°K and
273°K. Heating to 273°K and recooling to
77°K has no effect on the conductance,
which indicates that equilibrium is attained
at 77°K. At both temperatures the slope of
the straight part of the curves is the same,
2.6, which corresponds with the above val-
ues measured at 77° and 195°K. After
5 X 10** oxygen molecules/ecm?, which is
roughly equivalent to one monolayer of
oxygen atoms, have been adsorbed, still
more oxygen is rapidly adsorbed at 77°K,
but the conductance remains constant.
When the temperature is raised to 273°K
the pressure at first increases owing to the
desorption of physically adsorbed gas and
then decreases again slowly, while the
conductance decreases accordingly. Here,
too, a linear decrease in conductance is ob-
served which has a smaller effect per oxy-
gen atom, viz. 1.15, than that observed in
the first straight part.

Cooling again to 77°K has no influence
upon the decrease in conductance.

c. Effect of Carbon Monoxide Adsorption

Measurements of the influence of carbon
monoxide adsorption are collected in Fig.
6. These measurements are carried out by
the Wheatstone-bridge method. Although
the adsorption of gas is immeasurably fast,
the conductance decreases slowly, at a rate
which becomes lower as more gas is ad-
sorbed, which is in contrast to what has
been found in oxygen adsorption. At all
adsorption temperatures the conductance
curves are again flat at first, but after-
wards show a linear decrease with the
number of carbon monoxide molecules ad-
sorbed. Also in this case the slope of this
linear part varies with the adsorption tem-
perature, but now the slope is weaker at
77°K than at 273°K, viz. 1.1 and 1.9 re-
spectively, which is in contrast to what has
been observed in oxygen adsorption. At
195°K an intermediate value of 1.5 is ob-
served. Also the maximum decrease in con-
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F1q. 6. Effect of carbon monoxide adsorption at
77°, 195°, and 273°K on the conductance of
evaporated tungsten films. @, Film no. 9; 345
em?*/mg; (77°K). A, Film no. 10; 384 cm?/mg;
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ductance is lower in the measurements at
77°K, viz. 8% against 10% at 273°K.
After adsorption of 7 X 10** molecules/
cm? at 77°K and of 4 X 10'* molecules/cm?
at 195° and 273°K the conductance re-
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F1e. 7. Effect of carbon monoxide admitted at
273°K on the conductance measured at 77° and
273°K. Film 27; 295 cm?/mg; M, measured at
273°K after admission and after cooling to 77°K;
@, measured at 77°K after admission at 273°K;
1, adsorption of 2 X 10" molecules/¢m®
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mains constant, although still more carbon
monoxide is rapidly adsorbed. Figure 7
represents a measurement in which carbon
monoxide is admitted at 273°K, and the
conductance is measured both at 273°K
and 77°K. Unlike the measurements of Fig.
6, these measurements were done by the
compensation method. At either tempera-
ture the slope of the linear part is the
same; at 77°K more gas is adsorbed and
the conductance further decreases along the
same line. When the film is heated again
to 273°K, the conductance returns to the
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value it had before cooling, and the total
amount of additional gas desorbs.

These results were exactly reproduced on
two other films (Table 4, Nos. 27, 29, 30).
By elimination of the contact resistance
higher slopes were obtained, viz. 2.2 against
1.9 in the Wheatstone-bridge measurements.

d. Effect of Nitrogen Adsorption

Measurements on the effects of nitrogen
adsorption are given in Fig. 8. When nitro-
gen is admitted at 273°K and the conduct-
ance is measured at 77° and 273°K the

TABLE 4
SummARY OF THE ErrEcT OF CHEMISORPTION ON THE CONDUCTANCE OF EvAPORATED TUNGSTEN FiLms

Measuring Gas

Film temp. adsorbed Metal atoms Measuring
no. (°K) at (x) °K Gas molecules ads. method
9 77 CcO 1.1 Wheatst.
13 77 CcO 1.2 Id.
15 77 CO 1.3 Id.
10 195 (8(0] 1.5 Id.
16 195 CO 1.5 Id.
11 273 Cco 1.9 Id.
12 273 CO 1.8 Id.
14 273 CO 1.6 Id.
273 2.3

27 77 CO (273) 2.3 Comp.
273 2.2

29 7 CO (273) 2.9 Id.
273 2.2

30 o CO (273) 29 Id.

24 77 0} 2.6 Id.

1.07 77 () 2.3 Wheatst.

1.02 77 (0% 2.8 Id.

26 195 0. 2.6 Comp.
1.08 195 (023 2.6 Wheatst.
1.06 273 0, 1.9 Id.

25 273 ) 2.1 Comp.

77 2.6
28 273 O (77) 2.6 Id.
77 2.6

1.09 273 O, (77) 2 45 1d.

17 77 H, 0.5 Wheatst

18 77 H, 0.5 Id.

19 273 H, 0.8 Id.

1.01 273 H, 0.9 Id.

1.11 273 H, 0.9 Comp.
20 273 H, 1.0 Wheatst.
21 77 N. 1.2¢ Id.

34 77 N. 1.0e Comp

33 { ot N: (273) 38 Id.

