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Abstract

Rutherford backscattering (RBS) was used to determine the thickness and composition of several micrometers thick electroless-plated
Pd/Ag alloy layers deposited on porous�-alumina. To determine the composition of the alloy, the thickness of the Pd layer after the first
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ynthesis step and the thickness of the Pd/Ag sandwich structure after the second synthesis step were determined. The error in th
hicknesses (±5%) is much smaller than for the commonly used techniques, i.e., the weight difference and the scanning electron m
SEM) cross-section method. RBS allows accurate determination of plating rates and an even more accurate value for the compo
he error in the thickness is mainly systematic. This enables one to tune the synthesis parameters for layer thickness and alloy co

A further and very important advantage of RBS is that pore filling of the support can be studied. Results showed that Pd pene
he alumina support during plating, with RBS it could be detected up to 1.4�m deep. It is estimated that the equivalent of 0.1�m bulk Pd is
resent in the pores of the support of typical electroless-plated samples.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pd77Ag23 thin films on inert and porous supports such as
-alumina are very important membrane materials[1–4]. Ap-
lications vary from separating hydrogen from gas streams

o its use in a membrane reactor in hydrogenation or de-
ydrogenation reactions[3,5–7]. The optimal composition

or maximal hydrogen permeability has often been claimed
o be 23 at.%[1,5,8–10]or in the 23–25 at.% region[11].
owever, a combination of permeability data of Kikuchi
nd Uemiya[2,12], Knapton[11] and Darling[13] shows
plateau between about 20 and 23 at.% Ag. Furthermore,

t least 20 at.% Ag is needed to prevent hydrogen embrittle-
ent above ambient temperature[3,11,14–16]. From this we

∗ Corresponding author. Tel.: +31 30 25367662; fax: +31 30 2511027.
E-mail address:k.p.dejong@chem.uu.nl (K.P. de Jong).

conclude that based on permeability and lifetime consid
tions a 20–23 at.% Ag composition is optimal. The hydro
membrane function of pure Pd and Pd/Ag alloys is base
the solution–diffusion mechanism[3]: hydrogen molecule
dissociate at its surface, the hydrogen atoms dissolve
octahedral holes of the metal lattice and diffuse through
membrane due to the applied transmembrane hydroge
tial pressure difference to finally recombine at the oppo
surface.

Because of its simplicity and relatively low costs[4,5],
electroless plating is the technique of choice for large s
production of these membranes. It is a wet chemical me
based on the reduction of aqueous metal ions with a su
reducing agent such as hydrazine. The sequential elect
plating procedure commonly used to produce a Pd/Ag
loy consists of three parts: first a Pd layer is deposited,
the Pd layer is covered with an Ag layer in a second pla

376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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and finally the metal sandwich structure is exposed to high
temperatures to obtain the corresponding alloy. NH3(aq) and
Na2EDTA·2H2O are added to a typical electroless plating
solution to set the pH and to stabilize the plating bath. With
electroless plating, in contrast to electroplating, it is possible
to deposit a metal film on a non-conducting support material
such as alumina. Other techniques such as (bi-)sputtering
[17–22]and chemical vapour deposition (CVD)[22,23]are
also being used to obtain Pd/Ag mixtures for research pur-
poses, but these techniques are less suitable for large scale
production.

To optimise membrane performance both the overall
thickness and the composition need to be tuned. This
requires accurate measurement of the deposited amounts
of Pd and Ag. In practice, there are two commonly used
techniques for this purpose, viz. weight difference and scan-
ning electron microscopy (SEM) cross-sectioning[3]. The
simplest procedure is to determine the weight increase after
deposition of a metal layer. However, substantial amounts of
metal are deposited in the pores of the support. It cannot be
established how much of this material forms an effective part
of the membrane and how much can simply be bypassed by
hydrogen[3]. Furthermore, it is likely that reduced metal is
not the only material deposited inside the pores; significant
amounts of salts may be left behind as well, leading to
incorrect film thickness calculations. Alternatively, a cross-
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characteristic for the mass of those atoms and can easily be
calculated. If collision takes place deeper in the layer, the
energy of the detected ions will be smaller as a result of
interactions with the atoms of the target material, thus giving
RBS its depth sensitivity.

