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Chapter 1 
 
 

Introduction 
 
 
1.1. General introduction on palladium-based membranes 
 
First investigations of the hydrogen absorption and diffusion through palladium 
(Pd) were carried out by Graham in 1866 [1]. Since then the Pd-based 
membranes have been studied extensively, especially in the last decade, due 
largely to their unique properties for applications involving hydrogen [2-38]. 
For example, Pd has very high hydrogen solubility, it absorbs 600 to 900 times 
its volume at room temperature, and its various alloys absorb comparable 
quantities [2,10]. This high solubility couples with its high diffusivity for 
hydrogen. Furthermore, Pd is chemical inert with oxygen at elevated 
temperature. These facts make that Pd has an unmatched potential in hydrogen-
selective membranes for separation and purification, or as membrane reactors 
for (de) hydrogenation reactions [2-38]. 

The permeation of hydrogen through Pd involves several steps in series 
[2-3, 9-12]. These are, in order from the high partial pressure side to the low 
partial pressure side (Figure1.1); 

1. molecular transport from the bulk gas to the gas layer adjacent to the 
surface, 

2. dissociative adsorption onto the surface, 
3. transition of atomic H from the surface into the bulk metal, 
4. atomic diffusion through the bulk metal, 
5. transition from the bulk metal to the surface on the low partial pressure 

side, 
6. recombinative desorption from the surface, and 
7. gas transport away from the surface to the bulk gas. 
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Figure 1.1:  A mechanism of H2 permeation through Pd-based films. 

 
The overall observed rate of permeation may be limited by one step if it 

is much slower than the others, or it may be governed by a combination of 
steps. Generally, to obtain high hydrogen separation flux, the Pd membranes are 
desired to be as thin as possible to speed up the diffusion step (step 1.4), while a 
clean membrane surface helps to speed up surface reactions (steps 1.2 and 1.6). 

The use of pure Pd membranes, however, suffers from a transition from 
the α-phase (hydrogen-poor) to the β-phase (hydrogen-rich) at temperatures 
below 300 oC and pressures below 20 bars, which depends on the hydrogen 
concentration in the metal [3,6,9-11]. Since the lattice constant of the β-phase is 
3% larger than that of the α-phase this transition leads to lattice strain and, 
consequently, after a few cycles to a distortion of the metal lattice, i.e. 
embrittlement. Alloying the Pd with Group 1b metals, especially with silver 
(Ag), reduces the problem of embrittlement and leads to an increase of the 
hydrogen permeability [3,6,9-11]. It has been explained that the increased 
resistance to embrittlement with face centered cubic lattice (f.c.c) alloys is 
attributed to the low diffusivity and high solubility of hydrogen in these alloys 
compared to f.c.c structured Pd [18,35]. In addition, alloying with several 
elements improves the chemical stability of the Pd membranes. Pure Pd 

Pd-based membranes

Surface layer

Surface layer

Hydrogen molecule

Hydrogen atom

High Hydrogen pressure side (retentate)

Low Hydrogen pressure side (permeate)
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membranes are sensitive towards sulfur and chlorine, and also the chemical 
stability towards CO might be problematic. It has been reported that a CO 
concentration of only 0.2 vol-% gives a significant reduction in hydrogen flux 
[36,37]. The poisoning effects of gases, however, depend largely on the type of 
alloy, and can therefore be limited by choosing the right type of alloy for a 
specific gas mixture [26,27,34,38]. For instance Pd-Cu membrane is reported to 
have a high resistance against sulphur containing gases [26,27,34]. Among its 
alloys, Pd77-Ag23 at wt% has been the most commonly used, as it posses both 
high hydrogen permeation and high resistance to hydrogen embrittlement [9-
11]. 
 
 
1.2. Current and future applications of hydrogen  
 
Hydrogen has been extensively used in many industrial sectors e.g., petroleum 
refining, petrochemical and semiconductor, industrial material processing, and 
fuel cell [39-48]. The current hydrogen industry is not focused on the 
production or use of hydrogen as an energy carrier or a fuel for energy 
generation. Rather, for instance in the US hydrogen industry, the nine million 
tons of hydrogen produced each year are used mainly for chemicals, petroleum 
refining, metals and electronics [39,40,44]. The processes for making gasoline 
and diesel fuels, such as the breakdown of heavier crude oils and the removal of 
sulphur, are major users of hydrogen. The production of ammonia, used to make 
fertilizers, also consumes large amounts of hydrogen [39,40,44]. Therefore, 
hydrogen has been one of the real important industrial chemicals. 

Moreover, the depletion of crude oil, natural gas and fossil fuel in 
combination with the stricter rules on environmental regulations have made 
hydrogen to be seriously considered as one of the alternative clean energy 
carriers in future [40,42-48]. In this scenario, hydrogen is produced from 
different resources and used to feed fuel cells to generate electricity. By using 
hydrogen as the energy carrier, people have expected to solve two major energy 
challenges that confront society today: (1) reducing dependence on petroleum 
and fossil resources, and (2) reducing greenhouse gas emissions as hydrogen 
fuel cells operate without producing emissions. Although there have been many 
technological and economical challenges that should be solved, ranging from 
production, storage, delivery to conversion etc. of hydrogen, it has been 
predicted that hydrogen will be used as one of the major energy carriers in 
coming decades [40,42,44,46]. Therefore, hydrogen not only has been one of 
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the real important industrial chemicals, but it may be an energy carrier for the 
future. 
 
 
1.3. Hydrogen production and Pd-based membranes as 
hydrogen purifiers and membrane reactors 
 
Although the most abundant element in the universe, on Earth hydrogen is 
mostly found chemically bonded. It must be produced from other compounds 
such as water, biomass, or fossil fuels [39,40]. Generally, chemical reactions are 
necessary to break hydrogen bonds in these compounds and release the 
hydrogen; in doing so a multi-component gas stream of hydrogen and several 
other gases is formed. To have hydrogen with high purity for the end-uses, the 
gas stream is then separated by several separation techniques like a pressure 
swing adsorption or using of porous and non-porous membranes [40]. Among 
the mentioned separation methods, separation and purification of hydrogen by 
means of dense Pd-based membranes are of great importance and interest, 
because the technology is able to provide high hydrogen separation flux with 
very high selectivity. Therefore, Pd-based membranes have been used as 
hydrogen purifiers to supply ultra-pure hydrogen for several applications like 
semiconductor and metal processing, or for the operation of the fuel cells since 
several decades [4,6,8-11,49,50]. For example, in 1964 Johnson Matthey 
developed a hydrogen purifier, which employed a thick (50-100 µm) Pd-Ag 
tube [49-50]. This relatively thick Pd-Ag membrane achieved a hydrogen 
permeance of 0.1 mol/m2.s.bar at 500 oC. 

Furthermore, there has been a growing interest in the industrial 
application of Pd-based membranes for hydrogen producing reactions in recent 
years. Extensive investigations have been conducted for the employment of Pd-
based membranes for hydrogen removal to shift thermodynamic (equilibrium) 
limitations towards higher conversions, e.g. during dehydrogenation of 
hydrocarbons [51–56], steam reforming of methane [57–58] and the water-gas-
shift reaction [59]. For instance, continuous hydrogen removal in a membrane 
reactor enabled 99.7% conversion of cyclohexane to benzene, compared to the 
closed-system equilibrium conversion of 18.7 % [55]. 
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1.4. Conventional Pd-based membranes  
 
The existing Pd-based membranes can be mainly classified into two types, 
according to the structure of membrane: (1) self-supporting Pd-based 
membranes, and (2) composite type structures composed of a thin selective 
layer deposited on porous supports.  

Most self-supporting Pd-based membranes are commercially available 
in the forms of tubes or foils, fabricated by fine metallurgical methods. These 
membranes have an adequate mechanical strength and are available in the forms 
that are easily integrated into a separation set up. They are, however, relatively 
thick (50 µm or larger)[2,4-6,9,49-50], consequently reducing the hydrogen 
flux, which is inversely proportional to the thickness of the membrane. Besides 
the low flux, thick Pd membranes are too expensive for an economic use, in 
particular since the price of palladium has tremendously increased over the last 
few years. For practical use it is necessary to reduce the thickness of the 
palladium layer. 

In the last decade, a substantial research effort has been carried out on 
achieving higher fluxes by depositing thin layers of Pd or Pd alloys on porous 
supports, such as ceramic or stainless steel, thus forming a so-called composite 
Pd membrane [10-13,18-28]. Generally, producing membranes as such is not 
too difficult, while the use of a thin Pd layer enhances the flux and reduces the 
membrane cost. However, to make sub-micron thick, defect-free separation 
membranes is very difficult, most probably due to the fact that the porous 
supports are seldom defect–free. The commercial available porous supports are 
likely to be supplied with imperfections e.g., particulates on the substrate, non-
uniformities in pore size etc., which make the metal films could not cover up the 
supports completely, consequently leading to the membrane defects [18-22,27-
28]. For instance, Roa et al. deposited 10µm Pd-Cu films on a porous γ-alumina 
(nominal pore sizes of 5-50 nm) and reported that their membranes were not 
defect-free due to the imperfections of the initial supports [27]. As the gas 
molecules are small, even only few defects with ∅>0.5µm.cm-2 of membrane 
surface significantly deteriorate the membrane selectivity. 

In addition, to have an adequate mechanical strength, the used porous 
supports should be in relatively thick form, i.e. in the range of a few mm, which 
have a considerable high mass transfer resistance, influencing negatively the 
separation flux [12,28]. Furthermore, it has been observed that the thin films are 
often deposited on porous supports with an insufficient step coverage, i.e. the 
inner walls of the pores of the support are not well covered by the film [18-
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19,22], leading to pinholes in the membranes that give rise to gas leakage. To 
prevent pinhole formation, the pore size of the top layer in the support should be 
reduced. It however means that the supports with even higher mass transfer 
resistance are used, leading to even lower separation flux. 

Recently, using several very precise techniques to repair the surface of 
the commercially available supports [26,28], in combination with deposition 
methods with improved pore coverage [23-26], researchers have made thin 
membranes with a reasonably high selectivity for hydrogen. For instance, Nam 
et al. reported a selectivity of about 3000 for H2 over N2 for a less than 2 µm 
thick Pd-Cu membrane, which was deposited by a vacuum electrodeposition 
method on porous stainless steel [26]. However, the reported procedure to repair 
the substrate surface is rather complicated and time consuming, which may limit 
batch production of their methods. 

To avoid the initial surface imperfections and film coverage problem, 
Bredesen and Klette deposited Pd alloy films on a bare silicon wafer with 
atomic surface roughness, then peeled-off and transferred the deposited films to 
other supports to form membranes [29]. However, perfect transfer is crucial to 
obtain defect-free, submicron thick membranes, which is not an easy task. 

Generally, although there has been an extensive development in the 
field of membrane engineering in the last decades, a method to fabricate thin 
and defect-free Pd-based membranes (preferably sub-micron thick) on supports 
with a low mass transfer resistance is still very desirable.  
 
 
1.5. Project description and objectives 
 
Giving the above challenges, the goal of this project was to fabricate thin and 
defect-free Pd-based membranes. This is thought to be accomplished by using 
techniques of microfabrication technology [60-62]. In order to show their 
potential, the fabricated membranes are then used as hydrogen purifiers to get 
high quality hydrogen, and as membrane reactors for several dehydrogenation 
reactions.  

The development and characterization of these microfabricated 
membranes require considerable effort, so a co-project was formed and carried 
out at two research groups: the Transducers Science and Technology Group of 
the University of Twente; and the Process Development Group of the 
University of Eindhoven. The project was mainly funded by the STW (Dutch 



Introduction 
 

 7

Technology Foundation), and several users like ABB LUMMUS GLOBAL 
INC., DSM and Aquamarijn contributed.  

Using techniques of microfabrication technology to develop thin and 
defect-free Pd-based membranes was the main task of the research at the 
University of Twente. Also, the microfabricated membranes should be made in 
forms that are suitable for hydrogen permeation measurements performed at 
operation pressures as high as 1 bar and temperatures as high as 500 oC. The 
results of this development are described in this thesis.  

In the mean time, the University of Eindhoven was responsible to build 
up a measurement environment where the hydrogen permeation flux and the 
hydrogen selectivity of the fabricated membranes are determined. Besides the 
membrane characterization, the University of Eindhoven combines the 
hydrogen permeation measurements with calculations to come to optimal 
membrane designs. 

 
 

1.6. Thesis outline 
 
In chapter 2, a new process is designed to make the Pd and Pd-Ag membranes 
directly on a <110> silicon wafer. Pd-Ag alloy films are synthesized by a dual 
sputtering technique, and membranes with thickness ranging from 700 to 1000 
nm are made.  

In chapter 3, we show that by using an extra support, a silicon nitride 
microsieve [63-65] on the <110> silicon wafer, allows fabrication of even 
thinner membranes; Pd and Pd-Ag membranes with thickness down to 100 nm 
are made. In addition, we also fabricate Pd-Cu membranes on the supporting 
microsieve.  

The technology developed in chapter 3 is then utilized to fabricate an 
ultrathin silicon nitride membrane for creating a nanosieve membrane with 
nanopore sizes. A fabrication process of this nanosieve membrane is described 
in chapter 4. Note that although the developed nanosieve membrane can not be 
used for hydrogen separation, it has great potential applications in different 
sectors. 

In chapter 5, a dual sputtering set-up is described that allows the 
synthesis of Pd-based alloy films with a high composition control; Pd-M (M = 
Ag and Cu) alloy films with an M content of 23 wt% are synthesized. 
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After fabrication at the University of Twente the membranes are sent to 
the Process Development Group, University of Eindhoven for characterization 
mainly with respect to the hydrogen permeation flux and the membrane 
selectivity. Because the membrane separation results are thoroughly described 
in the PhD thesis of the University of Eindhoven, the separation results are 
briefly reported in chapter 6. However, the advantages of microfabricated 
membranes used for hydrogen separation will be highlighted.   

Finally, in chapter 7, conclusions are drawn and suggestions are made 
for further research on several aspects. Though not all of the project objectives 
were obtained, the first suggestion was made in the application of using the 
fabricated membranes to perform the dehydrogenation reactions. Then, other 
suggestions like producing a silver membrane for oxygen separation, using the 
nanosieve as a shadow mask for pattern transfer of nanodots, and making a 
nano-slit shadow mask for patterning nanowires are proposed. 
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Palladium-based membranes 

 on a <110> silicon wafer 
 
 
Abstract 
 

An innovative process for the microfabrication of Pd-based membranes 
(Pd and Pd-Ag) on a <110> silicon wafer is presented. Pd-Ag alloy 
films containing 23wt% Ag are prepared by a dual-sputtering from pure 
Pd and Ag targets. In the first step, deep grooves are KOH etched in 
one side of a <110> oriented silicon wafer, leaving membranes with a 
thickness of ca. 50 µm. After Pd alloy deposition on the unetched side, 
the silicon membranes are removed by etching, leaving Pd-Ag 
membranes. Membranes with a porosity, i.e. the ratio of effective 
separation area over the total area, of up to 20% may be fabricated. 
Anodic bonding of thick glass plates (containing powder blasted flow 
channels) to both sides of the silicon substrate is used to package the 
membranes and create a robust module. The mechanical strength of the 
membrane is found to be adequate, pressures of up to 3 bars at room 
temperature do not break the 1000 nm thick membrane. With 700 nm 
Pd-Ag membrane a high separation flux of ca. 3.6 mol H2 /m2.s is 
obtained with a minimal selectivity of 1500 for H2 with respect to 
helium (He) at 723 K and 0.83 bars H2 retentate pressure. 
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2.1. Introduction 
 
As discussed in the previous chapter, the increased demand for hydrogen in 
recent years in many industrial applications, like petroleum refinement, 
petrochemical and semi-conductor processing and sustainable energy (fuel 
cells)[1-9] has led to a revival of interest in methods for separation and 
purification of hydrogen from gas mixtures. In particular, palladium (Pd)-based 
membranes have been extensively studied, due largely to their unmatched 
potential as hydrogen-selective membranes for gas separation and purification, 
or as membrane reactors for (de)hydrogenations [10-25]. In most cases, 
palladium is alloyed with silver (Ag) to overcome the well-known problem of 
hydrogen embrittlement [10-13]. Comprehensive review of Pd-based 
membranes and their applications has recently been provided by several authors 
[11-13]. 

Also, in the previous chapter we discussed that although there has been 
an extensive development in the field of a membrane engineering in the past 
decades [11-25], a development of new methods to fabricate thin and defect-
free Pd-based membranes on supports with a low mass transfer resistance is still 
very desirable. 

In the last decade, microfabrication techniques, originally developed for 
semiconductor technology [26-28], are increasingly used in different fields of 
chemistry and biotechnology [29-36]. By a combination of miniaturization with 
an integration of different components like sensors (temperature and flows), 
heaters, mixers, valves, pumps etc. into one system, microchemical devices and 
systems achieve many benefits and have capabilities exceeding those of 
conventional macroscopic system [29-36]. For instance, in addition to many 
already demonstrated chemical and biological analysis applications [31], 
microchemical systems are expected to have numerous advantages for chemical 
kinetics studies [30] or on-site toxic and hazardous chemical synthesis, and 
process development etc [32]. In all of the mentioned examples, [25-32] 
microchemical devices and systems are advantageous in large part simply 
because they are smaller and more compact – a trend for process 
miniaturization [33].  
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Figure 2.1: A cross-section of the separation membrane module. 
 

Moreover, researchers from the field of process engineering have 
realized that the advantages of microstructured components are not only limited 
to simple miniaturization, and a number of highly promising applications 
involving moderate and, in some cases, even large quantities of matter and 
energy have begun to emerge in the rapidly growing field of process 
intensification [33-34]. In this trend, microfabrication technology is not simply 
utilized to make devices smaller, but rather to make them better – a trend for 
process intensification [33-34]. 

