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Surface adsorption and bulk diffusion in metallic films sensed by resistivity change
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Adsorption of Hz and CO on Nb, Co. Ni and Pd films was monitored by changes of the film resistance during the exposure to the gases.
FFilms with thicknesses varying from 6 to 400 nm were deposited onto mica or sapphire substrates. The increase in resistance was measured
near room temperature during exposure to 1000 Langmuir of either Hy or CO. When the gas dosing was discontinued and the chamber was
evacuated. the film resistance decreased until it reached its initial value. The change in resistance of very thin, rough Co and relatively thick,
smooth Co, Nb and Ni films upon exposure to either Hz or CO are comparable in magnitude. There is a relationship between this effect and
surface roughness. The change in resistace is related to weakly adsorbed states of these molecules close to the surface. On the other hand,
the change in resistance of thin Pd films is related to the diffusion of atomic hydrogen into the bulk of the films.
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La adsorcion de Ha y CO por peliculas delgadas de Nb. Co. Ni'y Pd fue estudiada por el cambio de resistividad que experimentaron estas
peliculas cuando fueron expuestas a esos gases. Las peliculas con grosores que variaron entre 6 a 400 nm fueron depositadas sobre sustratos
de mica o safiro. El cambio de resistividad fue medido a temperatura ambiente cuando las peliculas fueron expuestas a una dosificacién
de 1000 Langmuir de Hz o CO. Cuando se cierra el flujo de gas y la cimara de vacio es evacuada, la resistividad de las peliculas vuelve
a su valor inicial. El cambio de resistencia que experimentan pelicula de Co, muy delgadas y rugosas, es de la misma magnitud que el
cambio que experimentan peliculas de Nb, Co o Ni, mucho mas gruesas pero muy lisas. bajo la misma dosificacion de Hz o CO. Existe una
relacién entre este efecto de cambio de resistividad y la rugosidad superficial. El cambio de resistividad en estas peliculas estd relacionado a
estados superficiales de Hy y CO debilmente ligados. Por otro lado. el cambio de resistencia en peliculas de Pd expuestas a hidrogeno estd
relacionado con hidrégeno atémico difundido en el interior de la pelicula

Descriptores: Peliculas delgadas; metales de transicion; resistividad: hidrogeno: monoxido de carbono

PACS: 82.65.My: 81.60.Bn; 85.20.Ea: 73.50.Yg; 81.15.Ef

1. Introduction On the other hand, the process of hydrogen absorption-
desorption by palladium and palladium alloys is well known.
This metal or its alloys are excellent candidates for resistivity

studies where the bulk properties of the films should domi-

There are some issues related to gas adsorption by surfaces
that have not been extensively studied yet. One of these issues

is the connection between adsorption and its effect on the
electrical conductivity of the substrate. In the case of strong
adsorption of gaseous molecules by metallic surfaces, it is
reasonable to expect a modification of the surface electrical
conductivity of the metal. Thus, studying changes in the sur-
face conductivity of the substrate produced by gas adsorption
might yield additional information of the adsorption mecha-
nism. Since the surface and bulk contribute to the total elec-
trical conductivity of the substrate, surface conductivity only
becomes dominant when the substrate’s thickness is reduced
to small values. Such is the case of thin films. Consequently.
an effect due to adsorption on the surface conductivity would
be more readily detectable in a thin film than in a metal foil
or single crystal.

nate over surface effects when the film is exposed to hydro-
gen atmospheres, Due to these unique diffusion properties for
hydrogen, Pd membranes are used in a variety of hydrocar-
bon catalytic processes although details of the basic mech-
anisms are not clearly understood and membrane failures is
still a problem [1].

We have measured the hydrogen desorption spectra
(TDS) of Pd, Pd alloys (2—4], Ni and Co foils [5] and
found great differences between Pd and the other metals.
The desorption of hydrogen from Pd implies bulk absorption,
whereas in the case of the other metals the hydrogen is con-
fined to the surface.

Shanabarger studied the adsorption of hydrogen on thin
Ni [6.7] and Fe [8] films from the surface resistivity change
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of the films when the adsorption of hydrogen occured. Pick
eral. 19.10] and Strongin et al. [11] performed more careful
experiments of Hy adsorption in Nb films measuring change
of resistance of the films. The change in the resistivity of the
Nb films upon the adsorption of Hy was similar to those ob-
served by Shanabarger. Pick and Strongin developed an an-
alytical expression to fit the resistivity data which is quite
universal and which can be appliced to absorption in the bulk
ol the film or absorption confined only at the surface of the
film (adsorption).