The fundamentals were discussed earlier by Pesiri et al.
[25] and further information can be obtained from a number
of books[26,27]. Please note that, although RBS itself is non-
destructive, the samples need to be cut to fit on the sample
holder and to ensure that the ion beam is perpendicular to the
film surface. However, an undisturbed part of the samples has
been studied in this work.

Normally, He+ ions are used in RBS, but the probing depth
is only about 1�m in dense materials[26]. In order to achieve
sufficient penetration, protons are used instead of He+ ions.
This reduces the depth resolution and mass separation. How-
ever, due to the similar masses of the isotopes of Pd and Ag
the two elements cannot be distinguished from one another
with RBS anyway. In order to determine the composition
of Pd/Ag alloys made via the sequential electroless plating
procedure, RBS measurements are performed between
synthesis steps. After the first plating, the Pd layer thickness
is determined and after the second plating the combined
thickness of the Pd and Ag layers is obtained. The difference
between the two values is the Ag layer thickness and from the
ratio between this value and the total metal deposition the Ag
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ection of the sample can be studied with SEM or pr
nduced x-ray emission (PIXE) as Keuler et al.[8,24] have
one. However, cross-sectioning, i.e., cutting or brea

he sample, will always produce deformations, wh
ave a very strong effect on the thickness of the obse
ross-section. Therefore, it can never be guaranteed th
ross-section observed with SEM is the actual thickne
he metal layer. The use of a stylus surface profiler se
o be an attractive alternative to these two technique
equires the creation of a so called step, the absence of
lm in a small area with edges perpendicular to the sur
ither before or after the synthesis. The height differe
etween step bottom and top of the metal film measured

he surface profiler is considered equal to the layer thick
owever, the strong adhesion of the metal layer to
upport frustrates the step creation after the synthesis a
re-synthesis step creation would require the very prob
tic application of an inert step template. It is concluded

he surface profiler, the SEM cross-section and the w
ifference methods cannot be used in a straightfor
anner for accurate layer thickness determination for t

amples.
To quantitatively determine metal layer thicknesses

his kind of samples, we apply Rutherford backscatte
RBS). In this non-destructive technique, a beam of m
nergetic ions impinges on the sample. The energy o

ons is chosen such that they can penetrate the material
aving a very small probability of elastic collision with

arget atom. Since conservation of energy and mome
pplies, the energy of ions scattered from surface ato
l

ontent (at.%) of the metal deposits can be derived. P
ote that the Pd deposits within the pores of the alumina
ort have to be taken into account for these calculations,

his amount of metal is also available for alloying during
eat treatment. Pd and Ag mix completely in all proport

28,29]and there is no reason to assume this mixing doe
ccur within the pores of the support. Therefore, analo

o the work of Pesiri et al.[25] and McCleskey et al.[30] on
he penetration of physical vapour deposited (PVD) A
lumina AnodiscTM membranes, the penetration depth o

nto the�-alumina support is studied with RBS. The Pd p
tration also has important ramifications for the memb
erformance, i.e., on the adhesion strength of the m

ayer to the support and on the hydrogen permeability
enetration enhances the adhesion strength while com
ore filling results in an increase of the effective m
rane thickness and consequently a decrease in hyd
ermeability.