In the last few years, it has been demonstrated that microfabrication 
technology offers a new approach for the fabrication of the thin and defect-free 
Pd-composite membranes [35-39]. Such thin films dramatically increase the 
achievable hydrogen flux as well as the selectivity of the membrane, and 
possibly decreasing the costs, if the batch fabrication possibilities of 
microfabrication technology can be exploited. In this new approach, the Pd 
alloy films are first deposited on a dense and smooth surface of previously 
microfabricated supports. Then, the supports are partially etched from their 
backside to create pathways to the Pd surface for the gases, thus forming the 
membranes. As the separation films are now deposited on a dense and smooth 
surface, the films can cover the support completely, leading to defect-free 
membranes later. Meanwhile the use of the microfabricated supports still allows 
fabricating very thin films. Also, the microfabricated supports can be made in 
the forms that have a rather low mass transfer resistance, leading to highly 
obtainable fluxes. 

Buffer zone 

     Flow zone 
<110> Si

Glass
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In this chapter, we present an innovative process for the 
microfabrication of Pd-Ag alloy membrane on a <110> silicon substrate. The 
performance with respect to mechanical strength, hydrogen flux and selectivity 
of the Pd-Ag membranes in such a module is characterized and will be 
discussed in detail in this chapter. 
 
 
2.2. Microfabrication of membrane module 
 
2.2.1. Palladium silver membranes on a <110> silicon wafer 
 
A cross-section of the Pd-Ag membrane module is shown in Figure 2.1. It 
consists of a silicon wafer and two glass wafers. The sequence of process steps 
that is applied to achieve the membrane module is outlined in Figure 2.2. In 
brief, the sequence runs as follows: A 3 inch, double-side polished, <110>-
oriented silicon wafer (<110>-Si) is coated with 1 µm of wet-thermal silicon 
dioxide (SiO2), which is used as a protective layer during subsequent etching 
steps (Figure 2.2.a). To fabricate high-aspect-ratio features by anisotropic 
etching of <110>-Si, precise alignment of the features to the {111} planes is of 
critical importance. To reveal the {111} planes in the <110>-Si, fan-shaped 
structures (or “Wagon wheel”) are first imprinted on the oxidised silicon wafer 
by standard photolithography (Figure 2.2.b), followed by a local removal of 
SiO2 in a commercial buffered hydrofluoric acid (BHF) etch, and a short etch in 
a concentrated KOH solution. More details can be found in refs. [27,40-43].  

Next, long narrow slits of 23 by 1500 µm are aligned to the revealed 
{111} planes and lithographically patterned using the steps mentioned above 
(Figure 2.2.c). A slit design as well as its orientation on the <110>-Si is 
depicted in Figure 2.3. A current membrane design consists of 1000 of such 
slits, which are divided into 8 ranges on a square area of 18 by 18 mm. The 
wafer is immersed in 25 % KOH solution at 75 oC to etch the silicon until ca. 50 
µm of silicon is left at the bottom of the etched slits (Figure 2.2.d) As a result, 
an etched structure or a silicon support frame is created and shown in Figure 
2.4. 

Subsequently, a RCA cleaning procedure [27-28] is carried out, 
following a rinsing in DI water to remove KOH residual (and any other 
contamination) from the SiO2 layer remaining at the flat side of the silicon 
frame. At this stage, alloy films of Pd77-Ag23 at wt% with thickness from 700  
to 1000 nm are sputtered through a shadow mask on the flat side of the  
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Figure 2.2: Fabrication process of the Pd-Ag membrane module. 

etched silicon frame, using titanium (Ti) as an adhesion layer (Figure 2.2.e). 
The dual-sputtering procedure to deposit a homogenous Pd-Ag alloy film will 
be discussed in detail in chapter 5. Obviously, an advantage of this fabrication 
method is that Pd and Pd-Ag films are deposited onto a flat and smooth surface, 
therewith avoiding possible step coverage problems that may arise during 
deposition on porous or patterned substrates. Thus, very thin Pd or Pd-Ag 
films, potentially free of pinholes will be obtained. 

KOH etching, followed by removing SiO  and Ti
      ( Protecting Pd-Ag side by a chuck)

2

KOH etching 

Anodic bonding with thick glass

<111> direction finding 

<110>- Si

<110>-Si with 1 m SiOµ 2
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Figure 2.3: Design of slits and its orientation on the <110>-Si (not in scale). 
ABCD is the shape of opened slit on silicon, while EFGH is an etched shape at 
the bottom. The two slanted {111} planes are shown in dark color. 
 

After alloy deposition, the concentrated KOH solution mentioned above 
is used to remove the remaining 50 µm of silicon in the trenches. Etching in 
KOH is continued until the SiO2 layer is reached. Finally, this oxide layer and 
the Ti film are removed in BHF to uncover the back surface of the Pd-Ag 
membranes (Figure 2.2.f). It should be mentioned here that the BHF removes 
Ti, but does not affect Pd, Ag or Pd-Ag. A close up of the Pd-Ag membrane 
across one etched slit is depicted in Figure 2.5, while Figure 2.6 shows a top 
view of an array of long narrow etched slits on the silicon wafer. In Figure 2.6, 
the gray parts are unpatterned silicon, the black areas are oblique {111} planes 
appearing inside the etched slits, and the whitish parts are free Pd-Ag areas as 
seen through the etched slits. Using this silicon frame, Pd and Pd-Ag 
membranes with a thickness from 700 nm to 1000 nm are fabricated. 
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Figure 2.4: Narrow slits were etched in the <110>-Si wafer: (a) with a period 
of 90 µm; (b) with a period of 50µm. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Close up of cross-section of the Pd-Ag membrane. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Top view picture of free areas of Pd-Ag (whitish colour) on the Si 
wafer. The Pd-Ag layer is deposited on the other side of the Si wafer. 

  

Pd-Ag film 

Whitish areas: free standing Pd-Ag
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2.2.2. Flow channels in glass by powder blasting 
 
Like the silicon wafer, the 5 mm thick glass wafers (borosilicate from Schott 
Co.) need to be micromachined before these wafers are bonded. In a first step, 
holes are drilled through the glass wafers. These holes are needed for the gas 
connections after finishing the separation module. Afterwards, powder blasting 
is used to create a flow channel in the glass wafer. The method consists in 
directing particles with a high velocity towards a substrate, from which material 
will be removed by mechanical corrosion. Advantages of the method are: 
simplicity, low-cost and high etch rate [44].  

The process steps used in powder blasting of thick glass plates are 
outlined in Figure 2.7. In brief, two glass wafers are covered with an Ordyl BF 
410 photosensitive foil, which acts as a protective layer during powder blasting. 
After a photolithography process as described in [44], powder blasting is 
applied to obtain a 1 mm deep gas buffer zone on each of two glass wafers (see 
Figure 2.8). These buffer zones are used to distribute the flow uniformly over 
the membrane surface. Without them, most of the gas would flow along the 
center of the membrane, therewith limiting the effective working area of the 
membrane. A second powder blasting step is performed in order to create a 0.2 
mm deep flow channel, which is connected to the peripheral equipment via 
holes previously drilled in the glass wafers. Figure 2.8 is a top view of the glass 
wafer with the drilled holes and flow channels. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7: Process-outline of fabrication of flow channels by powder 

Powder blasting to create a buffer zone of 1 mm depth

Powder blasting to create a flow channel of 0.2 mm depth

Apply an Ordyl Bf410 foil, Photolithography

Remove foil, cleaning
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blasting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8: Glass wafer with drilled holes and flow channels. 
 
2.2.3. Membrane packaging 
 
In the last process step, the silicon wafer is bonded between the two thick glass 
wafers by a four-electrode anodic bonding technique (Figure 2.9)[27,38]. This 
process is performed in two steps, because adequate bonding requires that a 
positive electrical voltage has to be applied to the silicon and a negative voltage 
to the glass. The process resulted in a tight seal between each glass wafer and 
the silicon wafer. In this study, the anodic bonding is carried out in different 
environments like a normal air, nitrogen and vacuum with electrical voltages 
ranging from 1000 to 1500 volts. Bonding in nitrogen and vacuum 
environments may avoid the membranes to be contaminated or even oxidized. 

However, there has been not much difference in separation results of 
the membranes bonded in these different environments, therefore we often do 
wafer bonding in the normal air. Note that before the bonding procedure, the 
silicon membrane and the glass wafers were cleaned in a fuming nitric acid (100 
% HNO3) for 15 minutes, followed by a rinsing in DI water. 

 
 

Drilled holes 

Buffer zone of
 1 mm depth  

  Flow zone of
0.2 mm depth 
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Figure 2.9: Four electrode anodic bonding setup for glass-silicon-glass 
packaging. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Membrane holder, the upper part can move up and down and is 
pressed to the lower part by screws and springs. 
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The bonding process as it is performed here creates a membrane 
module, which is robust enough for practical use e.g., it can be integrated in a 
stainless steel membrane holder (see Figure 2.10) to have connections to a gas 
manifold and analysis equipment. In this membrane holder, high forces, exerted 
by screws, are needed to press membrane module and stainless steel plates 
tightly together, without leakage. In this set-up, flexible graphite rings are 
applied in between the holder and the membrane module to make a gastight 
connection. 

Although not tested here, the bonding method discussed above may 
allow the construction of a larger module that consists of a large number of 
silicon wafers separated by glass plates. Such a module would be suitable for 
industrial applications where a high volume of hydrogen needs to be extracted 
from a gas mixture. 
 
 
2.3. Microfabrication results and discussion 
 
2.3.1. Membranes on <110> silicon wafer 
 
Figure 2.4.a shows a SEM micrograph of the cross-section of several narrow 
parallel slits, etched in a 350µm thick <110>-Si and having a periodicity of 90 
µm. More details on high-aspect-ratio etching in <110>-Si wafers can be found 
elsewhere [40-43,46]. 

From Figure 2.5 the width of the etched slit is estimated to be about 28 
µm, while its initial width was defined by lithography to be 23 µm. This 
widening of the etched slit should be characterized exactly and taken into 
account during the design, for two main reasons: 1) a wider slit would imply a 
wider membrane, which would have a lower mechanical strength (membrane 
strength strongly depends on membrane width [47]), and 2) unexpected 
widening of the slits would make the determination of the total free membrane 
area, i.e. the separation area, difficult. Slit widening is due to a non-zero etch 
rate of the vertical {111} planes, and also depends on the accuracy of alignment 
of the mask patterns to the {111} planes (this factor was reduced to a minimum 
in our work by using the previously described fan-shaped pattern to find the 
exact {111} planes), but also on etching conditions [42-43]. In our work, the 
ratio of the etch rates of the {110} to the {111} planes is estimated to be about 
140, which is comparable to data reported by Holke and Henderson [43]. 
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These data can be used to calculate the substrate porosity, defined here 
as the relative area of the substrate that is available for hydrogen permeation. To 
define the hydrogen separation membrane area, the length of the free area (Lm) 
created by KOH etching of one slit through a {110} silicon substrate should be 
known (Figure 2.3). Using simple geometrical considerations, this length Lm is 
given by [40]: 

 

                                        Lm  ~ Ls - 2 3 t + 
4

23
W                                (1) 

 
with Ls the length and W the width of the opening slit, and t the thickness of 
silicon wafer. Applying equation (1) with Ls= 1500 µm, t = 350 µm and W = 28 
µm, gives a length Lm of 317 µm. As a result, etching one slit per area of 1800 
µm by 90 µm through a <110>-Si creates an effective separation area of 317 µm 
by 28 µm, leads to the membrane porosity of ca. 6%.  

By making the slit broader (increasing w) or longer (increasing Ls) or 
using a thinner wafer (see equation 1) will give a larger effective area for 
hydrogen separation and will increase the porosity. However, as will be shown 
in the next section, the mechanical strength of the membranes strongly depends 
on their shortest dimension [47], therefore increasing their width (w) will result 
in weaker membranes. An alternative way to increase the porosity is to decrease 
the pitch of the slits. For instance, Figure 2.4.b shows the etched structure with a 
smaller periodicity of 50 µm. Putting all the above into an optimized design, a 
membrane consisting of slits of 3000 µm by 23 µm with a periodicity of 50 µm 
would give a membrane porosity of about 20%. 

The porosity can be increased even further, by using Deep Reactive Ion 
Etching (DRIE) [45]. DRIE of silicon is not restricted by silicon {111} planes 
and therefore it is possible to achieve slits with Lm =Ls. However, with that 
method only one wafer at the time can be processed, while KOH etching allows 
a large number of wafers to be etched simultaneously. 
 
2.3.2. Mechanical strength of the membrane 
 
The mechanical strength of the membranes is an important aspect, as the 
hydrogen flux is driven by a (partial) pressure difference across the membrane. 
Predicting the mechanical strength of the membranes is however quite 
complicated, as it depends on various factors like membrane construction, 
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thickness and material properties (which for thin films may be difficult to 
estimate or measure). Therefore, the strength of membranes is normally 
determined experimentally. Nevertheless, a rough estimation of the strength is 
very valuable during the design phase, and therefore we started our work with 
an estimation of the strength of our microfabricated membranes based on the 
originally chosen design parameters width and length (defined by the 
lithographic process), thickness and (bulk) material properties.  

As can be seen in Figure 2.1 and Figure 2.6, the microfabricated 
membrane module is composed of many smaller Pd-Ag membranes acting in 
parallel, of which a single one is formed by a Pd-Ag membrane spanning across 
one etched slit. It can safely be assumed that the mechanical strength of the 
silicon support that surrounds the Pd-Ag membranes is much higher than that of 
a single Pd-Ag membrane, therefore the strength of the whole membrane 
module will be mainly determined by that of a single membrane. Van Rijn et al. 
[47] derived an equation that can be used to estimate the maximum trans-
membrane pressure Pmax for a thin membrane of composed of a ductile material: 

 

          2/1

2/3

max 4.6
WE
t

P yieldσ
=                                               (2) 

 
where t is the thickness of the membrane, W the width of the shortest side of the 
membrane, yieldσ  the yield stress and E the Young’s modulus of the membrane 

material. Several values of E and σyield for thick foils of Pd and Ag are given in 
Table 2.1 [48]. However, the values of E and σyield for sputtered Pd77-Ag23 
wt% alloy film have not been reported yet. Besides that, the mechanical 
properties of thin films may differ for different deposition methods and 
conditions [49,50], so that film property data obtained from literature cannot be 
taken for granted. Very critical is the temperature at which the membrane will 
have to operate. In general, both E and σyield are temperature dependent and 
typically a higher temperature will lower σyield. If it is assumed that the material 
properties of an alloy can be interpolated from the properties of the individual 
metal elements, we arrive at a yield strength of 80 MPa and a Young’s modulus 
of 112 GPa for the deposited Pd-Ag alloy film. Applying equation 2 for a 1000 
nm thick Pd-Ag membrane spanning across a 28 µm wide slit, we find a Pmax of 
5 bars.  

The rupture strength Pbreak of the Pd-Ag membrane is measured at room 
temperature in the set-up described by van Rijn et al. [47]. It is found that the 
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1000 nm thick Pd-Ag membranes broke at pressure differences of about 3 to 3.5 
bars, which are close to the predicting value of 5 bars. Also, as was expected, 
the membranes that broke ruptured on the Pd-Ag membranes and not on the 
silicon support. Although the rupture strength of the membranes has not been 
measured at higher temperatures, the room temperature tests show that the 
microfabricated membrane is mechanically strong enough to operate under the 
desired pressure gradient. 

 
Table 2.1: Mechanical properties of Pd, Ag and the postulated data  

 for the sputtered Pd-Ag alloy. 

 
 
 
 
 
 
 
 
 
 
 

     
 * Postulated data for the sputtered Pd-Ag in this work 

 
 
2.4. Preliminary hydrogen permeation results  
 
 
After fabrication at the Transducers Science and Technology Group of the 
University of Twente, the membranes were sent to the Process Development 
Group of the University of Eindhoven, for characterizing mainly with respect to 
the hydrogen permeation flux and the membrane selectivity. Because the 
separation results will be described in detail in chapter 6, the separation results 
are briefly presented here. 
 
 

 
MATERIAL 

 
σ YIELD 

( MPA ) 

 
E 

(GPA ) 

Pd 35-205 121 

Ag 172-330 83 

Pd-Ag 80* 112* 
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Figure 2.11: Hydrogen flow rate through a 700 nm Pd-Ag alloy membrane as 
a function of time at temperature of 723 K, hydrogen pressure of 0.83 bars in 
retentate. Note that the temperature was at 673 K in hydrogen environment at 
 t = 0 hr. 
 
2.4.1. Separation flux 
 
The permeability of the membrane was determined for H2 and helium (He) with 
an experimental setup shown in Figure 6.1 (chapter 6). The hydrogen flow rate  
through the 700 nm Pd-Ag membrane versus the duration of the experiment is 
given in Figure 2.11. The flux is defined as the molecular hydrogen flow 
through the membrane divided by the free Pd-Ag area (mol H2/m2.s). It should 
be noted that the measurement started when the membrane temperature was at 
673 K, and hydrogen was already applied at the retentate. At a membrane 
temperature of 723 K and a hydrogen partial pressure of 0.83 bars at the 
retentate, a high hydrogen flux of 3.6 mol H2/m2.s (or equivalent to 290.3 
m3/m2.h) is measured. This flux is high in comparison to the reported fluxes 
from literature (see Table 6.2, chapter 6). The reasons for obtaining such high 
fluxes for the present membrane are; 
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1) the thin Pd-Ag membrane (700 nm) with high composition control and 
nanostructures is used.  

2) most importantly, such a membrane has a very low resistance to the 
mass transfer, as virtually no support layer is present. The advantages of 
the microfabricated membranes using in a hydrogen separation will be 
discussed in more detail in chapter 6. 

 
2.4.2. Membrane selectivity 
 
Possible membrane leaks during the permeation experiment can be detected by 
measuring the He concentration at the permeate side. However, no He has been 
found during the experiments. Therefore, in order to calculate a minimum 
selectivity of H2 over He, the detection limit of the gas chromatograph for He is 
used as the maximum He concentration. In this way, a minimal separation factor 
of 1500 for H2 to He (or equivalent to about 4000 for H2 to N2) is calculated. 
This high selectivity indicates that the microfabricated membrane is most likely 
defect free. We believe that depositing the Pd-Ag separation layer on a very 
smooth and clean silicon oxide layer and preparing the membrane in a dust-poor 
clean room environment were the key points to get to this result. 
 