The most plausible explanations of why the resistance of
the metallic films changes when H» (or gas in general) is ad-
sorbed or absorbed in it is the standard scattering of conduc-
tion electrons by impurities theory. In particular for surfaces,
the Fuchs-Sondheimer model [12] hypothesizes that the sur-
face adsorbed molecules increase the resistance of the film
by increasing the diffusive scattering of specularly reflected
conduction electrons from the gas-solid interface. This is as-
suming that the surface morphology of the film is perfectly
planar. In the case of hydrogen absorbed in the bulk, the stan-
dard scattering of conduction electrons by impurities theory
holds.

A larger resistance change in a Pd film exposed to H is
expected since Pd absorbs hydrogen in the bulk. In this case
the scattering centers (hydrogen atoms dissolved in the bulk)
will be located throughout the film and the resistance change
of the film will not be only confined to the surface. The resis-
tance change curve would carry Kinematic information of the
adsorption and/or diffusion of H in the film.

2. Experimental

Thermal desorption and resistivity were measured for Co,
Ni and Nb films exposed to Hy or CO in a modified AME-
TEK (Thermox Instruments Division) system designed for
vas analysis. The experimental chamber consists of a 6-way
stainless steel cross (base pressure around 1 x 10~ Torr)
mounted on a pumping system, equipped with a sample ma-
nipulator, an Ar ion sputtering gun, a quadrupole mass spec-
trometer, a variable leak valve and a glass viewport. Change
of resistivity of the Pd films exposed to Hy was measured in
a glass chamber at pressures between 1-20 Torr.

Samples of Pd and Co films were evaporated on mica
substrates using physical vapor deposition (PVD): Pd films
of 11, 30 or 54 nm thickness were evaporated onto pieces of
mica of approximately 1.0 x 1.0 x 0.01 cm dimension: Co
films of 6. 15 or 30 nm thickness were evaporated onto mica.
These samples were prepared in ultrahigh vacuum (UHV)
and mounted on the manipulator of our testing system. For
PVD films the procedure was the following: Once the paint
lor contacts had dried, the mica was masked with aluminum
foil leaving an area of approximately 0.8 x 0.8 cm exposed
where the Pd or Co films were deposited. The films were
evaporated with a background pressure in the low 10" Torr
and the film thickness was measured with a quartz thickness
monitor within a 10% error.

Samples of 40, 200 and 400 nm films of Nb and 200 nm
of Ni and 200 nm Co films (= 0.9 x 0.3 cm? area) sputtered
onto 1 x 1 em sapphire substrates [(0.0,1) orientation] were
also prepared. The thickness of these films was determined
from small angle XRD.

Pd and Co ingots and Nb, Co and Ni targets with a purity
0f 99.999 % were used for the evaporation ol the films.

The flat piece of mica or sapphire was painted at the ends
of the face where the metallic film was located with a con-
ductive paint in order to attach electrical contacts for the re-
sistivity measurements. The conductive paint used was Loc-
tite “Quick Grid” — an emulsion of small metal particles in
ethyl acetate. Each side of the film where the conductive paint
was placed, was spot-welded to a piece of insulated gold wire
which was also spot-welded to a pin of a UHV feedthrough
on the other end. The electrical feedthrough was connected
to a Keithley MicroOhmmeter, model 580 to measure the re-
sistance of the film. More details of this system can be found
elsewhere [13].

The Pd films were also characterized by Transmission
Electron Microscopy (TEM) using a Philips EM300 sys-
tem [14]. Electron-transparent Pd films were obtained by
thinning the mica substrate layer by layer until only the Pd
films remained. Typically, Pd films of 500 A were used for
this characterization.

In order 1o clean the surface ( for the experiments done
in ultra high vacuum ) the samples were subjected to two cy-
cles of heating up to 450 K followed by Ar ion sputtering.
Ar ion sputtering was carried out on a 1 x 1 cm?® area with
an ion current of | pA for two minutes which removed less
than 1 nm of metal. Assuming the absence of contaminants
after this process, the samples were exposed to 1000 L (1L =
10=% Torrxs) of hydrogen or CO at 320 K while the resistiv-
ity was measured. For each exposure, the cleaning cycle was
repeated prior to the gas exposure.

3. Results and discussion
3.1. Surface resistivity change

The resistivity of the Co, Ni and Nb films increased during
exposure to hydrogen or CO (at 320 K) and decreased to
approximately the initial value when the gas was removed
from the chamber. These changes were quite reproducible
and a “saw-tooth™ pattern was obtained for cycles of adsorp-
tion/desorption on films of different thicknesses.