The first step was to determine the thickness, already
isely measured with a surface profiler, of a Pd/Ag alloy la
eposited with bi-sputtering on a flat non-porous Si w
ith RBS to judge the accuracy of the ion-beam techn

or this kind of samples. Secondly, a series of Pd plat
ith different plating times was made to reveal the effec
arying a single synthesis parameter on the RBS spectr
ally, a complete Pd/Ag sequential plating was perfor
ith thickness determination of the single Pd layer and
ombined Pd and Ag layers, to determine the suitability of
ethod to tune alloy compositions. X-ray diffraction (XR
as used to verify the composition of the alloy.
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Table 1
Structure of�-alumina tube (ECN)

Layer Thickness
(�m)

Porosity
(volume%)

Average pore
diameter (�m)

Top 50 35 0.18
Middle 50 35 0.28
Bottom 3000 35 5

2. Experimental

2.1. Sample synthesis and characterisation

In accordance with well established procedures from lit-
erature[1,5] a number of electroless platings were performed
on the outer surface of porous�-alumina tubes (length, 1 cm;
o.d., 1.4 cm), activated with Pd seeds and supplied by ECN
(Petten, The Netherlands). The walls of the tubes consist
of three porous layers with, from the inside to the outside,
decreasing pore diameters (Table 1). The surface composi-
tion of the activated�-alumina was determined with X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-
ray analysis (EDX) was performed on a cross-section of the
sample, created by fracturing the sample, to determine the
bulk composition. It is important to be aware of contami-
nants since the interpretation of RBS results on the Pd and
Ag deposits may be complicated by other heavy elements.
The XPS data were obtained with a Vacuum Generators
XPS system, using a CLAM-2 hemispherical analyser for
electron detection. Non-monochromatic Al(K�) X-ray radi-
ation 2379.2× 10−19 J (1487eV) was used for exciting the
photoelectron spectra using an anode current of 20 mA at
16× 10−16 J (10 keV). The pass energy of the analyser was
set at 80× 10−19 J (50 eV). The survey scan was taken with a
pass energy of 160× 10−19 J (100 eV). The EDX data were
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was performed manually by swerving the sample holder
as previous experiments had shown that Pd is occasionally
deposited on the magnetic stirrer during this kind of platings.
Homogeneous deposition of the metal on the alumina tubes
was confirmed visually and RBS measurements (Table 4)
show that very similar plating rates were achieved during the
plate series. After the RBS characterisation a cross-section
of the 30 min sample, created by fracturing the sample,
was studied with SEM/EDX. A line scan, consisting of a
100 data points, was measured from the outer surface up to
170�m into the sample. Again an acceleration voltage of
15 kV and a spot size of 5 nm in diameter were used.

A complete sequential plating (i.e., Pd plating followed
by Ag plating) was carried out based on the results of these
Pd plating time experiments, discussed in the results section.
The Pd plating was conducted in accordance with the pro-
cedure and bath composition described above. Total plating
time was 48 min in order to achieve a thickness of approx-
imately 1�m on the tube’s outer surface. One part of the
sample was kept for study with RBS, while the other part
was plated with Ag at 323 K in a closed glass vessel us-
ing the bath composition given inTable 3. Beforehand the
tube was rinsed with 96% ethanol (Lamers & Pleuger) and
demineralised water. A magnetic stirrer was used during the
plating to obtain more homogeneous and faster deposition of
the metal. Visual inspection afterwards showed that no Ag
h ates
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btained with an FEI XL30SFEG scanning electron mi
cope with an EDX detector from the company EDAX. M
urements were conducted with an acceleration volta
5 kV and a circular spot of 5 nm diameter.

A series of Pd platings was performed, in which
lating time was the only variable. The alumina tubes w
leaned in advance in an ultrasonic bath in 96% eth
Lamers & Pleuger) for 15 min. The ethanol was remo
ith a 30 min ultrasonic bath treatment in demineral
ater, which was regularly refreshed. The compositio

he Pd baths is presented inTable 2. The plating times use
ere 30, 45, 60 and 90 min. Temperature of the baths