¢ No linear part.
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Fie. 8. Effect of nitrogen adsorption at 77° and 278°K on the conductance of evaporated tungsten
films. Film no. 32 surface area not determined; gas admitted and conductance measured at 273°K, X.
Film no. 33, 355 cm?/mg; gas admitted at 273°K; conductance measured at 273°K, O; conductance
measured at 77°K, . Film no. 34 340 cm?/mg; gas admitted and conductance measured at 77°K,
A; conductance measured at 77°K after heating to 273°K, X. T, Adsorption of 2 X 10" molecules/cm?.

decrease in conductance is the same at both
temperatures till about 2 X 10 molecules/
cem? have been adsorbed. At 273°K the last
quantities of gas are adsorbed more and
more slowly and the conductance decreases
likewise.

If, after adsorption at 273°K has
stopped, the temperature is lowered to
77°K another amount of gas approximately
equal to that adsorbed at 273°K is rapidly
adsorbed. This adsorption proceeds without
a marked decrease in conductance.

The slope of the straight part of the
curve is rather high, about 4, and the cor-
responding decrease in conductance is
about 8%, when only 2 X 10'¢ nitrogen
molecules/em? have been adsorbed.

Nitrogen adsorbed at 77°K influences the
conductance in a different way. Now the
maximum decrease of the conductance is
about 4% only. At the start and towards
the end of the adsorption the conductance
drops slightly more rapidly; the curve does
not exhibit a linear part. When, after com-
pletion of the decrease in conductance, the

film is heated to room temperature and
cooled again to 77°K, the decrease in con-
ductance, about 9%, is much larger whereas
the amount of gas adsorbed remains the
same.

e. Effect of Hydrogen Adsorption

The measurements of the effects of hy-
drogen adsorption are collected in Fig. 9.
At 273° and 373°K the conductance de-
creases linearly with the amount adsorbed
from the start. At 77°K a flat part may be
distinguished, but this is not very pro-
nounced. Just as for carbon monoxide ad-
sorption the slope of the linear parts of the
curves increases with measuring tempera-
ture, viz. from 0.55 at 77°K to 1.0 at
373°K. In agreement with the low slopes
for this gas the maximum decrease in con-
ductance is low. After about 5 X 10** hy-
drogen molecules/cm? have been adsorbed,
the total decrease in conductance is only
about 3%, whereas the same number of
oxygen or carbon monoxide molecules ad-
sorbed per em? give rise to a decrease of
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F1a. 9. Effect of hydrogen adsorption on the conductance of evaporated tungsten films at various

temperatures. X, Film no. 20; 350 cm’/mg; 373°K;

a = 10. [, Film no. 19; 355 cm*/mg; 273°K; a =

085. A, Film no. 1.11; 325 cm’/mg; 273°K; o = 085 M, Film no. 101; 210 ecm®/mg; 273°K; o = 0.85.
@, Film no. 17; 370 cm*/mg; 77°K; a = 0.55. O Film no. 18; 360 cm®*/mg; 77°K; a = 055 1, Ad-

sorption of 2 X 10* molecules/cm®

about 10%. At 77°K, after adsorption of
5 % 10* hydrogen molecules/cm?, still
more gas is adsorbed, but the conductance
does not show a definite change. The
273°K measurements were done on films
with different surface areas. At this tem-
perature three regions can be discerned:
linear decrease in conductance with the
amount adsorbed, a part in which the effect
per atom adsorbed becomes continuously
less, and an almost horizontal part. The
slope of the initial straight part of the film
with a low surface area is the same as that
of the other films, but the curve declines
earlier and the total decrease in conduct-
ance is only about 50% of that of the
films with a large surface area, In all
cases, after adsorption of about 2.2 X 10*
molecules/cm?, the linear part changes into
a curved part, which ends after adsorption
of about 3.7 X 10'* molecules/cm?.

At 373°K, the straight part goes over
into the horizontal part almost immedi-
ately, and there is a definite increase in
conductance on further adsorption. The
linear part ends after adsorption of 2.1 X
10'* molecules/cm?. A comparison of the
maximum decreases in conductance of films

17, 18, 19, and 20, which have an approxi-
mately equal specific surface area, shows
that the maximum decrease is the same at
77° and 273°K, but definitely lower at
373°K.

The values of the slopes of the straight
parts of the experimental curves, the «
values are collected in Table 4, As can be
concluded from the & values obtained from
measurements on films Nos. 27, 29, 30 and
26, 28 and 1.09, by the compensation
method, the results are quite reproducible.

In Fig. 10 the measured isotherms for
nitrogen, carbon monoxide, and hydrogen
are collected. The ratio between the
amounts of hydrogen adsorbed at 77° and
273°K is of the same order as that meas-
ured by Trapnell (31), Hickmott (32),
and Anderson and Baker (23). At 273°K,
the number of carbon monoxide molecules
adsorbed is of the same order as the num-
ber of hydrogen molecules adsorbed.

f. The BET Surface Area of the Films

To investigate the influence of chemi-
sorption on the BET surface area of the
films, in part of the experiments the sur-
face area is determined both before and
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Fra. 10. Adsorption isotherms for hydrogen,
carbon monozxide, and nitrogen on tungsten.

after the chemisorption. The values for the
surface area of the clean films are between
330 and 495 cm?/mg of tungsten. The
¢ values of the BET equation are all be-
tween 100 and 500, consequently much
lower than those recorded by Anderson and
Baker (23) at relative pressures lower than
0.04. The xenon physisorbed in the deter-
mination of the surface area has a very
small (about 102 %) and irreproducible
effect on the electrical resistance of the
clean film. After measurement the film is
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heated to room temperature and the xenon
can easily be pumped off.