Figure | shows the resistance change of a 40 nm (curve
a) and a 400 nm (curve b) Nb films upon exposure to hydro-
gen. The films are exposed to hydrogen for times between
500 s and 1500 s in the graph. The gas is then turned off and
pumped out of the chamber. When the gas is pumped out, the
resistance decreases (times between 1500 and 2500 s). Fig. 2
shows the resistance changes of the same 40 nm (curve a) and
400 nm (curve b) Nb films when exposed to CO. In both fig-
ures, the maximum resistance change decreases 10 times for
the 400 nm film with respect to the 40 nm film since this sur-

Rev. Mex. Fis. 44 81 (1998) 1-5



SURFACE ADSORPTION AND BULK DIFFUSION IN METALLIC FILMS SENSED BY RESISTIVITY CHANGE 3

- 1
E H2\Niobium
w
(aV]
x
2 2
[ =4
(0]
5
= a
[&]
§ 1
@
a b
@
0
0 1000 2000 3000

time (s)

FIGURE 1. Resistance changes of Nb films when exposed to Hz for
1000 s and after removal of the gas. (a) 40 nm: (b) 400 nm.
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FIGURE 3a. Resistance changes of Co films exposed to CO
for 1000 s and after removal of the gas. a) 200 nm—sputtered
deposited—Co film: b) 6 nm—PVD deposited—Co film.
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FiGURE 2. Resistance changes of Nb films exposed to CO for
1000 s and after removal of the gas. (a) 40 nm Nb film; (b) 400
nm Nb film.

surface effect decreases proportionally to the thickness of the
films. The resistance change for a given film thickness is al-
most the same independently of whether the gas is CO or Ha,
indicating that there is no hydrogen difussion in the film.

Figure 3a shows the resistance changes of 200 nm—
sputtered deposited (curve a)}—and 6 nm—PVD deposited
(curve b)—Co films when exposed to CO. One striking
feature of this figure is that the resistance increase of a
200 nm—sputtered deposited—Co film under CO is almost
twice as large as the resistance increase of the 6 nm—PVD
deposited—Co film under the same amount of CO dosage.
Nevertheless, we had expected to see a decrease in the resis-
tance proportional to the ratio 6/200, since this surface effect
decreases proportionally to the thickness of the film.

Figure 3b shows the resistance changes of 200 nm—
sputtered deposited—Ni film exposed to 3,600 L (curve a)
and 1,000 L (curve b) of CO. The change of resistance of the
200 nm Ni film at 1000 L of CO is about 1/2 the change ob-
served in the 200 nm Co film at the same CO exposure, indi-
cating that CO is more readily adsorbed onto Co than onto Ni.

The resistance change of the film exposed to Hy or CcO
can be fitted with an expression developed by Pick, Strongin
et al. [9]. The analytical expressions which fit the data are the
following:
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FIGURE 3b. Resistance changes of 200 nm -sputtered deposited-Ni
films exposed to CO for a) 600 s at 6 x 10™" Torr and after re-
moval of the gas and b) 1000 s at 1 x 10~ ° Torr and after removal
of the gas.

For resistance increase,
1 —0)%In (1l ++ 14+8)2In(1 —1 .
(1=0) ! (l+y) (A+0b) . (1-y) By =at, ()

1 is the normalized resistance change due to the surface ad-
sorbed molecules: (y = AR/ARax), t is time, and @ and b
are parameters obtained from the curve fit.

For resistance decrease,

8 5 1 |
2h1n (L) +b0(yp—y)+—-——=at+c. (2)
Y U Yo

In this case, there are two more constants to fit, y, and c.

Typical data such as the one displayed in Fig. 1, Fig. 2
and Fig. 3 can be directly fitted with Eq. (1) for resistance in-
crease and Eq. (2) for resistance decrease. This was done for
resistance increase and the fit is displayed as solid lines for
three curves shown in Figs. 2 and 3. In the three cases b = 3
and a equal to 0.0005 s~ ! for 400 nm of Nb: 0.0026 s~ for
40 nm of Nb; and 0.0014 s=! for 6 nm of Co.

Pick et al. [9] related the constants a and b with physical
parameters involved in the absorption process as follows:
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[ is the flux of H, molecules at a given pressure, im-
pinging 1 ¢m? of metallic surface per second; s,, is the film
sticking coefficient which in our case has a value near to 15
N, is the number of metal atoms per cm?; N, is the number
of layers in the film; and I\ is the rate constant for absorption.

The rate constant follows an Arrhenius type of law:

K = Ky B8, (5)

IV, is the pre-exponential factor, E is the activation energy,
It is the gas constant, and T is the temperature. The pre-
exponential /¥, has a value around 10** [9, 10].

By combining Egs. (3), (4) and (5), the following rela-
tionship is obtained:

In (IV,) — 2E/RT = In (N;@Zmax) — 21Inb. (6)

From Eq. (6), the desorption energy can be obtained us-
ing the fitting parameters a-and b and it can be compared
with TDS results. Values of desorption energy for CO on Co
(which produced a resistance change in the film) agreed well
with our TDS results on that system [5].