n a closed polypropylene vessel was kept at 323 K. Sti

able 2
d bath composition, 1 cm tube (4.4 cm2 surface area) per 100 ml plating

omponent Specification Sup

dCl2 59 wt.% Pd Acros
a2EDTA·2H2O >99% Aldric
H3 (in H2O) 25% (v/v) Acros

2H4 (in H2O) 51% (v/v) Acros
ad been deposited on the stirrer. Based on initial estim
f the amount of Pd in the pores, the plating time (57 m
as calculated from the Ag plating rate from previous m
urements and aimed at a layer thickness of 500 nm to a
t 25 at.% Ag overall composition. Finally, part of the Pd
ample was set aside for study with RBS, while the o
art was heated to 773 K in He atmosphere and kept at
onditions for 32 h to alloy the two metals. The progres
lloying was followed in situ with XRD measurements,

er which the Ag content (at.%) was derived from the
oy peak positions and compared to the content calcu
rom the RBS results. Co K�1 XRD (λ = 1.78897× 10−10 m
1.78897Å)) measurements were performed using a pos
ensitive INEL detector (120◦ 2θ range) in a Bruker Noniu
PS 120 diffractometer system. Effective accuracy is
ated to be 0.1◦ 2θ, corresponding to an error of 3 at.%

he Ag content.
A 750 nm thick Pd80Ag20 sample on a Si wafer (with

0 nm Ti adhesion layer) obtained with bi-sputtering[18,19],
.e., the simultaneous sputtering of two pure targets to
uce a binary alloy, was received from the MESA+ institute
f the University Twente (Enschede, The Netherlands).

n

Quantity Concentration (mmo−1)

ics 0.35 g 20
8.6 g 230

ics 55 ml 7250
ics 0.06 ml 10
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Table 3
Ag bath composition, 1 cm tube (4.4 cm2 surface area) per 200 ml plating solution

Component Specification Supplier Quantity Concentration (mmol l−1)

AgNO3 Pro analysis Acros Organics 0.44 g 4
Na2EDTA·2H2O >99% Aldrich 5.3 g 90
NH3 (in H2O) 25% (v/v) Acros Organics 130 ml 8650
N2H4 (in H2O) 51% (v/v) Acros Organics 0.12 ml 5

alloy layer thickness was determined using a Dektak III sur-
face profiler. The estimated error was 1–2 nm. However, the
variation due to non-uniformity from the centre to the edge
of the wafer (100 mm) has to be taken into account, resulting
in an error of 5–10%.

2.2. Rutherford backscattering

To determine the thickness of the Pd only and Pd/Ag
samples Rutherford backscattering was performed with
3.2× 10−13 J (2 MeV) protons using a 3 MV HV Engineer-
ing accelerator. The spot used was circular with a diameter
of 1 mm.

Except for the Pd/Ag bi-sputtered sample, all samples
were originally tubular. A special treatment was necessary
to ensure correct determination of the thicknesses.Fig. 1 il-
lustrates the sample preparation, which consists of a series
of cuts with a diamond saw and a final sanding step to ob-
tain a level base. It is important that the angle of incidence
between the ion beam and sample surface is known accu-
rately. We opted for perpendicular incidence because this is
easiest to control on these cylindrical shapes. Please note
that any deviation from the angle of incidence results in a
longer pathway of the ions through the metal layer and thus
the thickness derived will be larger than the actual thickness.
For the tube shaped samples, two to three points, carefully

positioned on the perpendicular part of the surface, were mea-
sured per sample. For the bi-sputtered sample, a single RBS
measurement was performed in the centre of a 5 mm× 5 mm
fragment cut from the wafer. As the original location of the
fragment within the wafer is unknown the upper limit of the
error margin (±10%) of the surface profiler result will be
used for the comparison with the RBS result.

For reason of comparison with other techniques, it is noted
that a batch of eight samples can be measured within about
4 h. This includes sample mounting on the sample holder,
mounting of the sample holder into the set-up and evacuation
of the set-up, which takes about 1–2 h. Actual measurement
only takes a few minutes for each point. Finally, using auto-
mated data processing, the calculations only take some min-
utes. RBS data were processed using the RUMP source code
[31]. The natural unit for RBS results is at cm−2. In this work,
these values are converted to layer thickness (�m) assuming
the following densities: 12.02 g ml−1 bulk Pd, 10.5 g ml−1

bulk Ag and 3.97 g ml−1 bulk alumina[32].