The results of the measurements are
summarized in Table 5. In a carbon mon-
oxide experiment the surface area is deter-
mined during the chemisorption. Figure 11
shows the decrease in conductivity and in
surface area. No variation in surface area
is observed in the initial flat part of the
conductivity curve. The decreases in sur-
face area in oxygen and carbon monoxide
adsorption are about the same, viz. 15-
27%, whereas for nitrogen and hydrogen
much lower values are recorded. The small
decrease for nitrogen may be attributed to
the fact that only a small amount is ad-
sorbed at 273°K, viz, about 2/5 of the
amount of the other gases adsorbed at this
temperature.

The relatively small decrease brought
about by the adsorption of hydrogen at a
coverage which is about the same as that
of oxygen and carbon monoxide points to
the presence of narrow pores in the film.
By adsorption of oxygen and carbon men-
oxide the pores are blocked to xenon atoms,
whereas the elimination of porosity by the
small hydrogen atoms is much less effective.

If the metal particles in the film should
be sintered by slow dissipation of the heat
of adsorption—which is improbable in
view of the thermostability of the tungsten
films—this would lead to a decrease for

TABLE 5
DEecrEASE IN BET SUuRFACE AReEA UPON CHEMISORPTION

Adsorption Surface area Surface area
Film Gas temp. before adsorption  after adsorption Decrease
no, ads. (°K) (cm?* mg™1) (cm? mg™) (%)
1.02 0. 77 335 275 18
1.07 (0 77 420 305 27%
1.03 (0 273 370 310 16
13 CO 77 380 305 15%
15 CO 77 365 275 25
16 CO 195 425 310 27
11 CO 273 495 410 17
12 CO 273 470 395 16
14 CO 273 330 250 24
22 N, 273 375 350 63
31 N. 273 335 320 43
17 H, 77 370 345 63
20 H, 373 365 350 4
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oxygen which is markedly greater than
that for carbon monoxide, owing to the
higher heat of adsorption of oxygen.

III. DiscussioNn

a. Possible Mechanisms for the Influence
of Adsorption on the Conductance of
Evaporated Films with a Large
Surface Area

As mentioned in the introduction, the
change in conductance of evaporated films
upon adsorption is mostly ascribed to a
change in specific resistivity, while Sacht-
ler and Dorgelo (8) recently pointed to the
metal atoms in the surface layer losing
metallic properties. In addition, other ex-
planations have been given: changes in
surface stress (16), and influence on elec-
trons tunneling across gaps between the
particles of the film (33, 16).

It is not necessary to consider an in-
crease in temperature brought about by
slow dissipation of the heat of adsorption,
as thermal equilibrium is reached each
time gas is admitted. Although a change in
surface stress upon adsorption may be im-
portant to some properties of evaporated
metal films, the effect on the resistance ap-
pears to be too large in this case to be
attributed to changes in surface stress, as
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has already been argued by Ehrlich (16).
Moreover, the occurrence of a negative-
positive effect on the conductance in the
case of hydrogen adsorption—which is most
clearly observed on evaporated nickel and
iron films (4, 6, 6)—is incompatible with
this explanation.

More attention should be given to the
last mechanism in which a change in work
function of the metal particles of the film
brought about by adsorption has an influ-
ence on the tunneling of electrons across
the gaps between the particles. This mech-
anism was first suggested by Broeder, van
Reyen, Sachtler, and Schuit (33) and re-
cently reviewed by Ehrlich (16). For our
films this explanation cannot be accepted
for the following reasons:

i. If the main resistance is caused by the
tunneling process between isolated parti-
cles, an increase in temperature should be
found to have a positive effect on the con-
ductance (34). On our films a negative
temperature coefficient of the conductance
was always observed, if the effect of the
contacts was correctly eliminated. The
small value of the experimental tempera-
ture coefficients can be easily accounted for
by the high residual resistivity of the films.

1. As was measured by Mignolet (35),
physical adsorption of xenon largely de-
creases the work function of tungsten. Al-
though this influence is of the same order
as that brought about by the adsorption of
hydrogen, carbon monoxide, and oxygen
(Table 6), no effect on the resistance is
observed when xenon is adsorbed.

TABLE 6
ErrFecT oF GAS ADSORPTION ON
Work FunctioN oF TUNGSTEN

Gas Effeet on work function Reference
(0 +1.90 (35)
CO +0.80 (35)

H, +0.48 (35)

Xe —-1.1 (35)

N, —0.2t0 —0.1 (36, 87)

#it. On copper films which are compara-
ble with our tungsten films, Suhrmann,
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Ober, and Wedler (13) observed effects on
the resistance opposite to those on the
work function when carbon monoxide was
adsorbed. Moreover, there is an increasing
amount of evidence that nitrogen decreases
the work funetion of tungsten upon ad-
sorption (86, 37). Therefore, nitrogen
would be expected to have an effect on
the conductance which is contrary to the
effects of oxygen, hydrogen, and carbon
monoxide, which is not the case.

w. If, for a reasonable gap (about 10 1),
the effect of a change in work function on
the tunnel resistance should be considered
with reference to the theoretical prediction
by Holm and Kirchstein (38) much greater
effects on the resistance would have to be
expected than those actually observed.

In summary, only a change in either the
specifie resistivity or the geometry of the
conductive material can satisfactorily ex-
plain the experimental observations. For a
proper understanding of the way in which
the metal is engaged in the chemisorption
process it is essential to make a decision

between these two possibilities. Before a

more detailed consideration will be given,
we may distinguish the following two sim-
plified viewpoints.