The resistance of metallic films decreases if the film
smoothness increases [15,16]. The “scattering hypothe-
s187 [12] is the most appropiate model to explain these results.
Within this model, surface roughness affects the total film re-
sistance and thus adsorbed molecules only increase the frac-
lion of scattering centers on the surface, which in turn cause
diffuse scattering of conduction electrons. The effect of ad-
sorbed molecules on film resistance would then be less pro-
nounced for rough films than for smooth films, in agreement
with our results.

Low angle XRD scans were taken for the films in specu-
lar and off specular arrangement [17]. In the case of Nb, Nj
and Co films grown onto sapphire using a sputtering tech-
nique, the difference between intensities obtained in specular
and off specular arrangement is more than |5 times indicating
a very smooth surface. In the case of the Co films grown by
PVD, there is no substantial intensity differences, indicating
that the surfaces of these films are rough.

The main issue remaining is related to the length scales of
the roughness. The adsorption-desorption of hydrogen or CO
as sensed by resistivity measurements is possibly affected in
a first order by the simple increase in the surface area of the
films. This is directly related to the low angle X-ray diffrac-
tion measurements that were done to the films. Low angle
X-ray diffraction detects roughness at a length scale of 50
nm which is larger than atomic length scales. Other research-
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FIGURE 4. Resistance change of Pd films when exposed to differ-
ent Ho pressures: 11 nm thick at 2.5 Torr; 30 nm thick at 2 Torr;
and 54 nm thick at 4 Torr,

ers [18. 19] had related surface roughness at length scales of
110 pom with changes in the resistivity of gas- covered sil-
ver films using visible and infrared radiation (wave length
between 23 pm and 136 nm). All these results point out that
there is definitely a connection between surface roughness at
meso-scale and the resistivity increase due to the gas-covered
surface.

3.2. Bulk resistivity increase

The films deposited by the PVD technique onto mica sub-
strates are homogeneous, polycrystalline and free of defects
as determined by TEM inspection [20].

The resistivity of the Pd film increased during exposure to
H» and decreased to approximately the initial value when the
H, was removed from the controlled atmosphere chamber.
These changes were quite reproducible and a “saw-tooth”
pattern was obtained for a cycle of absorption/desorption for
films of different thicknesses. This resistance change as a
function of time is displayed in Fig. 4 for Pd films of 11, 30
and 54 nm exposed to Hy pressures of 2.5, 2 and 4 Torr, re-
spectively. We tried to perform the experiments at a constant
film temperature near room temperature but this varied be-
tween 291 and 307 K.

Pick et al. also related the resistivity increase in Nb films
to the hydrogen concentration in the film. It can be easily
demonstrated that the hydrogen concentration in the film is
proportional to the square root of the H, pressure [9, 10]. The
change in resistance (AR) is proportional to the atomic frac-
tion 2 and this implies that the maximum change in resistance
(Fnax) 18 also proportional to the maximum atomic fraction
of H, wpayx. In this case y in Eq. (1) and Eq. (2) is the nor-
malized atomic fraction of H in the bulk (y = &/ ax).

The resistance change of the Pd films increases until it
reaches a saturation value. This saturation value is obtained
when no more hydrogen is dissolved in the film. We plot-
ted the relative resistance change at a saturation value as a
function of the square root of the Hs pressure for each Pd
film studied. The curves of the relative resistance change as a
function of the square root of the H, pressure overlapped for
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all the Pd films and it has a linear dependence on the P'/#. A
line obeving the following equation fits almost all the data:

(ARI]I:].X/R) x 100 =1.9 x ])1,;2' (7)

This is a strong indication that the resistance change in
Pd is caused by hydrogen in the bulk (resistance change due
{0 surface adsorption decreases inversely proportional to the
film thickness). The data for the three Pd films start to devi-
ate from the linear relationship at a value of 13 Torr due to
complete saturation of the films.

The fit of the resistance increase using Eq. (1) was done
and it is displayed as solid lines for the three curves shown in
Fig. 4. In the three cases b = 1 and a is equal to 0.024 5
for 54 nm: 0.043 s~ ! for 30 nm; and 0.056 s~' for I'1 nm.

We can calculate the activation energy for absorption us-
ing Eq. (6). From this calculation we obtained 8.9 Kcal/mole
for the absorption results on the 54 nm Pd film and 8.8
Kcal/mole for the 11 nm film, in excellent agreement with
our thermal desorption measurements of hydrogen from Pd
foils [2].

A uselul relationship for Pd made-Hs sensors can be de-
rived from the dependence of hydrogen bulk concentration
and the resistivity increase of Pd films.
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