 
2.5. Discussion and conclusions 
 
Pd-Ag alloy membrane modules were micromachined and tested. KOH etching 
of <110>-Si was utilized to fabricate a supporting structure for a sputtered Pd-
Ag film. The Pd-Ag layer was deposited by a dual sputtering, which is a 
powerful method to make thin alloy films with highly homogeneous 
composition. Anodic bonding of thick glass to silicon was used to package the 
membrane and create a robust module. 

The membranes were found to have adequate mechanical strength; 
1000 nm thick Pd-Ag membrane were capable of withstanding a pressure 
difference of 3 to 4 bars at room temperature. The microfabricated Pd-Ag 
membranes obtained a high permeation rate and high selectivity for hydrogen. 
Typical flow rates of 3.6 mol H2/m2.s were measured at the hydrogen pressure 
of 0.83 bars at 723 K with a minimal selectivity of 1500 for H2 to He. 

In the author’s opinion, the biggest advantage of the membrane process 
presented in this chapter is that it is a rather simple and low-cost process (Figure 
2.2). For example, the membranes are fabricated by using a two-mask process. 
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In addition, this process utilizes only the wet etching of silicon (KOH) and the 
wet etching of SiO2 (BHF) to create the membrane support. As the wet etching 
is cheap and easy for a batch production, the membrane may be produced at a 
low-cost. Furthermore, the membranes are able to withstand the expected 
pressure difference of several bars and achieved a high separation flux as well 
as a high selectivity (see separation result in chapter 6). 

However, a main limitation of the membrane process development 
presented in this chapter is that it is very difficult to produce a very thin 
membrane - a membrane with a thickness of a few hundred of nm, while 
retaining a membrane mechanical strength. For instance, equation 2 predicts 
that a 500 nm thick Pd-Ag membrane (t = 0.5 µm) on the current support (W = 
28 µm) is able to withstand a pressure difference of a couple of bars. In fact, 
mechanical strength tests (at a room temperature) show that this membrane 
broke at pressure differences of around 1.5 bars. Because the fabricated 
membrane should survive handling during the fabrication process and 
application, a fabrication of this thin but fairly week membrane is not desirable. 
Therefore, we only fabricated the membranes with the thickness down to 700 
nm by using the current technology.  

Alternatively, equation 2 suggests that by depositing a thin metal film 
on a support frame that has very narrow, through-wafer etched slits (very short 
W), we may produce the very thin membrane while retaining its mechanical 
strength. For example, a 300 nm thick membrane on a supporting frame consists 
of through-wafer etched slits of ca. 9 µm width may withstand a pressure 
difference of about 3 bars. Although this support frame may be created by KOH 
etching of very narrow slits through the <110>-Si wafer, utilizing a so-called 
very high aspect ratio etching procedure [27,40,43], its etching conditions are 
critical; especially the steps of finding {111} planes and then aligning the slits 
to them (Figures 2.2.a and 2.2.b) should be done very accurately [27,40,43]. As 
a consequence of a highly demanding accuracy during fabricating of such a 
supporting frame, the membrane process to make this thin (but strong) 
membrane would become very time consuming (and thus expensive). Thus, we 
have not tried to make the very thin membrane by using the membrane process 
present in this chapter. Also, Deep Reactive Ion Etching (DRIE) [45] may be 
used to create the mentioned silicon support for producing the very thin 
membrane. This technique however has a low wafer throughput, and therefore 
not being used in our work. Nevertheless, another new membrane process 
development that allows fabricating the very thin but strong membranes will be 
presented in chapter 3. 
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Chapter 3 

 
 

Palladium-based membranes 

on a supporting microsieve 
 
 
 
Abstract 
 

Very thin, strong and defect-free palladium-based membranes (Pd, Pd-
Ag, Pd-Cu) are fabricated on a supporting microsieve by using 
techniques of microfabrication technology. The microfabricated 
membrane obtains high separation fluxes of up to 4 mol H2 /m2.s with a 
minimal selectivity of 1500 for hydrogen over helium (H2/He) at 723 K 
and 0.83 bars H2 retentate pressure. Furthermore, the present 
technology can be used to fabricate other kinds of ultrathin but strong 
and defect-free membranes to setup new applications. 
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3.1. Introduction 
 
In chapter 2, we presented the relatively simple process to make Pd and Pd-Ag 
alloy membranes directly on <110>-Si substrates; the membranes with 
thickness down to 700 nm were successfully fabricated and tested. Because this 
process development is simple, it may produce the membranes at low-cost. 
However, as discussed in the previous chapter, its main limitation is that it is 
difficult to fabricate very thin membranes for higher hydrogen separation fluxes 
- membranes with a thickness in the range of a few hundred of nm, while 
retaining the membrane mechanical strength. Therefore, in this chapter we 
present another membrane fabrication procedure that allows us to make the 
desired membranes. Instead of holding the metal films by the <110>-Si support 
with a limitation of making a very small support size (the slit size), the thin 
metal films are now supported by a microsieve with micron-sized pores. This 
allows the fabrication of thin but strong membranes. The membranes are 
fabricated by using microfabrication techniques like thin film sputter deposition, 
KOH etching of silicon, and dry etching of silicon nitride, and anodic wafer 
bonding [1-3]. The microfabrication, the membrane performance with respect to 
hydrogen separation, and selectivity are presented and discussed. 
 
 
3.2. Microfabrication of membrane module  
 
3.2.1. Microfabication of membrane on a supporting microsieve 
 
A cross-section of the Pd-Ag membrane module is shown in Figure 3.1. A Pd-
Ag membrane is microfabricated on a supporting microsieve on a <110> silicon 
wafer (<110>-Si), then sandwiched between two thick glass wafers to form a 
membrane module.  
The process steps to come to the Pd-Ag membrane are shown in Figure 3.2, and 
are as follows: a 4 inch, double side polished <110>-Si is coated with 0.2 µm of 
wet-thermal silicon dioxide (SiO2) and 1 µm of low-stress silicon-rich silicon 
nitride (SiN) by means of low-pressure chemical vapour deposition (LPCVD) 
[4]. Parallelogram-shaped structures of 600 by 2600 µm are aligned and 
imprinted on the backside of the wafer by standard photolithography, followed 
by a dry (CHF3 + O2) etching of the SiN and wet etching of the oxide layer, 
using a buffered hydrofluoric acid (BHF) (Figure 3.2.a).  



Chapter 3 
 

 36

  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Cross-section of the separation membrane module; only two Pd-
Ag membrane/microsieve segments are drawn for an illustration. 
 

The wafer is immersed in 25% KOH solution at 75 oC to etch the 
silicon until the SiO2 layer is reached, thus forming an array of suspended 
bilayer SiN/SiO2 membranes (Figure 3.2.b). Afterwards, standard lithography 
and dry etching of SiN are carried out on the front-side of the wafer to pattern a 
microsieve with circular openings of 5 µm [9-10] on the suspended SiN/SiO2 
membranes. The SiN dry etching process is controlled to stop on the SiO2 layer, 
thus creating a SiN microsieve on top of the SiO2 membrane (Figure 3.2.c). 
From hereon, we define a group of circular sieves patterned in one suspended 
SiN/SiO2 membrane as one microsieve segment of the whole microsieve wafer.  
At this stage, alloy films of Pd-Ag are deposited by simultaneous (dual) 
sputtering from pure targets of Pd and Ag (99.999%; Engelhard-Clal Co.) on the 
flat side of the SiO2 membrane (the side without microsieves), using titanium 
(Ti) as an adhesion layer (Figure 3.2.d). The detailed dual-sputtering procedure 
and the properties of the-as deposited Pd-Ag films will be reported in chapter 5. 
In the current work, we deposit Pd-Ag films with thickness from 1000 down to 
100 nm with a Ag content of 23 at wt%. Besides Pd-Ag, Pd and Pd-Cu films are 
also deposited on the supporting microsieves. 
 Next, the SiO2 and then the Ti are removed in BHF solution through the 
opening of the sieves to reveal the back surface of the Pd-Ag film, therefore 
forming a Pd-Ag membrane (Figure 3.2.e). A detailed design of the 
parallelogram-shaped structure that can be etched by potassium hydroxide 
solution (KOH) into <110>-Si is depicted in Figure 3.3.a [5-8].   
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Figure 3.2: Fabrication process of the Pd-Ag membrane module. 
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                             (a)                                                         (b) 
Figure 3.3: (a) A parallelogram-shaped structure (ABCD) is KOH etched 
through a <110>-Si, creating a suspended bilayer SiN/SiO2 membrane 
(EFGH). (b) A cross-section of one membrane segment shows the Pd-Ag 
film/microsieve. 
  
(b) 
 
 
 
 
 
 
 
 
           
 
 
 
                                                                   (c) 
 
Figure 3.4: SEM pictures of the microfabricated membrane. (a) An overview 
of membrane and support structure in  <110>-Si. (b) Pd-Ag film on the SiN 
microsieve as seen from top of Figure (a); (c) Partial Pd-Ag film on the SiN 
microsieve as seen bottom of Figure (a).  

 

(a) 
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A cross-section of the Pd-Ag membrane on the microsieve segment is 
depicted in Figure 3.3.b, while Figure 3.4 is a Scanning Electron Microscopy 
image (SEM) of ca. 500 nm Pd-Ag membrane on the SiN supporting 
microsieve. As shown, the fabricated Pd-Ag membrane is uniform in thickness, 
and has a smooth surface, and seems to be defect-free.  

As mentioned above, depositing the film on the planar surface of the 
sacrificial layer (SiO2 in our case) and release it later seems to be the key point 
to obtain such good submicron films. Additional advantages like a low gas 
transfer resistance etc. of the present microfabricated structures used for 
hydrogen separation will be further discussed in the measurement chapter 
(chapter 6).  
 
3.2.2. Membrane packaging and the construction of a large membrane 
module 
 
Finally, the silicon wafer is bonded between two glass wafers as described in 
the previous chapter (section 2.2.3) [11-12].  

The present packaging membrane technology would allow the 
construction of a larger module, in which the larger (and thicker) glass plates 
are used to house a number of membrane wafers (Figure 3.5), thus obtaining 
large Pd area for separation. Additionally, this larger module can be operated in 
a parallel mode, thus using the principle of “numbering-up”[13,14] instead of 
scaling-up to increase hydrogen throughput. This proposed unit may find the 
application in an on-site hydrogen production system, where small, natural gas-
based reformers, being developed for distributed fuel cell power system, could 
potentially be used to generate hydrogen rich reformate streams. Purification is 
an essential step to remove impurities in the reformate that may poison the 
storage unit or fuel cell, and to remove non-hydrogen species that can 
dramatically increase the size of the on-site and on-board storage system [15]. 

The numbering-up principle has certain advantages over conventional 
scale-up. Conventional scale-up entails going from laboratory scale to a single 
large unit through a series of costly laboratory experiments, simulations, and 
pilot plan testing [16]. While, as each microfabricated-based membrane would 
behave exactly alike, individually and in replicated units, numbering-up would 
be considerably shorter and less expensive, allowing for faster transfer time to 
the market etc. We think that in the certain application, these advantages 
provided by the numbering-up of the microfabricated membrane may override 
the economies of conventional large plants. 
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Figure 3.5. A numbering-up of membrane wafers. 
 
3.3. Microfabrication results and discussion 
 
3.3.1. Membrane on the supporting microsieve 
 
The width of the microsieve segment is equal to that of the-as designed 
parallelogram-shaped structure of 650µm (Figure 3.3), while its length Lm is 
given by [5]: 

 

Lm ~ Ls - 2 3 t + 
4

23
W                                   (1) 

 
with Ls the length and W the width of the parallelogram-shaped structure, and t 
the thickness of silicon wafer. Applying equation (1) with Ls = 2600 µm, t = 
380 µm and W = Ws = 600 µm, gives a length Lm of 1920 µm. As a result, 
etching one parallelogram-shaped structure of 2600 µm by 600 µm through a 
<110>-Si creates a suspended area of ca. 1920 µm by 600 µm for later sieves 
patterning. In the current design, the porosity of the supporting microsieve, and 
therefore the porosity of the Pd-Ag film in the microsieve, is about 20 % (see 
Figure 3.4.c). Thus one microsieve segment creates an effective area of ca. 0.23 
mm2 for hydrogen separation. And several hundreds of such microsieve 

Membrane wafers 

          Holder 
   (glass or steel) 
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segments could be patterned in the 4 inch silicon wafer to create a large total 
membrane area for hydrogen separation.  
 
3.3.2. Mechanical strength of the membrane 
 
The mechanical strength of the membrane depends on that of the Pd-Ag film on 
the SiN microsieve and the SiN microsieve, which are discussed in a next 
paragraph.  

According to van Rijn et al., the maximum trans-membrane pressure 
Pmax for a thin, brittle membrane is calculated as [9]:  
   

                                                   2/1

2/3

max 58.0
WE
t

P yieldσ
=                                        (2) 

    
where t is the thickness of the membrane, σyield  the yield strength of the 
membrane material, W the width of the shortest side of the membrane, and E the 
Young’s modulus of the membrane material. For a perforated membrane - the 
microsieve membrane, this has to be multiplied by a strength reduction K (K<1) 
due to the perforation [9]: 
 

                                                   2/1

2/3

max 58.0
WE
t

KP yieldσ
=                                   (3) 

  
Setting equation 3 for the SiN microsieve resting on the silicon support with 
σyield = 4*109 Pa, E = 2.9*1011 Pa, W = Ws = 600 µm, t = 1 µm, and K = 0.7, we 
find a Pmax of ca. 3.2 bars for the present supporting microsieve. In addition, 
equation 3 suggests that one may produce a stronger supporting microsieve by 
reducing its width.  

Van Rijn et al., also derived an equation that may be used to predict the 
breaking pressure for the ductile material membranes [9]: 

 

                                      2/1

2/3

max 4.6
WE
t

P yieldσ
=                       (4) 

 
Supposing that the deposited Pd-Ag membrane behaves like the ductile 

materials, setting equation 4 with σyield = 80*106 Pa, E = 112*109 Pa, W = Wm = 
5 µm, t = 0.5 µm, we find a Pmax of ca. 13 bars for the 500 nm thick Pd-Ag film 
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resting on the current microsieve. Also, the thinnest fabricated membrane of 
100 nm thick Pd-Ag on a microsieve with a smaller pore size of 3 µm may 
withstand a pressure difference of ca. 4 bars. 

The rupture strength of the membranes at room temperature is measured 
in the set up that was described in [9]. Tests showed that the 500 nm thick Pd-
Ag membrane on the current microsieve design broke at pressure differences of 
4.5 ±0.5 bars between the two sides of the membrane. This measured membrane 
strength is about 50 % higher than the expected value of 3 bars. 

Additionally, the mechanical strength of several other membranes is 
measured and data is given in Table 3.1. Note that an expected broken pressure  

 

Table 3.1: Mechanical strength of the Pd-Ag membranes on the microsieve. 

 
METAL 

FILM 

THICKNESS 
(NM) 

 
SIEVE SIZE 

(µM) 

 
EXPECTED 

BROKEN 

PRESSURE 
OF THE 

MICROSIEVE 
(BAR) 

 
EXPECTED 

BROKEN 

PRESSURE 
OF THE METAL 

FILM 
(BAR) 

 
EXPECTED 

BROKEN 

PRESSURE  
(BAR) 

 
MEASURED 

BROKEN 

PRESSURE  
(BAR) 

 

 
500 

 

 
5 

 
3.2 

 
13 

 
3.2 

 
4.5±0.5 

250 
 

5 2 5 3.2 3.4±0.5 

100 
 

3 3.2 3.5 3.2 2 ±0.3* 

* The microsieve was not broken, only the metal film was broken. 
 

of the two component membrane -Pd-Ag film/microsieve membrane in Table 
3.1 was equally taken to that of a weaker component, normally the supporting 
microsieve. And the mechanical strength test is performed for 5 to 7 times for 
each membrane. We observe from the mechanical tests that the strength of the 
membranes with the thickness down to about 250 nm is reasonable to the 
predicted values. However, the strength of the 100 nm thick membrane is much 
lower than expected. The use of the mechanical properties of the bulk materials 
(E and σyield) in predicting the strength of this very thin membrane might be far 
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from appropriate. It is well known that the mechanical properties of the very 
thin films may significantly differ with that of the thick films [17-18]. 
Nevertheless, based on the result of the mechanical strength tests we conclude 
that the membranes are mechanically strong enough to operate under the desired 
pressure gradient. 
 
 
3.4. Preliminary hydrogen permeation results  
 
Because the separation results will be described in detail in chapter 6, the 
separation results are therefore briefly presented in a next paragraph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Hydrogen flow rate through the membrane as a function of time at 
temperature of 723 K, hydrogen pressure of 0.83 bars in retentate. Note that 
after measuring for ca.125 hours, the feed flow rate was increased 50% from 
600 to 900 ml.min-1. 
 
3.4.1. Separation flux 
 
The permeability of the membrane was determined for H2 and helium (He). The 
hydrogen flow rate through the 500 nm Pd-Ag membrane versus the duration of 
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the experiment is given in Figure 3.6. The flux is defined as the molecular 
hydrogen flow through the membrane divided by the free Pd-Ag area (mol 
H2/m2.s). At a membrane temperature of 723 K and a hydrogen partial pressure 
of 0.83 bars at the retentate, a high hydrogen flux of ca. 4 mol H2/m2.s is 
measured. This flux is one to two orders of magnitude higher than that of the 
conventional membranes [19-29], and is reasonable to that of the 
microfabricated membranes [30-31] (see Table 6.2). More measurement results 
will be presented in chapter 6. 
 
3.4.2. Membrane selectivity 
 
Possible membrane leaks during the permeation experiment can be detected by 
measuring the He concentration at the permeate side. However, no He was 
found during the experiments. Therefore, in order to calculate a minimum 
selectivity of H2 over He, the detection limit of the gas chromatograph for He is 
used as the maximum He concentration. In this way, a minimal separation factor 
of 1500 for H2 to He (or equivalent to about 4000 for H2 to N2) is calculated. 
This high selectivity indicates that the microfabricated membrane is most likely 
defect-free. We believe that depositing the Pd-Ag separation layer on a very 
smooth and clean silicon oxide layer, and preparing the membrane in a dust-
poor clean room environment were the key parameters to get to this result [32]. 
 