3. Results and discussion

3.1. XPS and SEM/EDX results

XPS measurements performed on the surface of the acti-
v and
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Fig. 1. Sample preparation for RBS measurements.
ated�-alumina sample showed the presence of Pd, Al
as expected. Also some carbon and sodium, most

eposited during synthesis, was found.
The SEM/EDX study on the cross-section of the activ

-alumina sample also showed the presence of Pd, Al,
nd Na, and in addition Cl was detected, again most l
eposited during the synthesis. The EDX study on the c
ection of the 30 min Pd plated sample gave the same re
n Fig. 2A, a backscatter image of the sample is shown
he line of the EDX scan indicated. InFig. 2B, the results o
he line scan are shown. The Pd layer on the outer su
f the alumina can easily be observed as a white line in
ackscatter image. Due to the relatively large measure
olume typical for EDX, which included a large alumina c
ribution, the measured maximum Pd content of the Pd
as only 50 at.%. The Pd content decreased to 5 at.% 4�m

nto the alumina, but the presence of Pd was detected
uch greater depths.
The SEM/EDX combination provided valuable inform

ion on our system; however, the cross-sectioning might
nfluenced the distribution of the Pd and comparison
he RBS results on the unperturbed sample is therefo
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Fig. 2. (A) SEM backscatter image of cross-section of 30 min Pd plated�-alumina sample. Please note that the picture was taken under a slight angle. (B)
Result of EDX Pd line scan. The line scan is indicated in (A).

great importance. Furthermore, EDX has a low accuracy, es-
pecially for the low Pd content part (<5 at.%) of the line scan.
Here the error is estimated to be up to several times larger
than the measured value, but also the larger line scan values
should only be used qualitatively. The accuracy of EDX can
only reach quantitative levels by using standards close to the
sample composition with polished surfaces and measuring
a polished cross-section of the sample. However, the nature
of the sample makes the synthesis of appropriate standards
extremely problematic and the polishing of the surface of the
sample can spread Pd from the Pd layer over the alumina
support. Finally, it should be noted that, in our experience,
determination of the metal layer thickness with SEM is very
inaccurate. As most of the film usually is deformed it is dif-
ficult to determine the position of the film edges and we es-
timate errors up to 50%.

3.2. RBS results

The first RBS result to be discussed is the thickness
determination of the Pd/Ag bi-sputtered sample, since the
thickness of this sample was already accurately known from
surface profiling. InFig. 3A, the yield of the backscattered
protons is plotted against their energy. At the high energy edge
the protons, which were backscattered from surface atoms of
the samples, are found. These ions have not entered the sam-
p the
s int. In
c which

have lost maximum energy due to bulk interactions; these pro-
tons were scattered at the metal/support interface. From the
energy difference between the two edges (�E), determined at
half height, the thickness of the metal layer can be calculated.
The protons detected with an energy below 2640× 10−16 J
(1650 keV) have been backscattered from the wafer that

F series
f ter
g

le, did not experience energy loss from travelling within
ample bulk, and therefore act as an energy reference po
ontrast, at the low energy edge protons are measured
ig. 3. RBS measurement of (A) Pd/Ag bi-sputtered sample. (B) Pd
rom right to left: platetime 30 min (black), 45 min (grey), 60 min (ligh
rey) and 90 min (lightest grey).
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Table 4
Pd layer thicknesses derived from the RBS spectra of the Pd series

Pd plating
time (min)

Layer
thickness (nm)

Deposition rate
(nm min−1)

Pd used
(%)

30 730 24 1.9
45 950 21 2.5
60 1325 22 3.3
90 1900 21 4.7

supports the metal layer. The RBS measurement yielded a
thickness of 720 nm, whereas the thickness measured with
the surface profiler after the synthesis was 750 nm (±10%).
The systematic error in the RBS results, due to uncertainties
in the stopping power of the samples[26,27], is estimated
at ±5%. This level of accuracy compares favourably with
those of weight difference and SEM cross-sectioning.