If the adsorbed atoms form a normal
chemical bond with a distinet number of
metal surface atoms, so that the atoms are
converted into a condition characteristic of
the chemical compound formed between
the metal atom and the adsorbate, part of
the metal should be changed into a state
that is nonconductive or less-conductive
(hydrides). This process results in a change
of the geometry of the electrical conductor.

On the other hand, if after the chemi-
sorption, the metal surface atoms should
remain part of the metal and continue to
contribute to the metallic properties, chem-
isorption changes only the specific resistiv-
ity. The adsorption bond is now formed
by metal electrons in orbitals which can
be described by collective wave functions
of the whole metal.

In the latter case chemisorption may
change the resistivity in two ways:

i. The conductivity is proportional to the
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concentration of the conduction electrons,
and this concentration may be changed
either by the metal accepting or donating
electrons in the case of an ionie chemisorp-
tion bond, or by the immobilization of con-
duction electrons in the case of a covalent
bond.

7. When the dimensions of the metal
particles in the film are of the order of the
mean free path of the conduction electrons,
the resistivity is increased by scattering of
conduction electrons at the boundaries of
the metal particles. This increase is propor-
tional to the fraction of incident electrons
which are diffusely reflected, since specular
reflection has no effect on the mean free
path. If this fraction of diffusely reflected
electrons is altered by the chemisorption,
the resistivity will also change, and this
effect may outweigh the change in the num-
ber of conduction electrons.

In a recent paper by Toya (39) this last
mechanism is given to explain the effects
of hydrogen adsorption on the conductance
of evaporated nickel films. Although, theo-
retically, very little is known at present
about the reflection of conduction electrons
by these boundaries, experimental evidence
is against this explanation.

Reynolds and Stilwell (40), who meas-
ured the dependence of the resistivity on
the film thickness of evaporated copper
and silver films, obtained results which ean
only be reconciled with theoretical expec-
tations if complete diffuse reflection is as-
sumed. The same conclusion was drawn by
Nossek (25, 26) from careful experiments
on evaporated alkali metal films, and by
Worden and Danielson (47) from experi-
ments on potassium films. Measurements
of the anomalous skin effect on copper, sil-
ver, gold, tin, mercury, and aluminum (42,
43) also point to complete diffuse reflection.
Moreover, in our case, a change in the frac-
tion of diffused electrons would reflect it-
self only in the residual resistivity. The
data of Tables 2 and 3 indicate no change
in the residual resistivity which is not
within the experimental accuracy. We,
therefore, reject this mechanism to explain
our results.
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b. Explanation of the Experimental Results

The most striking experimental result is
that the slope of the curve showing the
relative conductance versus the molecules
adsorbed per metal atom is of the order of
unity. Evaporated films of other metals
show the same behavior (2, 3, 6, 7). This
phenomenon can be understood from the
hypothesis of either a change in resistivity
(I) or a change in geometry (II), provided
certain simplifying assumptions are made.

To simplify the considerations in a first
approximation we assume that the effect of
chemisorption of a gas molecule does not
depend on the place on the film surface
where it is actually adsorbed, i.e. the dis-
tribution of the admitted gas molecules
over the film surface is immaterial. For a
uniform concentration of conduction elec-
trons the conductance of the clean film, A,,
is given by

ho = fne = f’an

in which f is a proportionality constant,
n, the number of conduction electrons per
unit volume, n, the number of tungsten
atoms per unit volume, and y the average
number of conduction electrons per tung-
sten atom. When the chemisorption of one
gas molecule immobilizes X conduction
electrons, and N, gas molecules per unit
volume are adsorbed, the decrease in con-
ductance is given by:

N Y e Ty

Since both X and y are of the order of
unity, the quotient « = X/y, expressing
the slope of the experimental curves, is
likewise of the order of unity (Mechanism
I).
In the second mechanism (II) the change
in conductance is due to the surface atoms
losing their metallic properties by the
chemisorption. The dimensions of the con-
ductor change proportionally to the num-
ber of adatoms present at the surface of
the conductor. For the slope to reach the
experimental value of the order of unity
and to exclude effects of the distribution of
gas atoms over the film surface, it is neces-
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sary to assume a model for the porous film
which consists of identical parallel cylin-
ders, the radii of which amount to about
30 A, as calculated from the total surface
area, e.g. 350 cm?/mg.

For this model it follows by simple cal-
culation that the slope of the curve show-
ing AA/A, against N./n, is equal to the
number of surface atoms occupied by one
chemisorbed molecule, this ratio normally
ranging between 1 and 2 (independent of
the radius of the cylinders). If we assume
that the whole surface layer should be
eliminated from the conduction process the
decrease in radius of the condueting cylin-
ders, Ar, is about 1% A, and after full
coverage:

‘—A)\/)\o = 2AT/T0 = 01

This decrease in conductance is of the order
of that actually observed.

Hydrogen adsorption would convert the
surface layer into a hydride compound.
From cases in which hydrogen dissolves
into a transition metal—palladium is the
best known example—it is known that the
metallic conductivity decreases only and
does not change its character after satura-
tion with hydrogen. Hence, the decrease in
the conductance and the « value are lower
for hydrogen adsorption.

c. Refinement of the Designed Picture

In the foregoing considerations it was
arbitrarily assumed for the sake of simpli-
fication that the distribution of the ad-
sorbed molecules over the internal surface
of the film should not affect the experi-
mental result. A closer examination of the
experimental curves, however, reveals two
facts that cannot be reconciled with these
assumptions, viz. the small decrease in con-
ductance by the amounts of gas admitted
first, and the increase (CO, H,) or decrease
(O.) of the experimental « values with in-
creasing temperature.