 
3.5. Discussion and conclusions 
 
Very thin and strong Pd-Ag alloy membranes were microfabricated and tested. 
The Pd-Ag films were sputtered onto a planar surface support (SiO2/SiN 
microsieve) and released later, creating defect free, submicron thick Pd-Ag 
films. The fabrication method also allows the creation of large membrane 
modules that consist of a number of membrane wafers, thus obtaining a large Pd 
area for separation.  

The microfabicated membranes achieved high permeation rate and high 
hydrogen selectivity although the flux through the thinnest membranes have not 
been determined yet; flow rates of ca. 4 mol H2/m2.s were measured with a 
selectivity above 1500 for H2/He.  
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Table 3.1 shows that by depositing metal films on the supporting 
microsieve allows us to obtain thinner and stronger membranes in comparison 
with the membranes fabricated by using the technology presented in chapter 2.  

 

Table 3.2: Advantages and limitations of the two membrane processes. 
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* Note that <100>-Si wafer can also be used as the support for the microsieve. 
 
For example, the mechanical strength of the 500 nm thick membrane on 

the supporting microsieve is ca. 30% higher than that of the 1000 nm thick 
membrane fabricated in chapter 2. 

However, a flux of ca. 4 mol H2/m2.s was measured through the 500 nm 
thick Pd-Ag membranes. This flux is only ca. 10% higher than that through the 
700 nm thick membrane presented in the chapter 2 although the membrane 
thickness was reduced by 40%. As will be discussed in chapter 6 that the 
hydrogen transport through submicron Pd-Ag film seems to be governed by 
surface reactions, the separation flux is therefore not proportionally increased 
by a reduction of the membrane thickness [20-22,25]. 

Although the separation result has not yet proved advantages in 
comparison to that reported in chapter 2 (see detail data on Table 6.2), the 
technology developed in this chapter suggests that it is possible to produce 
several kinds of membranes. These membranes can be metal and non-metal, 
which may setup new applications [33-34]. For example, if an ultrathin 10-nm 
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SiN membrane (t = 0.01) is supported on a microsieve with 5 µm sieves (W = 5 
µm), this membrane may withstand a pressure difference of ca. 4.7 bars (see 
equation 3). Actually, this SiN membrane will be fabricated in the next chapter 
for creating a nanosieve membrane [33]. Additionally, the technology present 
here may be used to fabricate Ag-based membranes for oxygen separation [35]. 

Although the current membrane process has above advantages from a 
fabrication as well as an application point of view in comparison with the 
technology presented in the chapter 2, its main draw back is that it requires the 
use of a defect free SiN layer. The SiN material is inert to most wet etching 
solutions, dry etching procedure is needed to pattern structures. Consequently, 
the use of the SiN layer will certainly result in a higher membrane fabrication 
cost. Advantages and limitations of the two membrane processes are 
summarized in Table 3.2. 
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Chapter 4 
 
 
 

A silicon nitride nanosieve membrane 
 
 
Abstract 
 

An array of very uniform cylindrical nanopores with a pore diameter as 
small as 25 nm has been fabricated in an ultrathin micromachined 
silicon nitride membrane using focused ion beam (FIB) etching. The 
pore size of this nanosieve membrane was further reduced to below 10 
nm by coating it with another silicon nitride layer. This nanosieve 
membrane possesses an adequate mechanical strength up to several 
bars of trans-membrane pressure, and it can withstand high 
temperatures up to 900 oC. In addition, it is inert to many aggressive 
chemicals such as hot concentrated potassium hydroxide (KOH), 
piranha (H2SO4 + H2O2), and nitric acid (HNO3). 
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4.1. Introduction 
 
The development of fluid-separation membranes started almost one century ago 
with the research on liquid filtration, and in the past decades, their use in gas 
separation units has been studied as well. In the beginning, these membranes 
consisted almost exclusively of a relatively thick layer (several micrometers) of 
nanoporous organic or inorganic material with nonuniform perforations and 
random pore diameters. Despite the success of nanoporous membranes in liquid 
filtration and gas separation, the selectivity and strength of the membranes are 
limited by the fairly broad pore-diameter distribution. However, a 
nanomembrane with perforations essentially of one size and cylindrical pore 
shape will have many potential applications, such as absolute sterile filtration 
(bacteria as well as viruses), size-exclusion-based separations [1-4], templates 
for nanosensors [5], and masks for stencils [6]. Depending on the specific 
application, bio- or blood- compatible materials should be used for the 
construction of the uniformly perforated membrane. Moreover, in most 
applications there is a need for nanoporous layers having an adequate 
mechanical strength with respect to trans-membrane pressure, a low flow 
resistance to enable high fluxes, and with sufficient thermal and chemical 
stability in harsh environments. Nanoporous membranes with arrays of 
cylindrical pores and uniform pore sizes between several tens down to below 10 
nm will be called nanosieves in the following discussion. 

Two types of nanosieves can be distinguished. The first kind uses a 
layer that is relatively thick with respect to the pore diameter, so that an array of 
nanochannels is created through the layer [2,3]. The second kind uses a 
membrane having a thickness on the order of or even smaller than the diameter 
of the nanopore so that the pores closely resemble an array of nanoholes inside 
the membrane. An interesting application for such an array of nanoholes is that 
fluid can be filtered against larger particles with a relatively high flux in 
comparison with an array of nanochannels. Nevertheless, for identical pore 
diameter, the nanochannel type has the advantage over the nanohole type of 
being mechanically more robust but has the disadvantage of having a much 
higher flow resistance. In this chapter, a technique is presented that combines 
the advantages of both techniques (i.e., a strong nanosieve membrane with a 
high throughput).  

The nanopores are often machined in a suspended low-stress silicon-
nitride (SiN) membrane [1,5-10] for several reasons, such as the availability of 
SiN membranes after standard micro system processing such as KOH etching of 
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a silicon support and the thermal stability and chemical inertness of SiN 
material. So far, electron beam lithography followed by reactive ion etching 
(RIE) [5,6], or FIB etching [7-10] have been used to create pores in the SiN 
membrane. Because the suspended SiN membrane should survive handling 
during the fabrication process and application, its thickness should be made 
adequate. However, the relatively thick membrane renders the creation of small 
pores due to the difficulty of etching pores with high aspect ratios. In the case of 
direct pore drilling by FIB, the beam diameter and especially the relative 
thickness of the SiN membrane limit pore diameters to 50 nm or greater [7-10]. 

Recently, several techniques have been developed to reduce the size of 
the previously FIB-drilled nanopores, but their applications for many pores are 
difficult [10], or time consuming [11]. However, a simple strategy to drill small 
pores directly by FIB is to reduce the thickness of the SiN membrane. Of 
course, it needs to be done without noticeably sacrificing the strength and 
perforated area of the membrane. In this chapter we report the fabrication of 
strong SiN nanosieve membranes with small and uniform poresize. The essence 
of the method is the micromachining of an ultrathin nanosieve within a thin 
supporting microsieve using FIB with the smallest possible beam current to 
drill the holes. In this way, uniform pores as small as 25 nm were drilled. 
 
 
4.2. Fabrication of nanosieve membrane 
 
Figure 4.1 is an overview of the nanosieve membrane, and Figure 4.2 shows its 
simplified process flow. The process starts with a microsieve supported by a 
<110> silicon frame (Figures 4.1.a and 4.2.a), for which its detailed fabrication 
process has been reported in chapter 3 [12]. This microsieve is conformally 
coated with 10-nm SiN by means of low-pressure chemical vapor deposition 
(LPCVD) [13] as shown in Figure 4.2.b. However, this layer is removed from 
the top of the microsieve support by dry RIE using a CHF3/O2 mixture. 
Subsequently, a wet buffered hydrofluoric acid (BHF) etching of the sacrificial 
SiO2 results in a structure that has a 10-nm thin SiN membrane supported by the 
microsieve (Figure 4.2.b). 

Finally, a dual FIB system (FEI Inc. FIB 200) with a 30-KV gallium 
beam is used to drill the pores in the nanomembrane and the nanosieve is 
formed (Figure 4.2.c). Before the FIB procedure, the samples were coated with 
2 nm of chromium (Cr) to reduce charging during exposure to electron and ion 
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                  (a) 
              
 
 
 
 
 
                            (b) 
 
 
 
 
 
                               (c) 
 
 
 
Figure 4.1: SEM overview with close-ups of the nanosieve membrane. (a) A 
strong, thick silicon frame supports a thin SiN microsieve. (b) This microsieve 
supports a nanosieve. (c) The nanosieve.   
 
beams. The smallest possible FIB current of 1 pA is used, because such a 
current has a small beam diameter (ca. 10-nm full-width half-maximum 
(FWHM) corresponding to a current density of ca. 1.2 A/cm2) and a narrow 
beam diameter distribution (uniform pores) [14,15]. The FIB process is 
controlled by a Matlab program, which digitally and repetitively scans the ion 
beam to make an array of pores with a dwell time of 10µs. 

Figure 4.3.a is a high-resolution scanning electron microscopy image 
(HRSEM: LEO Gemini 1550, 2-nm lateral resolution) of the nanopores. As 
shown, the pores are circular with diameters of around 25 nm, and a pore pitch 
of around 115 nm. The drilled pores are uniform in size (<10% variation) over 
the whole 50×50 µm2 patterned area. As discussed above, using a small ion 
beam current did enable the creation of such small pores with high uniformity. 
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Moreover, although the smallest current was used, the drilling time is still short 
due to drilling through an ultrathin layer. HRSEM images were taken from both 
sides of the membrane revealing that there is almost no difference between the 
top and bottom pore diameters. This indicates that the pore wall has a slope 
angle of nearly 90o with respect to the lateral direction, which is consistent with 
the reported works that used small FIB currents [15].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Simplified process flow of the nanosieve membrane. (a) 
A<110>silicon frame is etched with KOH to support a 1000-nm thin SiN 
microsieve on top of a 100-nm thin SiO2 membrane. (b) This microsieve consists 
of an array of 5µm circular perforations etched with RIE to support a 10-nm 
thin SiN nanomembrane. (c) This nanomembrane is etched with FIB with an 
array of nanopores forming the nanosieve. 
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                            (a)      

 
 
 
 
 
 
 
 
 
 
 
 
                             (b)  

Figure 4.3: (a) Nanopores, 25 nm in diameter, were directly drilled by FIB in 
a 10-nm SiN membrane (110 Kx, scale bar: 50 nm). (b) Pores with sizes below 
10 nm were obtained by coating the 25-nm pores with 10-nm LPCVD SiN (150 
Kx, scale bar: 20 nm). 
 

To obtain even smaller pores, the FIB-drilled pores are coated with 
another ultrathin layer of LPCVD SiN. Prior to the coating, the samples were 
treated in oxygen plasma to remove hydrocarbon contaminants from FIB and 
SEM procedures, followed by the removal of Cr in a Cr etching solution; the 
samples were finally cleaned in deionized water. Using again LPCVD SiN has 
the advantage of minimizing stress due to thermal mismatch. Moreover, it 
exhibits conformal step coverage and high uniformity and completely covers the 
membrane unit [13]. The initial pores of around 25 nm (shown in Figure 4.3.a) 
were coated with 10-nm SiN at a deposition rate of 0.13 nm/s, and the HRSEM 
image of the coated pores is shown in Figure 4.3.b; all of the pores are now 
below 10 nm in size.  
 
 
4.3. Characterization of nanosieve membrane 
 
Important characteristics to categorize fluidic sieves are the permeability, 
strength, and selectivity. The permeability describes the ability of the sieve to 
achieve a high throughput, and the strength describes the ability of the sieve to 
withstand a certain flux without breaking. Finally, the selectivity describes the 
ability of the sieve to separate the desired component from the feed mixture. 
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Next, the viscous fluidic transport through the nanosieve will be discussed, and 
after that, we will discuss the molecular transport of gas molecules.  
  
4.3.1. Flux calculations for liquid and gas separation 
 
For viscous laminar flow at sufficiently small Reynolds number (Stokes or 
creeping flow) for a fluid medium with viscosity µ [Pa⋅s] through a circular 
opening with radius r [m] in an infinitely thin wall, the pressure difference ∆p is 
proportional to the volume flow rate ΦV [m3/s] as [17]: 
 
      ∆p = ΦV ⋅ (3µ /r3) 
 

However, for a wall with a finite thickness t, the equation is altered 
because of frictional losses with the walls with a correction factor of C(t, r) = 
(1+8t/3πr) ) ≈ (1+0.85t/r) [16]. Moreover, in the case of an array of pores, the 
fluid flow in one pore will influence the flow in its neighboring pores. For a 
nanosieve with a square array of apertures and a fraction χ of perforated area, 
the correction is given by [21]: 
 
        C(χ) = 1 - 0.344χ1½ - 0.111χ2½ - 0.066χ3½ ≈ 1 - 0.34χ1½ for χ<20% 
 

Finally, for higher laminar flow rates an additional pressure drop will 
arise just before the entrance of the pores, resulting in a quadratic component to 
account for this nonviscous kinetic loss [22]. All the above mentioned effects 
were combined by van Rijn and Elwenspoek [1]. 
 

∆p = ΦV ⋅ ( 3

3
r
µ

) ⋅ (1+
r

t85.0
) ⋅ (1-0.34χ3/2) + ΦV

 2 ⋅ ( 424 rπ
ρ

)          [Pa]   (1) 

 
where ρ [kg/m3] is the mass density of the fluid medium. For water, ρ = 998.2 
kg/m3 and µ = 1.00×10-3 Pa⋅s at 293 K. (ρ = 997.0 kg/m3 and µ = 0.89×10-3 Pa⋅s 
at 298 K.) Assuming an array of pores with 10-nm radius and 10-nm membrane 
thickness (i.e., C(t, r) = 1.85), a pore pitch of 100 nm (i.e., a density of 1014 
pores/m2 and a perforated fraction of 3% giving C(χ) = 0.995), and neglecting 
kinetic losses, a trans-membrane pressure of ca. 1 bar (= 105 Pa) is calculated 
for a water flux of 2 L/m2 s. Unfortunately, the number of nanopores is limited 
by the FIB system used in this study to less than 1 million, thus limiting the 
water flux for a nanosieve to 2×10-8 L/s. The kinetic losses become prominent 
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when ΦV
 ≥ 10-4 ⋅r = 10-12 m3/s, which is 105 times the flux in the single 

nanopore; therefore, the kinetic losses are indeed negligible.  
To calculate the trans-membrane pressure across the nanosieve for a 

certain flux of gas molecules, the mean free path λ of the molecule with respect 
to the pore diameter of the nanomembrane dn is important. Following 
Knudsen’s theory, when dn > λ/100 many gas - gas collisions take place during 
transport through the orifice and the calculations closely resemble Stokes 
viscous flow as discussed before. However, when dn < λ the flow is molecular, 
meaning that only a few intermolecular collisions occur during transport 
through the membrane and the flow is limited by collisions with the walls. 
Therefore, for molecular gas transport the analysis of the flow is primarily a 
geometrical problem of determining the total open area and restrictive effect of 
the walls on the free flight of a molecule. Now, when two compartments are 
separated using a membrane with very small pores, the rate of escape through 
the membrane is equal to the rate at which the gas molecules strike the area of 
the pore. Therefore, if the area of the pore is A = πr2 and the molar number of 
molecules that escape per unit time is ΦM [mol/s], then the trans-membrane 
pressure can be calculated as [16]: 
 

∆p = ΦM ⋅ ( MRTπ2 /πr2) 
 
with M is the molar mass [kg/mol] of the gas, R is the universal gas constant 
[J/mol K] and T is the absolute temperature [K]. The fact that this number is 
proportional to 1/ M  is the origin of Graham’s law of effusion-the rate of 
effusion is inversely proportional to the square root of the molar mass M. 
Furthermore, the molecular flow resistance of a pore is caused by the random 
reflection of a low-energy molecule against the sidewall. Therefore, there is 
only a limited change for a molecule to enter the pore with radius r and height t 
(Figure 4.2.c). This correction depends on the aspect ratio AR= t /r and is 
known as the Clausing factor C ≈ (1 + (0.46t)/(r))-1 [16]: 
 

                   ∆p = ΦM ⋅( 2

2
r
MRT
π
π

) ⋅ (1 + 
r

t46.0
) [Pa]            (2) 

 
A similar equation holds for molecular flow in the nanopore with ARn = 

tn /rn as well as in the micropore with ARm =tm /rm. For gases, the mean free path 
is inversely proportional to pressure and is typically around 70 nm at a pressure 
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of 1 bar. This is much larger than the pore diameter of the membrane in this 
study; therefore, the flow is treated molecularly. Using the same sieve as in the 
example for viscous fluid flow with M = 0.032 kg/mol for oxygen, R = 8.3 
J/mol K, and T = 293 K, a pressure drop of ca. 1 bar occurs for a gas flux of 90 
mol/m2 s, which resembles 2000 L/m2 s; when the number of pores is limited to 
1 million, this means a flux of 90×10-8 mol/s. 

It should be noted that the hydrostatic calculation above (Equation 1) 
does not include the effect of electroviscous forces due to the electric double 
layer positioned at the interface of a fluid with the membrane surface. 
Electroviscous forces can be comparable to, and in some cases larger than the 
hydrostatic forces [23,24]. Moreover, the stick-slip flow transition, depending 
on the geometry and surface properties of the membrane material, may play a 
dominant role [25]. However, until now these effects have been studied only for 
relatively long channels, and more experimental data is needed to test the non-
hydrostatic behavior of the nanosieve membrane. Also, the calculation 
concerning molecular flow (eq 2) is not aimed at applications where the gas 
mixture is separated with respect to molecular sizes. However, the separation of 
gases by nanosieve membranes with a pore diameter below 1 nm may be similar 
to that of silica and zeolite membranes, which was thoroughly described by 
Burggraaf and Cot [26]. Moreover, for low-flow conditions, the effects of 
leakage and outgassing may become very prominent and needs appropriate 
attention. Nevertheless, the hydrostatic calculations are very useful in 
applications concerning ultrafiltration. In filtration, generally a number of larger 
molecules, viruses, or gas bubbles should be separated from a fluidic medium. 
In such cases the exact absolute value of the flux is less important as long as all 
of the “unwanted” particles are filtered out completely. This is especially 
important in applications concerning sterile filtration. 
 