In Fig. 3B, the averaged RBS results of the Pd plating
series are shown. This figure demonstrates how an increase
in metal layer thickness, going from 30 to 90 min plating time,
leads to an increase in the width of the Pd backscatter peak.
Note thatFig. 3A and B have different signal noise ratios. As
the total measurement time is about the same for both figures
this is most likely caused by a focussing difference, which
resulted in a higher ion flux being directed towards the bi-
sputtered sample.Table 4shows the thicknesses calculated
from the RBS spectra. From these values, we have calculated
the deposition rates (nm min−1) and expressed the deposited
amounts of Pd as a percentage of the initial quantity of Pd in
the plating bath. It is clear that the plating rate hardly varied
during the experiments. Although a batch reactor was used,
the amount of reactants used in the platings was only a small
fraction (<5% Pd) of the available amount. The large plating
solution volume/support surface ratio limited the decrease of
reactant concentrations and favoured a constant plating rate.

Comparison ofFig. 3B with Fig. 3A, accentuates the
s s (for
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s shoul-
d ith a
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Fig. 4. RUMP simulation results for Pd series: platetime 30 min (black),
45 min (grey), 60 min (lighter grey) and 90 min (lightest grey). The depth
scale is given with respect to the interface between the metal and alumina
layers for easy comparison of the Pd distribution in the pores.

is increased due to the pore filling. It is therefore likely that
the pore filling decreases the hydrogen permeability. How-
ever, the rapid decrease of the Pd content with the penetration
depth, to 15 at.% in 500 nm, limits the extent of this influence.
Significant amounts of Pd can simply be bypassed by the hy-
drogen. Based onFig. 4 it is estimated that the equivalent of
100 nm of bulk Pd is present inside the alumina.

The decrease of the Pd concentration to 5 at.% over
1.4�m as deduced from RBS is much faster than the 4.5�m
found with EDX. The RBS result is more reliable as the
measurements were performed on an undisturbed part of
the samples, while the EDX measurements were performed
on a cross-section. Furthermore, the accuracy of RBS was
demonstrated with the layer thickness determination of the
Pd/Ag bi-sputtered sample, whereas the conditions required
for quantitative EDX measurements could not be applied.
The other two mentioned methods, weight difference and
surface profiling are not very suited for pore-filling studies.
The weight difference method can be used to determine the
amount of material present in the pores of the alumina by sim-
ply stopping plating before substantial deposits have formed
on the surface of the support. However, no information on the
penetration depth can be obtained and a surface profiler will
provide no information on the material present in the pores
at all.

Finally, the sequential plating results are discussed. The
P pore
p umed
t side
houlder at the low energy edge of the Pd plated sample
xample, for the 30 min plated sample in the 2352× 10−16

o 2880× 10−16 J (1470–1800 keV) area). This part of
pectra represents the Pd inside the alumina pores. The
ers of the four samples were successfully reproduced w
UMP simulation of Pd penetration 1400 nm into the alum
ith a linear decrease of the Pd content from 30 to 5 a

nvestigation of the Pd content deeper within the alumin
hwarted by overlap with the more intense Al signal (for
0 min plated sample below 2352× 10−16 J (1470 keV). Th
esults are shown inFig. 4.