Obviously, the latter fact could point to
a difference in bonding character of the
adsorbed particles at different tempera-
tures. However, since it is known from
field-emission and flash-filament experi-
ments (44, 32, 45, 46, 36) that the transi-
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tion between differently bonded species is
extremely rapid, a thermodynamic equilib-
rium between the different particles would
be expected. But we find that the addition
of CO at high temperature gives a high
value of « even when measured at low
temperature. Suhrmann, Mata Arjona, and
Wedler (15) furthermore find an increase
of a after addition of CO at low tempera-
ture, heating to 273°K, and recooling. For
oxygen we find that addition at low tem-
perature also determines the a value at the
higher temperature,

Moreover, in flash-filament experiments
(32, 45, 46, 47), the presence of differently
bound species is recorded only at coverages
at which more than 25% of the total ad-
sorbable amount is taken up. In our experi-
ments the difference in « values is already
present at coverages that are much lower,
if the coverages are calculated on the as-
sumption that the admitted gas molecules
are homogeneously distributed over the
total metal surface. We therefore believe
that other explanations must be sought,
since, as said above, kinetic effects are also
excluded.

As was proved by accurate blank meas-
urements, the relatively small effects on
the conductance of the amounts of gas
admitted first is not due to adsorption of
gas in the cold trap or on the baked glass
of the measuring cell. Moreover, as can be
concluded from the data of Table 7, the

ON TUNGSTEN FILMS
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“initial flat section” which is proportional
to the weight of the film point to an in-
homogeneous covering of the interior film
surface with adsorbed gas atoms, and show
that the effect of adsorption on the conduct-
ance is not completely independent of the
place on the surface where the adatoms
stick.

We consequently have to develop a less
simplified film structure which can account
for these facts and moreover explain the
experimental values for the geometric fac-
tor, which values were found to increase
with film thickness from 2 to 3.

These requirements are not fulfilled by
the simple model of a porous film structure
consisting of more or less uniform particles
connected by small necks, as suggested by
Ehrlich (16).

In this case, only adsorption on the neck
surfaces would affect the conduectance of
the film, Since, however, both the change-
in-resistivity and the change-in-geometry
model point to conductance-determining
metal particles with a surface-to-volume
ratio of the same order of magnitude as the
average surface-to-volume ratio of the to-
tal film, this model should require very
long necks connecting rather large metal
particles, which is a very unrealistic
situation.

Furthermore, this model cannot explain
the fact that the conductance-determining
parts of the film are generally situated in

TABLE 7
AMOUNT OF CARBON MONOXIDE ADSORBED WITH SMALL ErrFEcT ON THE CONDUCTANCE

Film Surface Total amount of gas Amount of gas adsorbed
Film weight area adsorbed in this stage per cm? of tungsten
no. (mg) (cm? mg™?) (molecules X 10%7) (molecules X 104/cm?)
9 18.3 270 7.32 1.48
13 9.4 305 4.06 1.41
15 3.9 275 1.36 1.27

amount of CO adsorbed in this stage is
roughly proportional to the total film
weight, and, therefore, this adsorption
must reflect an intrinsic property of the
experimental films.

We believe that both the variation of «
with temperature and the occurrence of an

places difficult of access from the gas phase.

We believe that the following model
eliminates these difficulties: The experi-
mental films are composed of porous clus-
ters of small metal particles intimately
grown together. These clusters are con-
nected by isolated metal particles of the
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same dimensions as the particles present
in the clusters. Only chemisorption on the
surfaces of these bridging particles has a
marked effect on the conductance of the
film.

In order to account for the ratio of the
experimental and the ideal geometric fac-
tors of the films, we will set up the follow-
ing schematical model.

The porous clusters of small metal parti-
cles have a uniform size of dimension D,
and 50% porosity. The over-all resistance
of the film is determined by the dimension
d of an average number of » particles be-
tween each two clusters.

It can easily be shown that the resistance
of a film with a length ! and a width b
equals:

R = (l/bnd) * Pspec

while the resistance of a compact film of
the same weight on the same substrate is
equal to:

R = (2l/bD) * Pspec

From these expressions it follows that the
ratio of experimental and ideal geometric
factors can be given by:

Gexp/Gia = D/2nd

A comparison with the experimental value
of 2-3 reveals that, for D/d = 10, n is ~2,
values which do not seem unacceptable.

Fia. 12. Model of the experimental films.

The particular model chosen readily ac-
counts for the fact that the experimental
« values are close to unity. The surface/
volume ratio of the conductance-determin-~
ing elements is equal to that of the whole
film. Furthermore, the effects of the in-
homogeneous distribution of the adatoms
over the inner surface of the film can be
easily understood from this model. The
amounts of gas admitted first will be
largely retained on the outer part of the
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chemisorbing metal film where they have
hardly any influence on the conductance
because of the low mobility over the sur-
face at low coverages and temperatures
and the relatively high values of the stick-
ing probability (the probability that an
incident gas molecule is chemisorbed) un-
der these conditions. The gas molecules
cannot reach the conductance-determining
elements until the sticking probability has
decreased considerably.