4.3.2. Mechanical strength of nanosieve membrane 
 
The mechanical strength of the nanosieve membrane is an important 
characteristic because of the fact that a high trans-membrane flux will cause a 
high trans-membrane pressure drop. The maximum trans-membrane pressure 
∆Pmax before a membrane with radius rm and thickness tn (see Figure 4.2.c) 
breaks may be predicted as [17]: 
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with σyield the yield stress and E the Young’s modulus of the membrane 
material, and K the non-perforated fraction of the membrane. Setting equation 3 
with σyield = 4×109 Pa and E = 385×109 Pa for SiN, rm = 2.5µm, tn = 0.01µm, and 
K = 0.8; ∆Pmax = 3.8 bar is calculated for the fabricated nanosieve membrane. 
This is close to the rupture strength of Pmax = 2 ± 0.2 bar as found 
experimentally [17]. Equation 3 can be used in optimizing the dimensions of 
both the microsieve with respect to the silicon frame (dSi, tm), and the nanosieve 
with respect to the microsieve support (dm, tn). With respect to the ultrathin 
nanomembrane, it is important to notice that the layer is deposited in such a way 
that an atomically smooth and planar surface is guaranteed. Such extremely 
smooth and planar surfaces increase the strength of the membrane and exhibits a 
further downscaling of the membrane’s thickness. 
 
4.3.3. Chemical and temperature resistance  
 
Experimentally, it is found that the chemical stability of the fabricated sieves is 
excellent; no change in the pore size is observed after dipping the membranes 
into aggressive solutions such as hot concentrated KOH (25% at 75 oC), piranha 
(H2SO4/H2O2 = 3/1 mixture at 100 oC), or HN03 (69% at 95 oC). Each test was 
conducted for 30 minutes. This property allows the nanosieves to be used in 
most separation environments and makes cleaning easy. In addition, the 
nanosieves survived at temperatures of up to 900 oC, allowing them to be used 
in harsh environments where any known polymeric membrane would fail [4]. 
 
 
4.4. Utilization of nanosieve membrane 
 
The fabricated nanosieve membranes may be used for various size-exclusion-
based separations in bioseparation and nanomedicine [1-4] with the advantage 
of gaining high separation fluxes, or improving dynamic responses of the 
process because of the drastic reduction in membrane thickness-10 to 30 nm for 
the present membranes compared to 9 µm for the microfabricated channel pores 
[2,3], and 100-200 µm for the polymeric membranes [4]. 
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Additionally, the present membrane may be used as a shadow mask for 
stencils [5], or it may be integrated with other silicon-based components such as 
nanochannels [18], or nanopumps to set up innovative applications. 
 
 
4.5. Conclusions 
 
Ultrathin SiN nanosieve membranes with uniform cylindrical pores and a pore 
size down to below 10 nm have been demonstrated in this chapter. In addition, 
these nanosieve membranes possess adequate mechanical strength, possible 
high separation flux, and high chemical and thermal stability. These properties 
allow them to be used in numerous of applications in different sectors.  
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Chapter 5 
 
 

Preparation of palladium-silver  

alloy films 

by a dual sputtering technique 
 
Abstract 
 

Submicron thick palladium-silver alloy films with 23wt% of silver 
content (Pd-Ag23) have been synthesized by simultaneously sputtered 
from pure targets of Pd and Ag. Full characterizations of the deposited 
films were performed using X-ray photoelectron spectroscopy (XPS), 
high-resolution scanning electron microscope (SEM), high-resolution 
transmission electron microscope (TEM) and X-ray diffraction (XRD). 
The results revealed that the dual sputtering technique is a powerful 
method to deposit Pd-Ag alloy films with a high composition control 
and fine microstructures. The characterized Pd-Ag alloy films were 
then deposited on microfabricated support structures (chapters 2 and 3) 
to form Pd-Ag membranes for hydrogen separation. 
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5.1. Introduction 
 
Up to now many methods have been developed to deposit Pd or Pd alloy films 
on porous supports to form membranes, including physical vapour deposition, 
electroless plating, electrodeposition, chemical vapor deposition (CVD), 
micro-emulsion, pyrolysis, pore-plugging by liquid impregnation and 
sputtering etc. [1-7]. Among the mentioned techniques, the most often used 
methods are electroless plating, CVD and sputtering. Under properly 
controlled conditions all three methods produce good quality thin Pd/Ag 
membranes, with hydrogen to nitrogen selectivity over 3000 at temperatures 
above 300 oC [9]. The two chemical methods (electroless plating and CVD) 
have the advantages of ease to scale up and flexibility to coat metal film on 
supports of different geometry, but the main disadvantage is the difficulty to 
control the compositions of the metal alloy deposited [5,9]. Sputtering has 
several advantages like: (a) synthesis of ultrathin films with minimal impurity; 
(b) easily controllable process parameters; (c) flexibility for synthesizing 
alloys; and (d) the ability to generate nanostructured films [10-13]. The last 
two points are very important in membrane preparation for hydrogen 
separation because alloy membranes help to overcome the problem of 
hydrogen embrittlement, while the nanostructured films may have unique size-
dependent properties e.g., a high hydrogen permeation [10,11]. 

Due to the mentioned advantages, sputtering has frequently been used 
to fabricate (sub) micron thick Pd-Ag alloy layers. Mostly, such layers are 
obtained by sputtering from a single alloy target of Pd-Ag. However, it was 
found that the sputtered layers have a significantly lower Ag content than the 
original target, due to a short target equilibration times [14-15]. For instance, 
Xomeritakis and Lin found a silver concentration of 15wt% for a film 
sputtered from a Pd-Ag25 at wt% target [15]. To avoid this compositional 
control problem, this chapter focuses on the preparation of submicron thick 
Pd-Ag23 wt% alloy films with high composition control using a dual 
sputtering technique. Different techniques are used to characterize the 
microstructures of the deposited Pd-Ag film. This well-characterized dual 
sputtered Pd-Ag alloy film is deposited on the support structures (chapter 2 
and chapter 3) to realize Pd-Ag membranes for hydrogen separation.  
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5.2. Dual sputtering experiment 
 
5.2.1. Experiment setup and sputtering conditions 
 
Experiments have been carried out in a DC magnetron sputtering system 
(Balzers Cryo, 2 inch diameter targets) that accommodates three targets, of 
pure Pd, Ag and Ti (99.99%; Engelhard-Clal Co.), each target having its own 
controllable power source. The sputter guns are arranged in a convergent 
manner, with the substrate rotating about its center with a speed of ca. 15-20 
rpm. The metal films (Pd, Ag, or alloys) were sputtered onto 4 inch, (100) 
silicon substrates with 500 nm of a wet-thermal grown SiO2 as an anti 
diffusion layer, mounted a distance of 13 cm from the metallic targets. Before 
sputtering, the system was pumped down to a base pressure of 10-7 mbar. 

The main objective of this chapter is the fabrication of a Pd-Ag alloy 
membrane, which is used for high temperature hydrogen separation. The 
deposited film therefore should be a film with accurate composition, high-
density (non-porous), crack-free, and fine grain size etc. To realize the above 
desired films, the well-known principle of the ‘Thornton model for sputtered 
films’ [16,17] in combination with the works of Ying and co-workers for 
sputtered Pd-based films [10,11] were consulted in choosing sputter pressure 
and sputter temperature. For instance, Ying and co-workers reported that they 
obtained thin, crack-free Pd films with a high-density and fine grain size at an 
Ar sputter pressure between 0.1 and 7 Pa [10,11]. Their claim is reasonable 
with a sputtering pressure that deduced from the Thornton model for sputtered 
films. The same authors [10,11] explained that at high sputter pressures (10-
100 Pa) the metal atoms collide with argon atoms and lose energy. This 
cooling leads to a high supersaturation of metal atoms, which can cause 
homogeneous nucleation to form nanocrystalline particles in the gas phase. As 
the gas pressure is lowered, homogeneous nucleation decreases, and the 
thermal atoms are likely to deposit directly onto the substrate, forming 
granular thin films with grain sizes in the nanometer range. Therefore, most of 
our experiments have been carried out at the Ar pressure from 0.1 to 1 Pa. 

Also, the work of Thornton [16,17] and others [12,13] were consulted 
to choose substrate temperatures during sputtering. As the melting points (Tm) 
of Pd and Ag are 1828 and 1234 K, respectively, sputtering the films at 
substrate temperatures (Ts) between 700 and 800 K (Ts/Tm ~ 0.4) would yield  
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Figure 5.1: Structural model for sputtered films [16-17]. 
 
high-density films with fine grain sizes. However, as Xomeritakis et al. 
reported that beyond a certain substrate temperature of about 700 K, tensile 
stresses develop in the sputtered films and may generate defects during cooling 
to the ambient [15], we mostly sputtered the films at the substrate temperature 
from 673 to 700 K. In addition, these temperatures are close to the temperature 
that membranes will be operated in a separation experiment (673-723 K), thus 
may minimize the thermal stress in the deposited film [12]. The pressure and 
the temperature during sputtering are given in Table 5.1. By using this set of 
process parameters, the realized Pd-Ag films may have microstructures that 
fall in a zone T in the Thornton model for sputtered films (Figure 5.1). 
 
 
5.2.2. Individual sputter rate of Pd and Ag 
 
Before doing a dual sputtering, it is important to determine an individual 
sputter rate of Pd and Ag. Therefore, several single sputter runs of Pd and Ag 
were done on silicon wafers with photoresist patterns. After sputtering, the 
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resist was removed by acetone in an ultrasonic bath, leaving a patterned metal 
layer of which the thickness was measured with a Dektak Surface Profiler 
(Veeco Dektak 8; 0.1 nm resolution). From these data, the sputter rate of each 
metal is calculated and given in the Table 5.1. 
 

Table 5.1: Dual sputtering parameters for  

the Pd-Ag 23wt% and Pd-Cu 23wt% alloy films. 
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5.2.3. Dual sputtering 
 
After determining the individual sputter rate of Pd and Ag, the Pd-Ag films 
were synthesized by simultaneously sputtering from pure targets of Pd and Ag 
on the silicon substrate described in the previous section, which contained a 20 
nm thick adhesion layer of Ti sputtered just before. During sputtering, the 
power supplies for Pd and Ag targets were 135 W and 26 W, respectively, 
corresponding to sputter rates of 25 nm/min for Pd and 8.5 nm/min for Ag. If 
these numbers are converted to weight concentrations, using (bulk) densities of  



Dual sputtering 
 
 

 67 
 

 
 

the metals, an alloy composition of Pd-Ag23 at wt % is expected. We did 
sputter materials at rather low sputter rates, e.g., ca. 4.1 nm/s for Pd and 1.4 
nm/s for Ag, as it may help to yield films with fine- (nano-) structures [10,11]. 
A sputter time was used to get the desired film thickness, e.g., 15 minutes are 
needed to achieve a 500 nm thick Pd-Ag film. Also, the thickness of several 
sputtered films was checked by a Dektak Surface Profiler and by a high-
resolution scanning electron microscopy (SEM). The results of these three 
methods were in agreement with each other. 
 
5.3. Characterization of the dual sputtered Pd-Ag film 
 
5.3.1. Compositions 
 
The composition of the deposited Pd-Ag films was checked by X-ray 
Photoelectron Spectroscopy (XPS) (PHI Quantera Scanning ESCA 
Microprobe), and a representative XPS result is shown in Figure 5.2. It can be 
seen that the composition is constant throughout the alloy film, and that the Ag 
content is just a little lower than expected, which might be due to the fact that 
the deposition rates of the metals in the dual-sputtering state are slightly 
different from those in the calibration runs in which only one target was used 
(perhaps due to a slight interference of the plasma fields on the two targets 
during dual-sputtering). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: XPS depth profile of the 300 nm dual-sputtering Pd-Ag film.  
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Figure 5.3: XRD pattern of the deposited Pd-Ag layer on a thin layer of SiO2 
on a silicon wafer. 

 
Furthermore, using bulk metal densities (12 gr.cm-3 for Pd and 10.5 

gr.cm-3 for Ag) to calculate the composition of the thin film could also be a 
reason for the lower Ag concentration. It has often been reported that, 
depending on the deposition conditions, the density of sputtered films is lower 
than that of bulk material [13].  
 
5.3.2. Phase and microstructures 
 
The crystalline properties of the deposited Pd-Ag layer were investigated by 
X-Ray Diffraction (XRD) (Philips, CuKα radiation). The results are shown in 
Figure 5.3. The XRD pattern consists of (111) and (222) diffraction peaks, 
where the (111) peak corresponds to a lattice spacing of 2.268 Å, to be 
compared with the corresponding {111} lattice spacing of pure Pd and pure 
Ag of 2.246 Å and 2.359 Å [15], respectively. The results indicate that the 
deposited Pd-Ag layer was an alloy of pure Pd and pure Ag, and exhibits a 
preferential orientation in the [111] direction. 

The average crystallite size was calculated by applying Scherrer’s 
equation to the (111) peak and found to be about 35 nm, which is quite 
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Figure 5.4: TEM image of the Pd-Ag film shows a non-porous film with fine 
polycrystalline structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: SEM image of the dual Pd-Ag film, deposited at the substrate 
temperature of 673 K. 
 
consistent with the grain size of sputtered Pd-Ag layer reported by 
Xomeritakis et al [15]. However, this grain size was about 2 times higher than 
that reported for the nanostructured Pd films [10,11], probably due to the fact 

Fine polycrystalline Pd-Ag
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  SiO2
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that our films were synthesized at higher substrate temperature than in [10,11]. 
Although the substrate heater was turned-off after the sputtering, the substrate 
(in vacuum) was still at high temperatures for several hours, makes the film 
grain growths. 

Additionally, the microstructures of the deposited Pd-Ag film were 
studied by a transmission electron microscope (TEM) (Philips CM30 Twin 
STEM) and presented in Figure 5.4. As can bee seen that the layer is a non-
porous film with fine polycrystalline structures. 

Furthermore, the surface morphology of the layer was investigated by 
a high-resolution scanning electron microscope (SEM) (LEO Gemini 1550 
FEG-SEM) and shown in Figure 5.5. As shown, the Pd-Ag film has smooth 
and uniform surface. The grain size of the film is about 40 to 50 nm (as looked 
on the surface), which is a little larger than that by the X-ray calculation. 
 
 
5.4. Fabrication of Pd-Cu alloy 
 
We also used the dual sputtering to fabricate other metal alloy membranes like 
Pd-Cu for hydrogen separation [18]. A reason for fabricating the Pd-Cu 
membrane is that the Pd-Cu membrane has been reported to have high 
resistance to poisoning by hydrogen sulfide and sulfurous constituents in gas 
mixtures while maintaining a desirable set of properties [19,20]. Sputter 
parameters for realizing the Pd-Cu alloy films is given in Table 5.1. About 20 
Pd-Cu alloy membranes with thickness from 200 to 750 nm were successfully 
fabricated, then tested with respect to the hydrogen separation (see chapter 6 
for separation results). 

The results of the thin film fabrication suggest that the dual sputtering 
method may be used to fabricate many other types of alloy films with highly 
accurate compositional control for other applications [21,22]. 
 
 
5.5. Application in membrane fabrication 
 
Finally, the characterized Pd-Ag films with the thickness from 100 to 1000 nm 
are deposited on the microfabricated supporting structures (chapter 2 and 
chapter 3) to form the Pd-Ag membranes for hydrogen separation. Figure 5.6 
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Figure 5.6: Pd-Ag membrane on the supporting microsieve. 
 
shows a part of Pd-Ag membrane on the supporting microsieve. As shown, the 
deposited Pd-Ag film has a smooth surface, and is free from defects. Also, in 
chapters 2 and 3 we briefly reported that the fabricated Pd-Ag membranes 
achieved the high hydrogen separation flux and high selectivity. More 
measurement data of the Pd-Ag film with respect to the hydrogen separation 
flux, selectivity, and film stability will be presented and discussed in chapter 6. 
 
 
5.6. Conclusions 
 
The dual sputtering procedure has been developed to synthesize submicron 
thick Pd-Ag alloy films with high composition control. Crack-free Pd-Ag alloy 
films with high density (non-porous), smooth surface, and fine polycrystalline 
structures were obtained. The information from the fabrication and 
characterization of the dual sputter procedure helps to realize submicron thick 
Pd-Ag membranes, which achieved high fluxes and selectivity. In addition, 
other alloy membranes with accurate composition like Pd-Cu membranes were 
successfully fabricated.  

 Defect free Pd-Ag film on the support 



Chapter 5  
 

 72 
 

The results of the thin film fabrication suggest that the dual sputtering 
method may be a powerful technique to synthesize alloys with accurate 
composition for different applications. 
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Chapter 6 

 
 
 

Hydrogen separation of the 

 Microfabricated Pd-based membranes 
 
 
Abstract 
 

In this chapter, a short background on hydrogen permeation through 
Pd-based membranes is given. Then, hydrogen separation results with 
respect to the separation flux and selectivity of the membranes 
fabricated in the chapter 2 and chapter 3 are presented. Subsequently, 
several advantages of the microfabricated membranes used for 
hydrogen separation are discussed. Afterwards, influences of steam and 
CO2 to the separation results are presented. Finally, surface 
morphologies of the membranes, which already performed separation 
or annealed at high temperatures are investigated using a high-
resolution scanning electron microscopy (SEM).  
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6.1. Introduction 
 
After fabrication at the University of Twente the membranes were sent to the 
Process Development Group, University of Eindhoven, for characterization with 
mainly respect to the hydrogen permeation flux and the membrane selectivity. 
Because separation results of the microfabricated membranes have been 
thoroughly described in a PhD thesis of F.C. Gielens, a second researcher 
working on this project [1], only main separation results are presented in this 
chapter.  