From the 35% pore volume of the�-alumina (Table 1)
nd the densities of Pd (6.80× 1022 at. ml−1 derived from

32]) and�-alumina (2.34× 1022 at. ml−1 derived from[32])
t can be calculated that for complete filling of the pore
n alumina layer, a Pd loading of 50 at.% is required. T
t the 30 at.% found with the RUMP simulation the Pd
e evenly distributed over the pores, so that no pore
ompletely blocked, or some pores can be fully filled w
thers are completely empty. The two models are sket

n Fig. 5. In both models, the average membrane thick
d layer was found to be 1130 nm thick and, based on the
enetration simulation results described above, it is ass

hat the equivalent of 100 nm of bulk Pd was present in

Fig. 5. Schematical representation of the two pore filling models.
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Fig. 6. (A) XRD pattern of Pd/Ag seq. plated sample; before (bottom) and
after 32 h of alloying at 773 K in He (top). (B) Lattice constant vs. Ag content
of Pd/Ag alloys based on[33,34].

the alumina. Although part of this material is expected not to
act as part of the membrane, since it can be bypassed by the
hydrogen, it most probably takes part in the alloying and must
be taken into account when calculating the alloy composi-
tion. Furthermore, sintering of the Pd within the pores during
the heat treatment and operational use of the membrane
can cause pore blockage and an increase in the effective
membrane thickness. From the total thickness of the metal
deposits after Ag plating, the Ag layer thickness was deter-
mined to be 680 nm and the Ag content was subsequently
calculated to be 32 at.%. Clearly, significantly more Ag has
been deposited than intended. It has been our experience
that the Ag plating rate can vary from batch to batch alumina
tubes. A link between the surface roughness of the support,
via the roughness of the Pd layer and the plating rate is
suspected.

After alloying at 773 K in the in situ XRD set-up, the Ag
content was determined from the alloy peak positions in the
XRD pattern, shown inFig. 6A, using the lattice constant
versus Ag content diagram shown inFig. 6B. This latter fig-
ure we derived from lattice constant data[33,34]and shows
a linear relation between the lattice constant and the Ag con-
tent for Pd/Ag alloys, as predicted by Vegards law for binary
alloys[35].

While the homogeneity of the Pd/Ag mixture cannot be
fully assured from the XRD results, since the alloy peaks
a e ac-
c aks.
F to
b BS

and shows how the composition of alloys can be fine-tuned.
In this case, by either reducing the Ag plating time or in-
creasing the Pd plating time using deposition rate data (cf.
Table 4).

4. Conclusions

Rutherford backscattering was used to determine the
thickness and composition of thin Pd and Pd/Ag alloy lay-
ers deposited on porous alumina supports with electroless
plating. The accuracy of 5% in the determined thicknesses
is much better than for the commonly used techniques. RBS
therefore allows a more accurate determination of plating
rates while the determination of the Ag/Pd ratio is even more
accurate since the 5% error in the thickness determination
is dominantly systematic. RBS thus enables one to tune the
synthesis parameters for layer thickness and alloy composi-
tion.

The RBS spectra also provided information on the pene-
tration of Pd into the pores of the�-alumina support material,
albeit with less precision than the top-layer thickness deter-
minations. However, also in this field RBS is competitive
with all existing techniques. We found that Pd penetrates the
porous alumina support during plating; with RBS it could be
detected up to 1.4�m deep. The signal of deeper penetrated
P pec-
t d is
p mably
n e, a
s ssed
b f a
P high
t d in-
s ing
p mea-
s sion
o

A

(En-
e the
a ien
D y-
i ople
o for
h the
X DX
a port.
T -CW
( ical
S lu-
t nvi-
r

re somewhat broadened, the overall composition can b
urately determined from the position of the alloy pe
rom the pattern inFig. 6A, the Ag content was found
e 28± 3 at.%. This is further proof of the accuracy of R
d is overlapping with the Al signal in the backscatter s
ra. It is estimated that the equivalent of 100 nm of bulk P
resent inside the alumina pores. The pores were presu
ot completely filled with Pd. When used as a membran
ignificant amount of the Pd in the pores can be bypa
y hydrogen in molecular form. If the Pd plating is part o
d/Ag sequential plating procedure, which ends with a

emperature treatment to alloy the Pd and Ag layers, P
ide the alumina pores probably will take part in the alloy
rocess, as indicated by a combination of RBS and XRD
urements. Sintering of the deposits may result in exten
f the effective membrane thickness.
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