Hence, the range over which the effect
of chemisorption on the conductance is
only small must be reflected in the sticking
probabilities of the several gases studied.
Although the values obtained for these
sticking probabilities by various authors
do not agree very well, the gases may be
classified in this order (Table 8):

CO>0:>N;>H,
TABLE 8

STICKING PROBABILITIES ON
CLEAN TUNGSTEN SURFACES

Gas Sticking probability References
CO 0.30.6 (46-69)

0. 0.2-0.5 (49-61)

N, 0.1-0.4 (45, 48, 49)
H, 0.1 (32)

The same order is observed for the size of
the initial flat section.

The measurement of oxygen adsorption
at 77°K indicates physical adsorption on
top of the chemisorbed layer without
further oxidation, since after a coverage
of 4 10** molecules/ecm® the adsorption
is no longer accompanied by a further de-
crease in conductance (Fig. 4). This is
confirmed by the experiment of Fig. 5: At
the end of the steep linear decrease in
conductance, admission and adsorption of
oxygen at 77°K do not affect the conduect-
ance, whereas during heating to 273°K
oxygen is temporarily desorbed and again
slowly taken up with a further decrease in
conductance, which remains after cooling
to 77°K.

The slow uptake of oxygen at 273°K,
which brings about a smaller decrease in
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conductance per oxygen molecule, appar-
ently corresponds to the further oxidation
of the surface already covered with a
monolayer.

The lower « values found in the experi-
ment in which oxygen is admitted at 273°K
must be ascribed to the combination of
chemisorption and further oxidation of
readily accessible parts of the film, while
the less accessible parts still remain un-
covered. Accordingly, higher a values are
recorded at 77°K and 196°K, when no
further oxidation occurs, than at 273°K,
whereas after distribution of the admitted
oxygen over the surface at 77°K the same
high « values are measured at 273°K as at
lower temperatures. This oxidation during
the transport of oxygen to the uncovered
parts of the surface also explains the fact
that at the end of the steep linear decrease
more oxygen is taken up at 273°K than at
77°K and 196°K.

In the case of CO adsorption the effect
of temperature on the « value is caused by
the mobility of the chemisorbed species
over the surface towards the conductance-
determining elements, As shown by Klein
(62) and Ehrlich (36), this mobility sets in
at temperatures of about 200°K when the
coverage is sufficiently high for the “a
state” to be reached. At lower coverages,
when only the “@ state” exists, mobility is
zero below 625°K.

This explanation is confirmed by the ob-
servation that, although upon addition of
a new amount of CO adsorption takes place
almost immediately, the conductivity de-
creases slowly, which shows that the ad-
sorbed molecules migrate to the less acces-
sible conductance-determining elements of
the film. Also the results obtained by Suhr-
man and Wedler (53) demonstrated this
slow migration of adsorbed CO molecules
on nickel films.

The temperature influence is enlarged by
the fact that the surfaces of narrow pores
can be reached only by gas molecules that
have migrated over the surface. As is evi-
dent from the decrease in BET surface
area after chemisorption, the experimental
films possess pores the entrance to which
is blocked to xenon atoms by adsorbed
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molecules, and also to new impinging CO
molecules, unless a certain degree of mo-
bility is reached.

Therefore, part of the conductance-
determining particles are not covered at
77°K and, to a less extent, at 195°K, so
that both the total decrease in eonductance
and the o values observed are lower. These
narrow pores, which are apparently present
in evaporated metal films, also bring about
the maximum in the irreversible ascending
branch of the adsorption isobar which was
observed for hydrogen and carbon monox-
ide by various authors (54, 55, 31). These
authors ascribed this phenomenon to slow
absorption into the metal for hydrogen and
to carbonyl formation for carbon monox-
ide. Gundry and Tompkins (56) proved it
to be a surface effect at low temperatures.
They attributed it to the presence of a
more weakly bound precursor chemisorbed
state from which the molecules entered
into the final adsorbed state with an ac-
tivation energy increasing with increasing
coverage.

All these explanations are ruled out by
the flash-filament experiments on hydrogen
chemisorption ecarried out by Hickmott
(32). At all temperatures studied he ob-
served an equilibrium, which was rapidly
attained on his filament samples which
had no narrow pores. For carbon monoxide
this behavior was observed by Ehrlich
(46). The explanation offered here, e.g. the
presence of narrow pores blocked at the
entrance as long as the mobility is insuf-
ficient, has also been suggested by Ponec
and Knor (57) for hydrogen on nickel
films,

The results of hydrogen adsorption can
be explained along the same lines, but,
owing to the lower adsorption energy, the
equilibrium coverage also changes with
temperature.

As is reported by Gomer, Wortman, and
Lundy (44), the activation energy for the
migration of adsorbed hydrogen over tung-
sten increases with decreasing coverage. At
the highest coverages mobility in the chem-
isorbed layer is observed above 180°K,
whereas at lower coverages higher tem-
peratures are required to mobilize the ad-



294

sorbed hydrogen atoms. This implies that
at 77°K the distribution of the hydrogen is
very inhomogeneous, which results in a low
a value.

Trapnell (31), on evaporated tungsten
films, and Hickmott (32), on tungsten fila-
ments, observed that the amount of chemi-
sorbed hydrogen depends on the tempera-
ture; our measurements represented in Fig.
10 show the same pattern. As more hydro-
gen is chemisorbed, the conductance of the
film will become lower. Consequently, the
total decrease in conductance is lower at
373°K than at 273°K. At 77°K, the inac-
cessibility of the narrow pores balances
the effect of the larger chemisorption,
and, hence, the total decrease in conduct-
ance is about the same as at 273°K.