As briefly reported in chapter 2 and chapter 3 with the microfabricated 
membranes we obtained high separation fluxes and high selectivity; fluxes of up 
to 4 mol H2/m2.s were measured with a minimal selectivity of 1500 for H2/He 
(or 4000 for H2/N2) (Figure 2.10 and Figure 3.5). More measurement data of the 
microfabricated membranes will be provided in this chapter. Generally, the 
obtained fluxes are approximately one order of magnitude higher than the fluxes 
reported in the literature for Pd or Pd-based alloy membranes deposited on 
porous supports. To figure out reasons why with microfabricated membranes 
we achieved the high fluxes, several advantages of the microfabricated 
membranes using in a hydrogen separation are discussed. Subsequently, 
influences of steam and CO2 to the permeation flux are presented. Finally, 
because a large drop in membrane selectivity could be observed sometime, 
surface morphologies of the membranes after having been used for separation or 
have been annealed at high temperatures are investigated by SEM.  
 
 
6.2. Hydrogen transport in Pd-based membranes 
 
The permeation mechanism of hydrogen through Pd-based membranes was 
already presented in Figure 1.1. As presented, this permeation mechanism 
involves several steps in series [2-7]. These are, in order from the high 
hydrogen partial pressure side to the low hydrogen partial pressure side; 

1) transport from the bulk gas to the gas layer adjacent to the surface, 
2) dissociative adsorption onto the surface, 
3) transition of atomic H from the surface into the bulk metal, 
4) atomic diffusion through the bulk metal, 
5) transition from the bulk metal to the surface on the low partial 

pressure side, 
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6) recombinative desorption from the surface, and 
7) gas transport away from the surface to the bulk gas. 
 
The overall observed rate of permeation might be limited by one step if 

it is much slower than the others, or it may be governed by a combination of 
steps. Generally, to obtain high hydrogen separation flux, the Pd membranes are 
desired to be as thin as possible to speed up the diffusion step (step 4), while 
clean membrane surfaces help to speed up surface reactions (steps 2 and 6). 

Since hydrogen molecules dissociate into atoms to diffuse through 
metals, transport is calculated from the atomic flux. Fick’s law J = D ∆C 
describes the flux of hydrogen atoms, J, through a homogeneous phase as:  
 

                           JH = D (Centry - Cexit)/2t                                                (1) 
 
where D is diffusivity, Centry and Cexit are the concentration of hydrogen atoms 
dissolved in the membrane at the interfaces of entry and exit, respectively, and t 
is the membrane thickness. 

However, the relationship between flux and diffusivity often has been 
written in terms of gas pressures or powers of the gas pressure rather than in 
terms of concentrations [2-3,6-8]. This is a more convenient form to obtain the 
flux by experimentally determined values of pressure. 

When hydrogen atoms form an ideal solution in the metal (Sievert’s law 
hydrogen solubility dependence) and diffusion through the bulk metal is the 
rate-limiting step (diffusion through relatively thick films), CH (Centry and Cexit) 
is related to the partial pressure of hydrogen in equilibrium with the metal as: 
 

                                      CH = KS ( 2/1p )                                                (2) 

where KS is the Sieverts constant and P is the partial pressure of hydrogen in 
equilibrium with the metal. Equation 2 is commonly known as the Sievert’s law 
of hydrogen solubility dependence. [6-8]. The power of 1/2 comes from the 
dissociation of hydrogen molecules into twice as many atoms at low 
concentration. The flux of hydrogen molecules, J, in terms of pressure using 
equations 1 and 2 becomes: 
 

                          J = DKS ( 2/1
1p - 2/1

2p )/2t                                               (3) 
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where P1 and P2 are the partial pressures of hydrogen in equilibrium with the 
metal in the retentate and permeate, respectively. The hydrogen flux is inversely 
proportional to the membrane thickness, suggesting that thinner membranes 
give higher fluxes. 

As the membrane becomes thinner, at some “critical thickness” the 
solid-state diffusion will become rapid enough that other rate processes will 
begin to impact, and eventually limit the permeation rate. Deviations from 
Sievert's law behavior have been reported and attributed to various factors 
including the surface processes [6-10], surface poisoning [11-12], and grain 
boundaries [13]. Lewis [2] and others [5-8] suggested better approximations of 
the hydrogen concentration by a general power law to relate the concentration to 
the pressure 
 

                               CH = KS ( np )                                                          (4) 

leading to 

                              J = DKS (
nP1 - nP2 )/2t = Q (

nP1 - nP2 )/t                            (5) 
  

In this empirical equation, the hydrogen pressure exponent n is often 
used as an indicator for the rate-controlling step of the overall permeation 
through a metal composite membrane. When diffusion through the bulk metal is 
the rate-limiting step and hydrogen atoms form an ideal solution in the metal 
(Sievert’s law), n is equal to 0.5. A value of n greater than 0.5 may result when 
other processes like surface reactions, gas-phase resistance etc. influence the 
permeation rate or when the Sievert’s law is not valid. 

However, given the complexity of the overall transport mechanism, 
plus the difficulty in controlling and quantifying factors such as poisoning, 
surface or grain boundary contamination, and influence of grain size, it is not 
surprising that there is no agreement among experimental observations for very 
thin films by different research groups. For instance, Uemiya et al. have 
concluded that diffusion-limited permeation extends to thicknesses less than 10 
µm [14]. However, Ward and Dao predicted that the diffusion would still 
dominate on whole separation process in membranes with the thickness below 1 
µm [7]. Also, there is still uncertainty about the conditions under which 
“surface processes” become dominant, and the about impact of those processes. 
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The term Q in equation 5 is called the metal permeability, Q = DKS/2, a 
pressure-independent constant. A derived quantity, the “permeance” is the flux 

divided by the pressure driving force, ( np1 - np2 ), 
  

   permeance ≡ J/( nP1 - nP2 )/t  = Q/t                      (6) 
 

It should be noted that several metals in groups 3-5 of the periodic table 
have a higher hydrogen permeability (Q) than Pd [5,15], but they are not 
compatible with many feed streams due to their high chemical reactivity (John P 
Collins etc), therefore they are not often used for hydrogen separation. For 
instance, the hydrogen permeability of tantalum, zirconium, and niobium etc. is 
few times higher than that of Pd [15]. However, they are easily to be oxidized, 
which prohibits the dissociative adsorption of hydrogen molecules to hydrogen 
atoms on the membrane surfaces (KS ≈ 0), leading to almost no separation flux. 

The diffusivity D of hydrogen in Pd-based membranes can be written 
as: 
 

     D = Do exp (- Ed/RT)                                              (7) 
 
with Ed being the activation energy for diffusion, Do a temperature independent 
constant, and R the universal gas constant and T the absolute temperature. 
Therefore, doing separation at high temperature will increase the hydrogen 
diffusivity, thus increasing the hydrogen separation flux (see equation 5). 
However, high temperature decreases hydrogen solubility, leading to lower 
Sieverts constant [16-17]. This effect tends to flatten the temperature 
dependence of the hydrogen flux. Therefore, hydrogen separation experiments 
through the Pd-based membranes are often performed at temperatures from 573 
to 773 K in literature (see data for temperature in Table 6.2). 
 
 
6.3. Measurement setup and measurement procedures 
 
The permeability of the membrane was determined for H2 and helium (He) with 
a separation setup shown in Figure 6.1. Nitrogen (N2) was used as a sweep gas 
at the permeate side. All feed flow rates were measured and controlled with 
mass flow controllers (Bronkhorst High-Tec, EL-FLOW). The permeate  
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Figure 6.1: A schematic drawing of a separation setup. 

 
pressure was measured and controlled with an absolute pressure controller 
(Bronkhorst High-Tec, EL-PRESS). The trans-membrane pressure, the pressure 
drop over the permeate side, and the pressure drop over the retentate side were 
also measured (Hottinger Baldwin Messtechnik, PD1). A temperature-
controlled oven was used to ensure isothermal operation. The H2 and He 
concentrations in the permeate were measured by a Gas Chromatograph (GC) 
equipped with a Thermal Conductivity Detector (TCD) and a 5Å molecular 
sieve column. Argon (Ar) was used as the carrier gas, which gives the TCD a 
high sensitivity to H2 and He, and a poor sensitivity to N2. The purity of all 
gases used was 5N. 

The membrane module was placed in the stainless steel holder (see 
Figure 2.9)[2], which was installed in an oven for isothermal operation. The 
H2/He feed and the sweep gases were preheated in spiral channels placed in the 
same oven. The retentate flow was varied between 300 and 1000 ml/min and the 
H2 molar fraction was varied from 0.1 to 0.9 mol/mol. The permeate gas flow 
was kept constant at 300 ml/min. The experimental set-up was controlled by a 
PLC. A PC with Labview handled the data-acquisition at 100 Hz.  
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The set-up was running fully automatically 24 hours a day, and could 
handle 100 recipes without user intervention. For each recipe, 4 samples per 
hour were taken of the permeate and analyzed by GC [1,18]. 

If an average molar fraction of H2 in permeate is C (mol/mol) as 
measured by GC, a permeate flow rate is F (mol/s), and a membrane area is A 
(m2), then an average hydrogen flux J through the membrane is calculated as: 
 
                                              J = FC/A (mol H2/m2.s)                                  (8) 
 
 
6.4. Hydrogen separation properties of the membranes 
 
6.4.1. Separation flux  
 
By using the separation setup present in Figure 6.1, hydrogen fluxes versus the 
duration of the experiment of many membranes fabricated as described in 
chapter 2 and chapter 3 were measured.  Information of membranes and their 
measured average fluxes are given in Table 6.1. An example of the measured 
hydrogen flux versus the measuring duration of membrane M4 (500 nm Pd-Ag 
on the supporting microsieve) is presented in Figure 6.2. 

Data of Table 6.1 show that, depending on the experimental conditions 
(temperature and retentate hydrogen pressure) and membrane characteristics 
(membrane thickness and membrane material), hydrogen separation fluxes from 
0.6 up to 4.2 mol H2/m2.s have been measured. The highest fluxes of ca. 4 mol 
H2/m2.s were measured through the 500 nm Pd-Ag membrane on the supporting 
microsieve at 723 K and 0.83 bar H2 retentate pressure (Figure 6.2). 

Figure 6.2 shows that the flux is rather stable; it was first increased 
from ca. 3.6 to 4 mol H2/m2.s over a period of about 50 hours, then became 
stable. The increase of the flux in the first measuring period may be explained 
due to an increase in Pd grain size, as was supposed by Lin [19]. However, the 
increasing of the flux in our membranes is much less than that observed by Lin, 
although the increase in Pd grain size was also observed. 

Furthermore, after measuring for a period of ca. 120 hours, the retentate 
flow rate increased by about 50% from 600 to 900 ml.min-1 to investigate the 
flux changing. However, there was only a very small increase of the separation  
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Table 6.1: Membranes properties and the measured hydrogen fluxes. 

 
MEMBR. 

NAME 

 
MAT. 

 
SUPPORT 

 TYPE 

 
THICKNESS 

(µM) 

 
MEMBR. 

AREA 
(MM2) 

 
TEMP 
(K) 

 

 
PRETENTATE 

(H2) 
(BAR) 

 
FLUX 
(MOL 

H2/M2.S) 
 

M1 
 

Pd <110>-Si 1 8.8 723 0.3 0.6 - 0.7 

M2 
 

Pd Microsieve 1 3.3 723 0.8 1.7 - 1.8 

M3 
 

Pd-Ag <110>-Si 0.7 8.8 723 0.83 3.3 - 3.6 

M4 
 

Pd-Ag Microsieve 0.5 3.3 723 0.83 3.6 - 4 

M5 
 

Pd-Cu Microsieve 0.5 3.3 723 0.8 1.5 - 1.7 

 
flux, suggesting that the previous separation flux of about 4 mol H2/m2.s is a 
rather stable value in this measurement condition. 

Additionally, to investigate the membrane stability, one membrane was 
measured for a period of ca. 1000 hours, during which the membrane 
experienced a change of gas type and concentration, as well as temperature 
cycles between 300-723K. The measured results showed no significant 
reduction in the membrane flux or the membrane selectivity, suggesting 
excellent membrane stability at this range of temperature. In the case of direct 
depositing the metal films on the porous supports to form a membrane, probably 
strong interactions between the metal and the supports took place, especially 
when a top layer on the supports has very small pores, leading to instability of 
their membrane in terms of both the separation flux and the selectivity [8,20]. 
However, in the microfabricated membrane constructions (Figure 6.3.b and 
Figure 6.3.c), the Pd-based films are free-standing with a period of the slit width 
(28 µm) or the sieve diameter (5 µm) on SiO2 and SiN, which materials are both 
well known as good anti-diffusion barriers in IC technology. Therefore, in the 
typical range of temperatures in which hydrogen separation is performed (up to 
773 K), there is almost no diffusion of the metals (Pd, Ag, or Pd-Ag) into the 
support, contributing to the good stability of the membrane. 
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Figure 6.2: Hydrogen flow rate through the 500 nm Pd-Ag on the microsieve 
membrane as a function of time at temperature of 723 K, hydrogen pressure of 
0.83 bars in retentate. Note that after measuring for ca.125 hours, the feed flow 
rate was increased by 50% from 600 to 900 ml.min-1. 
 

It should be mentioned here that Table 6.1 provides flux data through 
the membranes with thickness of 500 nm or greater. The separation experiments 
for the thinner membranes have not been finished yet, although the very thin 
membranes e.g., membranes with thickness down to 100 nm, were successfully 
fabricated (chapter 3). The main reason was that during doing separation for 
membranes with thicknesses from 1000 nm down to 500 nm, we found that 
hydrogen transport through these membranes was limited by the surface 
reactions or other factors, not by the diffusion as we expected (discussed in a 
section 6.4.3). This implied that we would not gain much in flux by using the 
thinner membranes for separation. For instance, the flux of membrane M4 was 
increased only ca. 10% in comparing to that of membrane M3, while its 
thickness was about 40% thinner than that of M3 (Table 6.1). Additionally, the 
measured fluxes of ca. 4 mol H2/m2.s were rather high and somehow met our 
expectation with respecting to flux at that time. We therefore decided 
temporarily not to measure the very thin membranes. Rather, separations using 
membranes with thickness from 500 to 1000 nm must be continued to have a 
better understanding of membrane properties. Also, other important membrane 
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issues e.g., membrane resistances against several poisoning gases, an 
improvement of a membrane packaging should be studied as well. Of course, 
the separation for the very thin membranes would be interesting, therefore it 
will be performed if time allows. 

Although the fluxes through the very thin membranes have not been 
measured yet, the fluxes achieved in our work are already approximately one 
order of magnitude higher than the fluxes reported in the literature for thin Pd or 
Pd alloy membranes deposited on porous supports (see Table 6.2). In Table 6.2, 
all permeances were calculated based on n = 1. Also, permeate hydrogen 
pressures were taken to be zero for all permeance calculations in Table 6.2 
because it was difficult to pick up exact values of Ppermeate from literature reports. 
 
 
6.4.2. Advantages of the microfabricated membranes used for hydrogen 
separation  
 
Because the fluxes of the microfabricated membranes are about one decade 
larger than that of the conventional membranes, several advantages of the 
microfabricated membranes used for hydrogen separation are discussed.  
It has been reported that there are significant discrepancies in the literature on 
hydrogen permeation data through various thin Pd-based membranes prepared 
by different methods [7]. Also, these discrepancies could not be explained by 
the differences in membrane thickness, compositions, and preparation methods 
[7,19]. We suggest that the reasons for obtaining such high fluxes for the 
microfabricated membrane are:  

1) thin membranes with the high composition control were used [21]. 
2) microfabricated membranes have a very low resistance to the mass 
transfer, as virtually no support layer is present. 
Of these two advantages, the former has been often discussed in the 

literature [7,19,22], the latter is however a unique advantage of the 
microfabricated supports and has not been discussed in detail yet. Therefore it 
will be discussed here. For later discussions, three membrane supports; the 
conventional porous support of γ-α Al203 [23], <110>-Si support (chapter 2 this 
thesis), and supporting microsieve (chapter 3 this thesis) are depicted in Figure 
6.3.      
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Table 6.2: Comparison of the permeation result to the literature data  

of thin Pd and Pd-alloy membranes on porous supports. 

 

MEMBR. 

 

 

THICK. 

(µM) 

 

TEMP. 

(K) 

 

PRESSURE 

PRETENTATE 

(H2) 

(BAR) 

 

 

FLUX 

(MOL 

H2/M2.S) 

 

PERMEANCE 

(MOL 

H2/M2.BAR1) 

 

SELEC. 

(H2/HE) 

 

REFS. 

Pd/SS 5 623 1 0.15 0.15 100-200 
[6] 

 

Pd/γ-α 

Al203 
7-15 623 1 0.1-0.125 0.1-0.125 100-1000 

[6] 

 

Pd/SS 11.4 823 1.5-10 0.71 0.47 380 
[8] 

 

Pd-Cu/SS 11 723 3.45 0.81 0.27 1150* 
[24] 

 

Pd-Ag/γ-α 

Al203 
0.16-0.52 573 Not given 0.01  

Up to 

116** 

 

[27] 

 

Pd and 

Pd-Ag/ 

γ-α Al203 

 

0.1-1.5 

 

573 1 0.01-0.02 0.01-0.02 30-200 

 

[28] 

 

 

Pd-Cu/ SS 

 

2 723 1 0.84 0.84 3000* [43] 

Micro.Pd 0.2 373 0.5 4.5 9 UnKnown [44] 

Micro.Pd 0.2 723 0.2 
0.6-0.7 

 
3-3.5 > 1500 Chap.2 

Micro. 

Pd-Ag 
0.5 723 0.83 .6-4.2 4.3-5 >1500 Chap.3 

Micro. 

Pd-Cu 
0.5 723 0.8 1.7 2.125 > 1500 Chap.5 

 
* Selectivity for H2/N2 ; SS: porous stainless steel; 
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It is known that the mass transfer resistance associated with viscous 

flow (Hagen-Poiseuille type) or diffusion through the porous support could be 
significant in the composite membrane [7,22]. The viscous flow with flux J 
through the porous support may be calculated as [22]: 
    

                                      PPm
RTt
rJ ∆= *

8

2

ητ
ε

                                             (9) 

 
where the driving force ∆p = P1 - P2, ε the porosity, τ the tortuosity, r the 
average pore diameter, t the thickness of the porous medium, η the viscosity of 
the gases, the mean pressure Pm = 0.5 (P1+P2) with P1 and P2 the pressure at 
the inlet and outlet of the porous support respectively. Applying equation 1 
Ward and Dao estimated that to have a viscous H2 flow of 10 mol/m2.s at 673 K 
through a 1mm thick porous support with porosity of 50%, tortuosity of 3, and 
average pore diameter of 5µm would require a H2 pressure drop of 
approximately 0.4 bar within the support, assuming P2=0 and no other mass 
transfer resistance [7]. Moreover, Ward and Dao only estimated the pressure 
drop within the micro-porous support layer e.g., an α-alumina layer with micro-
pore sizes shown in Figure 6.3.a, the pressure drop within a nano-porous 
transition layer - a layer between the micro-porous layer and a deposited film 
e.g, a γ-alumina layer with nano-pore sizes in Figure 6.3, was not taken into 
account in their calculation. It is however well-known that the presence of this 
transition layer (with very small pores) is vital in the fabrication of gastight 
thin-film membranes on porous supports [22]. Although the transition layer is 
often about one micrometer thin, t in equation 9, it however consists of very 
small pores of a few tens of nm, i.e. very small r in equation 9, leads to a 
relatively large amount of the pressure drop. For instance, a calculation based 
on equation 9 shows that to have the above H2 flow (a viscous H2 flow of 10 
mol/m2.s at 673 K) through a transition layer of 1 µm thick with pore sizes from 
50 to 100 nm would require a pressure drop between 1 to 4 bar within the 
transition layer. 

Generally speaking, the loss of the pressure within the porous supports 
is considerably large. It is even a considerable loss in hydrogen separation using 
micron-thick membranes because micron-thick metal membranes often perform 
separation at relatively low hydrogen pressures, e.g., around 1 to 2 bars (see 
data from Table 6.2). A reason of using low hydrogen pressure has not been 
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explained clearly, but probably due to a limitation of mechanical property of the 
thin membranes, or/and an economic factor. Note, although Collin et al. [8] and 
Roa et al. [24] performed their separations with the retentate hydrogen pressures 
higher than 3 bars, but their membranes were ca. 11 µm in thickness. 
Obviously, the presence of the porous support in the conventional membrane 
construction significantly reduces the driving force across the Pd layer, thus 
strongly restricting the separation flux. 

In the microfabricated membrane construction (Figures 6.3.b, 6.3.c), at 
the same hydrogen flow would have only to travel through supports with much 
larger dimensions, e.g., r = 28 and r = 600 µm in Figure 6.3 b and 6.3.c, 
respectively, to access the Pd membrane surface, thus requiring a much smaller 
pressure drop. For instance, computer simulations (using flow solver CFX4.2) 
gave a pressure drop of only few tens of mbar from the inlet to the membrane 
surface in the membrane configuration shown in Figure 6.3.b [25]. The value of 
the pressure drop is even lower in the membrane construction in Figure 6.3.c. 
Due to the considerably smaller the pressure drop, the microfabricated 
membranes lead to much higher separation driving force across the separation 
layer, thus obtaining higher separation flux. 
 
 
6.4.3. Limitation in hydrogen transport though the Pd-based 
membranes 
 
As presented in the section 6.2 the permeation of hydrogen through the metal 
membranes involves several steps in series. The overall observed rate of 
permeation might be limited by one step if it is much slower than the others, or 
it may be governed by a combination of steps. And in practice it is important to 
determine which step is the rate-limiting step on the whole separation transport. 
For instance, if the diffusion through the membrane is the rate-limiting step, 
then reducing the membrane thickness leads to an increase of the separation 
flux.  

Also, it was discussed that hydrogen transport through the metal films is 
frequently described by the empirical equation, 
 

                                                J = Q (
nP1 - nP2 )/t                                                (5) 
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Figure 6.3: SEM images of conventional porous support and microfabricated supports 
show a big advantage of the latter over the former with respect to low mass transfer 
resistance. (a) γ-α alumina (after [23]). (b) Supporting in <110>-Si (chapter 2 this 
thesis). (c) Supporting microsieve (chapter 3 this thesis). 
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In the above equation, the hydrogen pressure exponent n may be used 
as the indicator for the rate-controlling step of the overall permeation through a 
metal composite membrane. 
 

   Table 6.3: Data of membranes used in a limitation transport study. 

 
MEMBRANE NAME 

 
MATERIAL 

 
SUPPORT TYPE 

 
THICKNESS 

(µM) 
 

M6 Pd Microsieve 1 

M7 Pd-Ag <110>-Si 0.7 

M8 Pd-Ag <110>-Si 1.2 

M9 Pd-Ag Microsieve 0.7 

 
The results of the experiments with varying H2 concentration in the feed 

at 673 and 723K for several membranes are given in Figure 6.4.a and 6.4.b, 
respectively. The type of the membranes used in these experiment series is 
given in Table 6.3. To determine which step limits the H2 transport rate, the 
measured fluxes are plotted against the difference in H2 partial pressure of the 
feed inlet and the permeate outlet. Then they have been fitted to equation 1 to 
obtain the corresponding value of n. More detail has been reported elsewhere 
[1]. As can be seen that the n-value close to 1 is obtained for all the measured 
membranes. This n-value indicates that the whole separation process is 
controlled by the surface reactions or other factors, but not by diffusion step. 
This result is consistent with the common observation for sub-micron thick Pd-
based membranes in literature  [5-7,9, 26-28], but it was indeed not our 
expectation. According to the prediction of Ward and Dao that diffusion of 
hydrogen atoms is rate-limiting may be extended for a membrane with a 
thickness below 1µm [7]. Therefore, we did expect that by using techniques of 
microfabrication to produce sub-micron thick Pd-based membranes - with very 
clean surfaces (no poisoning), well controlled microstructures, and the low mass 
transfer resistance - diffusion through these membranes would limit the transfer. 
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The fact that hydrogen transport though our membranes were governed 
by surface reactions may be caused by several reasons; 

1) the diffusion of hydrogen atoms through the sub-micron thick Pd-
based film may be extremely fast, therefore its influence on the 
overall hydrogen transport is very small. 

2) in the case of Pd-Ag alloy film, Pd and Ag from the film segregate 
to the two sides of the membrane, adding an extra resistance to the 
surface processes [29]. However, as we also observed the n values 
close to 1 for pure Pd membranes, therefore the segregation of 
elements in the alloys should not be the main reason for the 
dominance of the surface reactions. 

3) the membrane surface was possibly polluted or poisoned during the 
fabrication process or during measurement [19]. 

  
To investigate the hypothesis that the membrane was contaminated during 
processing, several membranes were checked by X-ray photoelectron 
spectroscopy (XPS) and Energy dispersive X-ray (EDX) before bonding them 
between the glass substrates, but there was no indication of contamination on 
the Pd-based film surfaces. However, we could not check the membrane states 
after the bonding step due to the coverage by the glass substrates, so it remains 
unknown whether contaminations may arise from the anodic bonding process. 
Since this process was carried out in vacuum, such contamination is not 
expected. It is possible that the membrane became polluted with carbon, 
introduced from the graphite sealing, a possibility reported by Lin [19]. 

We suppose that although thick Pd-based membranes are reported to be 
fairly immune to surface poisoning [30-31], but since our membranes are thin 
and so permeable, they may foul with impurity concentrations that would go 
unnoticed with thick Pd membranes or alloys. This issue however will be 
further discussed in a section 6.5.1 (a steam influence section).  
 
6.4.4. Membrane selectivity 
 
Separation membrane should not only allow a high flux, but also a high 
selectivity. The selectivity of the microfabricated membranes for hydrogen over 
other gases like He and N2 is therefore measured and presented here. 

Possible membrane leaks during the permeation experiment can be 
detected by measuring the He concentration at the permeate side. However, no 
He was found during the experiments. Therefore, in order to calculate a 
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Figure 6.4: Hydrogen flux as function of the hydrogen partial pressure in the 
retentate shows n close to 1: (a) Measurements at 673 K. (b) Measurements at 
723 K (the lines to guide the eye). 
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minimum selectivity of H2 over He, the detection limit of the gas 
chromatograph (GC) for He is used as the maximum He concentration. In this 
way, a minimal separation factor of 1500 for H2 to He (or equivalent to about 
4000 for H2 to N2) was calculated. Recently, by using new GC with the better 
detection limit for He, a minimal separation factor of 2850 for H2 to He has 
been obtained. This high selectivity indicates that the microfabricated 
membranes are most likely defect-free.  

We discussed in the section 1.4 of chapter 1 that in the conventional 
technology the separation layers (Pd-based films) are directly deposited on 
porous supports, which leads to several problems. One of them is that the 
micron-thick metal films could not cover up the supports completely, 
consequently leading to the membrane defects, i.e. raising the membrane 
leakage. A principle difference of microfabrication approaches is that the 
separation layers are first deposited onto dense, atomically smooth, and clean 
surfaces of previously microfabricated supports, then etched free later (see 
Figures 2.2.d and 3.2.d). As deposited on the dense and smooth surface, the 
deposited films, even the sub-micron thick films, can cover the support 
completely, leading to defect-free membranes.  

Preparing the membranes in a dust-poor clean room environment was 
the key point to get defect-free membranes. Vos and Verweij claimed that the 
use of a clean room reduced the average concentration of particles of 0.5 µm 
from 18 million m-3 in normal laboratory air to less than 100 m-3 in a class 100 
clean room, where our membranes are prepared [32]. Without clean-room 
conditions, the number of defects caused by particles from the air was estimated 
to be at least five defects of Ø > 0.5 µm.cm-2 of membrane surface. This number 
dropped to <<1 when our clean room conditions were applied. 
 
 
6.5. Influence of steam and CO2 on the H2 flux 
 
In practice, hydrogen is commonly to be separated from hydrogen gas mixtures 
containing other gases like CO2, steam, and CO etc. Therefore, influences of 
CO2 and steam on the H2 permeation behavior of membranes M1 (1000 nm Pd 
on <110>-Si) and M4 (500 nm Pd-Ag on microsieve) are briefly presented and 
discussed here.  

To study the influences of CO2 and steam on the H2 permeation, the 
measurement setup presented in Figure 6.1 had to be modified, and the detail of  
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Figure 6.5:  Influence of steam on the flux at 623 673, and 723 K of the 
membrane M1. The steam and H2 concentration was 20 vol.%. Except for the 
measurement at 723 K the steam concentration was 30 vol.% from 0 to 14 hours 
and for the measurement at 623 K the H2 concentration was 10 vol.% from 59 
to 63 hours. 
 
the modifications were reported in [1]. Then influences were studied at feed 
concentrations of 20 vol.% CO2 or H2O, 20 vol.% H2 and 60 vol.% He at 
temperatures of 623, 673 and 723 K. 
 
6.5.1. Influence of steam 
 
In Figure 6.5 the influence of steam on the permeation behavior of membrane 
M1 is given as function of time (t) at 623, 673 and 723 K. In the graph the 
permeation is given before, during and after feeding the membrane with the 
steam mixture. The three stages are represented in this graph; the hatched region 
represents the stage prior to the H2O addition (t < 0), the next region (t = 0 to t = 
60) represents the stage of H2O addition to the feed, and the last one (t > 60) 
represent the stage after H2O addition. 

As can be seen that directly after the start of the steam addition, a sharp 
decrease in fluxes is observed at all three temperatures. A drop of ca. 50%, 
43%, and 35% is observed at 723 K, 673 K, and 623 K, respectively. 
Afterwards, the flux in all series slowly increased until they reach steady fluxes. 
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A small distortion of the flux measuring at 723 K is visible, but this is caused by 
a change of the feed steam concentration. The time necessary to reach a steady 
flux decreased with increasing temperature. 

After the steam addition is stopped, the H2 flux increases sharply and 
then reaches stable values within several hours. Only in the series at 623 K a 
drop in the flux (from t = 59 to t = 63) is observed, but it is caused by a change 
in H2 feed concentration. The sharp increase in flux of the membranes that 
previously worked with steam might be result of two processes: steam may 
clean the Pd surface or steam makes the Pd surface more active for H2 
dissociation. The above phenomena gives us a very important suggestion; prior 
to perform hydrogen separation, the membrane may be given a steam treatment 
to clean or activate its surface, thus obtaining even higher separation fluxes 
reported in section 6.4.1. 

Based on above suggestion, several Pd membranes have been treated 
with steam, and used for separation. As expected, the measured fluxes were 
high and ca. 2 to 3 times higher than that of the membranes without steam 
treated. For instance, a flux of ca. 8 mol H2/m2.s was measured though a 1000 
nm pure Pd membrane at 723 K and 0.83 bar retentate hydrogen pressure (see 
Figure 6. 6). More interestingly, analyzing the hydrogen separation fluxes of the 
steam treated membranes (Figure 6.7) shows that the whole separation process  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Hydrogen flux of steam treated M1 membrane at 723 K. Retentate 
hydrogen pressures were varied from 0.1 to 1 bar. 
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Figure 6.7: Hydrogen flux of steam treated M1 membrane as function of the 
retentate hydrogen pressure shows the diffusion through the membrane layer is 
the rate-limiting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Influence of CO2 on fluxes at 623, 673, and 723 K of the 1000 nm 
Pd on <110>-Si (M1 membrane). The hydrogen concentration was zero at 623 
K from 120 to 166 hours, caused by an involuntary hydrogen valve shutdown. 
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though these membranes was almost governed by the diffusion step (n ≈ 0.5 in 
equation 5) although it was dominated by the surface reactions before (n ≈ 1 in 
equation 5). 
 
6.5.2. Influence of CO2 
 
Influence of CO2 on the hydrogen permeation fluxes of Pd membrane at three 
temperatures of 623, 673, and 723 K are shown in Figure 6.8. Presentations of 
drawing areas are the same as in Figure 6.5.  

It can be seen that the hydrogen flux of all three series drop after the 
CO2 was added. The hydrogen flux of the 723 K series sharply drops just after 
the addition of CO2, while the fluxes in series at 623 and 673 K show a large 
reduction after CO2 was added for 20 and 30 hours, respectively. After these 
sharp drops, the hydrogen fluxes stabilize at values of 0.25, 0.51, 0.59 mol 
H2/m2·s at 623, 673, and 723 K, respectively. Generally, after the addition of 
CO2, the drops of ca. 44%, 45%, and 36% in fluxes are observed at 723 K, 673 
K, and 623 K, respectively. However, after the CO2 addition is stopped, the 
fluxes increase to their prior values, except the series at 723 K behaves a little 
difference. More details about the CO2 influence on the hydrogen separation 
flux of the membrane have been reported elsewhere [33]. 
 
6.5.3. Influences of other gases 
 
So far, the influence of steam and CO2 on the hydrogen separation of the 
microfabricated membranes have been investigated and reported. In fact, 
hydrogen is commonly to be extracted from gas mixtures that not only contain 
CO2, steam, but also CO, sulfur and chlorine. Therefore, the influence of these 
gases on the membrane behavior should be investigated as well [5-7,19,23]. 
Actually, the Pd-Cu membranes were developed, mainly aimed at testing the 
membrane resistance against the above poisoning gases. However, these tests 
have not been able to be carried out yet, due to a limitation of time and a 
limitation of the our measurement equipment and conditions. 
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Figure 6.9: Schematic drawing (not on scale) of holder and of the module 
assemblage.  
 
6.6. Instability of membrane at high temperature 
 
6.6.1. Membrane requirements to work at high temperature and the 
new packaging setup 
 
In section 6.4.1 we have reported that the microfabricated Pd-based membranes 
showed good stability at operation temperature up to 723 K. For instance, one 
membrane was tested for ca. 1000 hours, but the measured results showed no 
significant reduction in the membrane flux or the membrane selectivity. 
Therefore it was concluded that the fabricated membranes can operate well at a 
range of temperatures up to 723 K. 

It should be mentioned that although anodic bonding of the wafer 
membrane with glass cover helps to realize the very robust membrane module, a 
main limitation is that the membrane module, and therefore the membrane, can 
not be operated at temperatures higher than a softing point of glass of ca. 773 K.  

However, in the membrane applications, one often desires to operate the 
membranes at higher temperature to obtain possibly higher separation fluxes. In 
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particular, a working at temperatures higher than 723 K is one of critical 
requirements for the Pd-based membranes when used as membrane reactors for  
 (de) hydrogenation reactions, as these reactions often have to be carried out at 
800 K or higher. For instance, in a dehydrogenation of methylbenzene to 
produce styrene: 
 

232563256 HCHCHHCCHCHHC +−−⇔−−  
 
Pd membranes may be employed for hydrogen removal to shift the 
thermodynamic (equilibrium) towards higher conversions.  

To investigate a possibility to use the membranes at high temperature, 
several membranes without glass covers were directly packaged into the steel 
holder by a new packaging set-up (Figure 6.9), then tested for hydrogen 
separation at 823 K to 873 K. 

The new module in Figure 6.9 consists of two stainless steel plates with 
Swagelok connections, two graphite layers, and the wafer membrane. Two 
stainless steel plates are pressed on the wafer membrane by screws to make the 
device gastight.  The two graphite layers are used as sealing and tress-reducing 
medium. Details of the new packaging will be reported By Gielens [1]. 
However, the reliability of this new packaging procedure needs to be improved 
as the wafer membranes sometimes broke during packaging. 
 
6.6.2. Separation results and instability of membrane at high 
temperature 
 
The hydrogen flux through the membrane measured at high temperatures was 
very high. For example, a flux of ca. 10 mol H2/m2.s was measured through a 
900 nm Pd membrane at 873 K with retentate hydrogen pressure of only 0.2 
bars. However, we observed that this high flux was unstable. More seriously, 
the membrane selectivity quickly and drastically dropped. The membrane 
selectivity could not even be detected after 7 hours of measurement.  
 