As known from flash-filament experi-
ments (45) at room temperature, nitrogen
is adsorbed on tungsten mainly in the “g
state.” From an analysis of the desorption
characteristics (68) Ehrlich concluded that
in this state the nitrogen is atomically
bound (59). At temperatures of about
100°K a much more weakly bound “y
state” is present besides this strongly ad-
sorbed entity. When the adsorption is com-
pletely carried out at 115°K, the ratio
ng/ny is 0.41, whereas, after presaturation
of the surface at 300°K, ng/ny is about
unity (45). Finally, it appeared from field
emission that below 400°K the adsorbed
nitrogen does not move over the surface
(36). An inhomogeneous distribution is
therefore to be expected on our film.

From Fig. 8 it can be concluded that
after saturation at 273°K an approxi-
mately equal amount of nitrogen can still
be adsorbed at 77°K with only a slight
decrease in conductance. If this additional
amount of nitrogen is associated with “y-
adsorbed” nitrogen, it follows that nitrogen
adsorbed in this way has hardly any effect
on the conductance, whereas the “B-
adsorbed” nitrogen has a strong effect.
When nitrogen is admitted to a tungsten
film at 77°K, a large part of the gas will
be adsorbed in the “y-state” and, conse-
quently, a very low « value will be ob-
served, the total decrease in conductance
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also being low. When, after saturation at
77°K, the film is heated to room tempera-
ture, the ‘“y-state” adsorbed nitrogen is
partly desorbed and partly adsorbed in the
“B state,” which results in a further de-
crease of the conductance. Upon recooling,
the total amount of nitrogen is again taken
up, but now the ng/ny ratio has increased
and the conductance has further decreased
accordingly,

d. Conclusions about the Bonding of the
Gas Atoms to the Metal Surface

The foregoing discussion has indicated
that it will be difficult to draw quantitative
conclusions about the bonding character of
different adsorbed molecules from experi-
mentally derived a values. Only under
those conditions where the effects of an
inhomogeneous distribution are virtually
absent do the experimental data give in-
formation about the actual situation on the
conductance-defining elements. It has been
shown that under these conditions the or-
der of magnitude of these a values differs
from gas to gas and amounts to:

Hz a =ca. 1.0
CO a=ca 2.2
O, a =ca. 2.6
N; a =ca.3.9

A first glance at these figures shows a
striking correlation with the chemical
valency of the adatoms involved: The
ax, /ae, Tatio 1.5 and also the value of ay,
are not very far from the expected value
for a monovalent adatom. Serious diffi-
culties arise, however, in explaining the
value found for CO on this basis, as no
indications of a bonding type, except the
carbonyl bond, are known, so that the aco
seems to be too high. This seems to neces-
sitate a closer analysis of the experimental
data in the light of the theories of metallic
conductivity.

Although the theory of the metallic con-
ductivity, especially of transition metals, is
only poorly developed quantitatively, the
physical principles underlying the conduc-
tion phenomenon are well understood at
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present (60). A requisite for metallic con-
ductivity in a solid is the presence of a
periodic potential. In addition, part of the
electrons must be present in orbitals col-
lective of the whole solid with a quasi-
continuous range of energy levels, ie. en-
ergy bands which are not completely filled.

In such a periodic structure the interac-
tions between the electrons are relatively
unimportant and, except at extremely low
temperatures, the resistance is due to ther-
mal vibrations of the metal atoms (61).
The scattering of the conduction electrons
by the atom cores is proportional to R?,
the mean square of the deviation from the
equilibrium position. B? is proportional to
the temperature, and, consequently, if no
other variables are changed (viz., the num-
ber of conduction electrons or the cohesive
properties of the solid) the resistance is
proportional to the temperature.

For transition metals the collective elec-
trons are present in two overlapping energy
bands, one derived from atomic d orbitals
and one from atomic s orbitals. In the d
band the electrons are about a factor 10
less mobile than in the s band (60). Since
the density of states in the d band is much
higher than that in the s band, a large
contribution to the electrical resistance
results from scattering of s electrons into
the d band. This explains the relatively
low conductivity of the transition metals.

The phenomena occurring when an atom
with a different valency is placed inside a
metal are extensively investigated by
Friedel (62, 63). The potential of the
foreign ion core, which deviates from the
potentials of the other metal atoms, is
shielded over a short distance by the col-
lective electrons of the metal (61). Es-
pecially in transition metals this shielding
is very effective owing to the high density
of states of the d band and the potential
difference is leveled out to about one
Angstrom. [Ziman, however, states that,
owing to the high effective mass of d elec-
trons, their contribution to the shielding
remains small (64)].

This implies that also after chemisorp-
tion the influence on the metal properties
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is restricted to the direct environment of
the chemisorbed atom. Consequently, the
band structure within the metal will not
change on adsorption.

Although the structure of the metal sur-
face will differ from the bulk structure due
to the presence of unsaturated bonds, it
retaing a two-dimensional periodicity and,
hence, a metallic conductivity. In the above
the decrease in conductance upon adsorp-
tion was ascribed to either a transfer into
a nonconductive state of the surface layer
or a change in specific conductivity, As has
already been discussed, the last mecha-
nism must be replaced by a change in
specific conductivity of the surface layer
only. When the interaction between an
adsorbed atom and the metal surface is
considered in more detail, the following
may be found to occur upon chemisorption:

4. The average number of s electrons in
the surface layer changes; this change in
the number of current carriers leads to a
change in surface conductivity.

1. The average number of d electrons in
the surface layer changes; then the scat-
tering properties of the d states are altered.

#i. The bonds that bind the surface
atoms to the remaining part of the metal
are changed; then, the amplitude of the
thermal vibrations is altered and, conse-
quently, also the scattering of the conduc-
tion electrons.

w. The structure of the surface is so
severely distorted that electrical conduct-
ance is no longer possible by loss of the
periodicity. Inasmuch as the displacements
that bring about the scattering in the ther-
mal vibrations are rather small [for tung-
sten at 300°K R? = ~10"'® em? (65)], it
may be concluded that displacements of
about 0.1 A are enough to destroy the con-
ductivity completely.

Obviously, definite conclusions can only
be reached if one and the same mechanism
operates for all different gases studied.
There are indications, however, that this is
not true. That at least ¢. and 7. must be
operative together is most clearly demon-
strated by the influence of chemisorption
on the metallic properties of nickel. Meas-
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urements on small nickel particles indi-
cated unambiguously that chemisorption of
hydrogen, carbon monoxide, and oxygen
(66, 67, 68) decreases the magnetization of
the nickel particles, and, consequently, af-
fects the d electrons of the metal. On the
other hand, carbon monoxide (6, 7) and
oxygen (7, 12) adsorption decrease the
conductance of evaporated nickel films, in
a way analogous to that observed for tung-
sten, while hydrogen adsorption first de-
creases the conductance (4, 8, 6, 11) and
then somewhat restores it. As d electrons
contribute negligibly to the conductivity,
this implies that both s and d electrons of
the metal must be affected by chemisorp-
tion.

Furthermore, it is felt that the influence
on the remaining intermetallic bonds of the
surface atoms is largely dependent on the
adsorption energy of the particular chemi-
sorbed species involved.

When hydrogen is bonded to a tungsten
surface, resonating bonds with three or
more surface atoms are established (69,
70, 71). It is assumed that this bonding is
not strong enough to lift the surface atoms
appreciably from their equilibrium posi-
tions; the intermetallic bonding is some-
what weakened and, consequently, the
amplitude of the vibrations of the metal
atoms is increased. As a result, the con-
ductance is decreased by the adsorption to
a relatively small extent. Probably, also
the s and d electrons are influenced to some
extent, but any statement about this effect
will be highly conjectural for the time be-
ing. The change in slope of the conduc-
tivity vs. coverage curves at 273°K may
be related to Becker’s (69) observations
that at low coverages specifically weakly
bound tungsten atoms are covered, whereas
at higher coverages more strongly bound
surface atoms are involved.

On the other hand, bonding of oxygen,
carbon monoxide, and nitrogen will have a
stronger influence on the intermetallic
forces and displace the surface atoms fur-
ther from their equilibrium positions. This
can reasonably be explained from the
higher adsorption energies and activation
energies needed by these gases to migrate
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in the chemisorbed state. We therefore ac-
cept that on adsorption of oxygen, carbon
monoxide, and nitrogen the metal atoms to
which the gas atoms are bound will lose
their conductive properties. The experi-
mental data indicate that at full coverage
one oxygen molecule and one CO molecule
each displace two tungsten surface atoms.
This explains why the aco and ao, are of
the same order of magnitude. The some-
what smaller value for carbon monoxide
may be ascribed to the presence of the
more weakly bound “a state,” which has
no strong effect on the intermetallic dis-
tance. Redhead (47) raised strong argu-
ments for the “a-bonded” molecules filling
gaps in the surface covered with “g-
bonded” carbon monoxide. Since about
10% of these gaps may be expected in the
“B-covered” surface, the difference in e
values is quite reasonable.

It is shown by field ion-emission experi-
ments that at 273°K nitrogen is only ad-
sorbed on atomically rough surfaces,
whereas the densely packed {110} planes
remain uncovered (78). This is also ap-
parent from the results recently obtained
from surface potential measurements on
tungsten covered with nitrogen (36, 37). If
appropriate precautions are taken against
contamination from carbon monoxide,
nitrogen adsorption appears to decrease the
work function of tungsten. As the electro-
negativity of nitrogen is of the same order
of magnitude as that of hydrogen and oxy-
gen, which increase the work function, this
can only be explained if it is assumed that
nitrogen is adsorbed below the level of the
outer tungsten surface atoms (72). This is
only possible on atomically rough surfaces.
The ratio awx,/aco =3/2 suggests the
elimination from the conduction process of
three tungsten surface atoms per adsorbed
nitrogen atom. Since nitrogen is only ad-
sorbed on sites where it may come into
contact with more than two metal surface
atoms, this accordance with chemical val-
ency is reasonable.

Owing to the presence of {110} planes,
where nitrogen is not adsorbed at 273°K,
the saturation coverage of this- gas is
smaller than 2/3 of the amount of oxygen



adsorbed in a monolayer. As was to be ex-
pected, the weakly adsorbed “y nitrogen”
does not influence the metal structure and,
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observed.

Besides accounting for the effects on the
conductance, the assumption that the metal
atoms are displaced to a greater or smaller
extent from their equilibrium lattice sites
upon chemisorption also gives an easy
explanation of the effects of adsorption on
ferromagnetic prope rties

na 19
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properties (66, 67, 68).
Probably, ferromagnetism is more suscepti-
ble to the distance between the metal atoms
than the electrical conductivity. When this
distance 18 sufficiently altered by chemi-

gorntion, the metal atoms pnano’nd in the
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chemisorption stop to contribute to the col-
lective ferromagnetism of the metal.
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