6.6.3. Hole creation in membrane at high temperature 
 
To reveal the reason that caused the loss of membrane selectivity, the surface 
morphology of the membranes before and after separation (at 873 K) was 
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investigated using scanning electron microscope (SEM), results are shown in 
Figure 6.10. 

As can be seen that a pristine membrane has a smooth surface without 
any defect or hole (Figure 6.10.a). However, the surface morphology of the 
membranes has been drastically modified after separation; many holes are 
formed in the metal films (Figures 6.10. b, c and d). Such holes were obviously 
a reason for the complete loss of the membrane selectivity. 

Because the thin metal membranes were used for hydrogen separation 
at relatively high temperatures, it can be assumed that there were annealing 
effects on them. And the formation of the holes on the annealed thin metal 
membranes has been commonly attributed for several reasons such as; 

1) the growth of grains in thin metal film (crystallization process) to 
reduce its total surface areas, therefore reducing a total free energy 
inside the film [34-35,40]. This process forms “hillocks” and 
“voids” (or holes as called in this work) in the membrane [36-37]. 

2) the stress caused by the mismatch in thermal expansion coefficient 
between the films and supports [38-40]. For instance, thermal 
expansion coefficients are ≈ 10, 19, and   2.7-3.7, and 2.5 ppm/oC 
for Pd, Ag, and SiN, and silicon substrate, respectively. It has been 
discussed that hillocks and voids are created in annealed thin films 
e.g., an annealed aluminum film, due to a stress relaxation [40]. 

3) For the hydrogen separation membrane, the hydrogen has additional 
effects that enhance the restructuring the metal films. For example, 
hydrogen is reported to induce a phase separation in several alloys, 
including Pd-Ag [29,41]. 

The grain growth in the annealed thin film has been described in detail 
by Bryden and Ying [34-35]. They also suggested that supersaturated Pd alloy 
membranes stabilize against grain growth. For example, the alloy of Pd-Y (30 
wt% of Y) is stable in a hydrogen environment at temperatures up to 873 K 
[35]. 

We observed in all the deteriorative membrane samples that although 
the holes were created; the thin films were still free standing on the support. 
They were not detached or cracking from the support as reported by Bryden and 
Ying [34], and Liu et al. [35]. These researchers claimed that their membranes 
were delaminated from the support due to high stresses in their films. Based on 
the above observations and discussions we suppose that that the stresses in the 



Hydrogen separation 
 

 99   

Pd or Pd-Ag films were not too high, therefore they should not be a main reason 
for the hole creation in the films. 

 
 
        
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.10: SEM images show morphologies of separation films on the 
supporting microsieve before and after performing hydrogen separation at 873 
K for ca. 15 hours. (a) A pristine surface of 500 nm Pd as seen through the 
microsieve. (b) A after performed separation. (c) and (d) show 500 nm Pd-Ag 
membrane  after separation. 
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To investigate the influence of hydrogen onto the hole formation in the 
membrane at high temperature, two fresh Pd and Pd-Ag membranes with a 
thickness of 500 nm were prepared on the supporting microsieve, then annealed 
in a nitrogen environment at temperatures of 773 k and 823 K, each temperature 
for a period of 100 hours. Afterward, surface morphology of the annealed 
membranes was investigated by a high-resolution SEM. The results are 
presented in Figures 6.11.a-d. As shown, the surfaces of the annealed films are 
deteriorated in a similar fashion as those used for hydrogen separated. Grain 
size increased in membranes annealed at 773 K. They keep growing at higher 
temperature and eventually create the holes (voids) in the membranes at 873 K. 

However, holes size and number of holes in the annealed films are 
smaller and less than those in the hydrogen separated films, although the 
annealing time (100 hours) was much longer than the separation time (15 
hours). Apparently, hydrogen speeds up the structure rearrangement in the thin 
films.  

Based on the above observations and discussion, we may conclude that 
the hole creation was mainly caused by the grain growth and an influence of 
hydrogen, which needs further investigation. The stress however has less 
influence.  
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Figure 6.11: SEM images show morphologies of films after annealing. (a) Pd 
film at 773 K. (b) Pd-Ag film at 773 K. (c) Pd at 873 K. (d) Pd-Ag film at 873 K. 
 
 
6.7. Conclusions 
 
The microfabricated membranes lead to high separation flux as well as high 
selectivity; fluxes up to 4 mol H2/m2.s were measured with a minimal selectivity 
of 1500 for H2/He. This flux is approximately one order of magnitude higher 
than the flux reported in the literature for Pd or Pd-based alloy membranes 
deposited on porous supports. Several advantages of the microfabricated 

                 (c)     (d) 

 

   Pd film with large grains
  

 Pd-Ag film with large clusters  

 

       (a)               (b) 

Holes

Holes



Chapter 6 
 
 

 102

membranes used for hydrogen separation, a low mass transfer resistance, using 
thin membrane with high composition control were attributed for the reasons of 
obtaining high flux. In addition, the membrane showed excellent stability at 
temperatures up to 723 K. 

The analysis of the experiments suggests that surface reactions were the 
limiting step on the whole hydrogen separation process.  
The influences of steam and CO2 on the hydrogen separation flux were studied. 
The flux was initially reduced from 35 to 50 % when steam or CO2 
 
were added. However, the flux recovered to the prior value when CO2 was 
removed. Interestingly, membrane allowed higher flux after steam was 
removed. Separation by steam treated membrane turned out to be limited by 
diffusion. It was supposed that the steam cleans the membrane surface or makes 
the surface more active for dissociation of hydrogen molecules to hydrogen 
atoms. Nevertheless, more experiment results are needed to confirm as well as 
explain the steam effects. 

Hydrogen separation at high temperature from 823 to 873 K was 
performed. The flux was initially high, but holes in the membranes appeared, so 
they completely lost their selectivity. The hole creation might be attributed for 
thermal grain growth, but pressure leads to more and large holes.  
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Chapter 7 
 

 

Conclusions and future research 
 
 
Abstract 
 

In this final chapter an overview will be given of the most important 
experimental results obtained in the research presented in this thesis. 
Then, basis concepts are provided for several future research 
proposals, including palladium (Pd)-based membrane reactors for (de) 
hydrogenations, silver (Ag)-based membranes for oxygen separation, 
and a nanosieve shadow mask for pattern transfer of nanodots, and a 
nanoslit-mask for patterning (metal) nanowires. 
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7.1. Conclusions 
 
Chapter 1: Introduction  
 
A short description was given to explain why Pd-based membranes have been 
extensively studied and used as hydrogen selective membranes in hydrogen 
separation and in (de) hydrogenation reactions. Also, current and potential 
applications of pure hydrogen were reported. These applications of pure 
hydrogen have required the development of methods to extract hydrogen from 
gas mixtures. 

Using Pd-based membranes to separate hydrogen from gas mixtures is a 
promising technology because it enables a high hydrogen separation flux and a 
high selectivity for hydrogen over the other gases. Then, the two main types of 
the conventional Pd-based membranes: self-supporting membranes; and 
composite type structures were briefly described, pointing out several 
limitations of these existing membrane types.  

Finally, the main goal of this thesis was pointed out: exploring 
techniques of microfabrication technology to make thin and defect-free Pd-
based membranes for hydrogen separation and membrane reactor for (de) 
hydrogenations. 
 
Chapter 2: Membranes on a <110> silicon wafer 
 
An innovative process for the microfabrication of Pd and Pd-Ag alloy 
membranes on a <110>-Si frame was developed. Dual sputtering was used to 
synthesize Pd-Ag alloy films having a thickness between 700 and 1000 nm 
containing 23 wt% Ag. The films were deposited on the unetched side of the 
<110> silicon support, and etched free in a final step. This approach is the key 
point to obtain thin and defect-free membranes.    

From the fabrication point of view, the membranes were fabricated by a 
relatively simple process; the process utilizes only two masks, KOH etching of 
<110>-Si, and thin film sputter deposition. Anodic bonding of thick glass plates 
(containing powder blasted flow channels) to both sides of the silicon substrate 
was used to package the membranes and create a robust module. This was 
important because the robust membrane module allowed it to be integrated 
easily into a membrane holder to have gas-tight connections to the outer world.  

The mechanical strength of the membrane was found to be adequate; 
pressures of up to 4 bars at room temperature did not break the 1000 nm Pd-Ag 
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membrane. However, the fabrication of membranes thinner than 700 nm while 
maintaining sufficient strength is difficult using the technology presented in this 
chapter. 700 nm Pd-Ag membrane obtained a high separation flux of ca. 3.6 mol 
H2/m2.s with a minimal selectivity of 1500 for H2/He at 450 oC and 0.83 bar H2 
retentate pressure. 

Based on the above results, it is concluded that micron thick and defect-
free Pd-based membranes can be fabricated. 
 
Chapter 3: Membranes on a supporting microsieve 
 
Another successful process was developed to fabricate Pd-based membranes 
with thickness down to 100 nm. The technique uses an additional silicon nitride 
(SiN) microsieve support to enhance the mechanical strength of the membranes. 
Again, the deposition of the Pd-based films on a dense and planar support 
makes defect-free thin membranes possible. 

From the fabrication point of view, the fabrication process developed in 
this chapter is more complicated than that presented in chapter 2 because it 
requires the use of the SiN microsieve.  In addition, this film can only be 
patterned by dry etching, leading to low fabrication throughput. However, the 
advantage of this technology is that it allows the fabrication of very thin and 
strong membranes. For instance, 100 nm thick Pd-Ag membranes can withstand 
a pressure difference over 2 bars. 

The microfabricated membranes obtained high separation fluxes; 500 
nm Pd-Ag membrane achieved fluxes of up to 4 mol H2/m2s with a minimal 
selectivity of 1500 for H2/He. The measurement results show that the surface 
processes control the hydrogen transport through the membrane. This fact 
explains why the flux is not much higher than that reported in chapter 2. Based 
on the fabrication and measurement results, it is concluded that the microsieve 
technology allows us to fabricate very thin but strong membranes. 
 
Chapter 4: A silicon nitride nanosieve membrane  
 
Nanosieve membranes with a pore diameter below 10 nm are fabricated in an 
ultrathin micromachined silicon nitride membrane. In this new membrane type, 
the technology introduced in chapter 3 is adapted to form a nanosieve 
membrane supported by the microsieve.  
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The nanosieve membrane possesses adequate mechanical strength, 
possible high separation flux, and high chemical and thermal stability.  

Although the developed nanosieve membranes could not be used in 
hydrogen separation application, they have a great potential to be used in many 
applications in different sectors, ranging from as absolute sterile filtration 
(bacteria as well as viruses), size-exclusion-based separations, templates for 
nanosensors, and nano shadow masks etc. Therefore, a further research on this 
membrane is strongly recommended. 
 
Chapter 5: Preparation of Pd-Ag alloy films by a dual sputtering 
technique  
 
A dual sputtering procedure is developed to synthesize Pd-Ag alloy films with 
the high composition control. Crack-free Pd-Ag alloy films with high density 
(non-porous), smooth surface, and fine polycrystalline structures etc. are 
obtained. These films are very useful to achieve high hydrogen separation 
fluxes and with high selectivity. 

The results suggest that dual sputtering may be a powerful technique to 
synthesize other alloy films with accurate compositions for different 
applications. 
 
Chapter 6: Hydrogen separation of the microfabicated membranes 
 
The microfabricated membranes lead to high separation flux as well as high 
selectivity; fluxes up to 4 mol H2/m2.s were measured with a minimal selectivity 
of 1500 for H2/He. This flux is approximately one order of magnitude higher 
than the flux reported in the literature for Pd or Pd-based alloy membranes 
deposited on porous supports. Several advantages of the microfabricated 
membranes e.g., a low mass transfer resistance of the supports and a high 
composition control of the separation film are attributed as the reasons of 
obtaining such high fluxes. In addition, the membranes show excellent stability 
at temperatures up to 723 K. 

The analysis of the experiments suggests that surface reactions are the 
limiting step on the whole hydrogen separation process.  

The influences of steam and carbon dioxide (CO2) on the hydrogen 
separation flux were studied. The fluxes are initially reduced from 35 to 50 % 
when steam or CO2 is added. However, the flux recovered to the prior value 
when CO2 is removed. Interestingly, the membrane shows a higher flux after the 
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steam is removed. Separation by steam treated membrane turned out to be 
limited by diffusion. It is supposed that the steam cleans the membrane surface 
or makes the surface more active for dissociation of hydrogen molecules to 
hydrogen atoms. Nevertheless, more experimental data is needed to confirm as 
well as to explain the steam effects. The investigation of other important 
poisoning gases like sulfurous and chlorine containing gases on the membrane 
behavior needs further research. 

Hydrogen separation at high temperature from 823 to 873 K is 
performed. The flux is initially high, but holes in the membranes appear, so they 
completely lose their selectivity. The hole creation might be attributed for the 
thermal grain growth, but stress and hydrogen lead to more and large holes. The 
use of alloy materials that can stabilize against the grain growth is 
recommended in fabrication of membrane for high temperature applications.  
 
 
7.2. Future research 
 
7.2.1. Palladium-based membrane reactors 
 
Up to now the application of the developed Pd membranes has been mainly 
investigated and discussed with respect to hydrogen separation, but the Pd-
based membranes can be used as membrane reactors for (de) hydrogenations as 
well [1-4]. By selectively adding or removing hydrogen from a reaction, the 
steady-state concentration of reactants and products can be shifted to a more 
favorable equilibrium conversion [5]. For instance, by continuous adding 
hydrogen through a Pd membrane in to a membrane reactor Niwa et al. 
converted a ca. 90% of benzene to a high-value chemical of phenol, compared 
to the closed-system equilibrium conversion of less than 5% [6]. Moreover, this 
synthesis process was carried out at relatively low temperatures (150 to 250oC) 
and at atmospheric pressure. 
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Figure 7.1: A process development for a membrane reactor. 
 
 

<110>-Si with SiO  and SiN, lithography,
 dry etching SiN and BHF etching SiO

2

2

Catalyst ( Pt or  Pt/Rh)

 Pd-based materials

 Packaging

KOH etching si until ca.30 m Si leftµ

Patterning Microsieve

Resist coating and lithography 

Depositing catalyst (oblique sputtering or evaporation), lift-off

TMAH etching Si, etch-stop on SiO , 
(protecting catalyst side by a chuck) 

2

Sputtering Pd or Pd alloys

Dry etching SiN, BHF etching SiO2



Conclusions and future research 
 
 

 113 
 
 

For many reactions, the presence of catalyst(s) within a system is 
required. Therefore, a membrane reactor is suggested as presented in Figure 7.1. 
This process scheme does not directly depend on the intended application of the 
reactor, and is rather similar to that for the microsieve supporting membrane 
(chapter 3). Nevertheless, there are some notes; 

1) In any reaction, the use of catalysts with highly porous structures is 
desirable, because the porous catalyst has a large contact area, thus increasing 
the contact between the catalyst and chemicals. We recommend using of an 
oblique-angle sputtering, or an oblique-angle evaporation [7-10] to deposit the 
catalyst (Figure 7.1.d), as these techniques can realize the catalyst films with 
highly porous structures. 

2) The use of a tetramethylammonium hydroxide solution (TMAH) for 
the second silicon removal is recommended (Figure 7.1.e), because TMAH 
normally does not attack metals [11], and may not poison the catalyst 
properties. Using a chuck to cover the catalyst side during this step is another 
option.  

3) Because certain Pd-alloys are poisoned by certain gases [12], 
choosing the right type of alloy for a specific gas mixture is important. For 
instance Pd-Cu membranes are reported to have a high resistance against 
sulfurous containing gases [13-14]. Actually, Pd-Cu alloy membranes 
containing Cu contents between 23 to 40wt% were synthesized in this project 
[14]. Although the Pd-Cu membranes were tested with respect to the hydrogen 
separation, testing them with sulfurous containing gases was not conducted due 
to the limitation of time in the project. 

4) Depending on reaction conditions, especially operating temperature, 
the reactor can be packaged (Figure 7.1.h) with polymers [15], glasses [16-17], 
or directly inside a stainless steel holder. Packaging the reactor with polymer is 
simple and cheap, but the device can not work at high temperature, while a glass 
covered reactor is only able to operate at temperatures below ca. 773 K. If the 
reactor (without bonding with glass plates) can be directly packaged into the 
stainless steel holder (Figure 6.9), it will be able to operate at high temperatures, 
which is one of the important conditions for several reactions to be taken. 
Actually, several membranes were directly packaged into the stainless steel 
holder for testing membrane at high temperatures (see section 6.6 chapter 6), 
but we found out that the membranes were broken quite often. Because it is 
very important to make reactor that can work at high temperature, a further 
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research on this subject is highly recommended. Also, it is important to use 
membrane materials that can stabilize against grain growth (section 6.6). 

 
7.2.2. Silver-based membranes for oxygen separation 
 
In a number of industrial processes, the separation of oxygen from gas mixtures 
plays an important role [18]. Normally, oxygen is separated from air by 
distillation at high pressures and low temperature [19]. However, the low 
energy efficiency of this cryogenic air separation process and the safety risks, 
which are caused by the presence of pressurized pure oxygen in the system, are 
major disadvantages. 

Alternative ways to separate oxygen from a gas stream are using 
pressure swing adsorption [20], porous (polymeric and ceramic) membranes 
[21], and dense membranes [18,22-24]. Among these methods, the use of dense 
membranes [18,22-24] is a promising technology because it can give high-
purity oxygen.  

Dense membranes for oxygen separation are commonly based on 
inorganic oxide ceramics, e.g., mixed-ionic-electronic conducting Perovskites 
[18,22]. In the last decade, extensive research has been conducted to deposit 
Perovskite-based films on porous supports, preferably of the same material to 
avoid compatibility problem, thus forming the membranes for oxygen 
separation. In addition, this membrane has many applications, including the 
partial oxidation of light hydrocarbons, e.g., natural gas to value-added 
products, waste reduction and recovery [18,21]. Unfortunately, inorganic oxide 
ceramics normally have a coefficient of thermal expansion that is ca. one order 
of magnitude higher than that of the silicon, so the films of these materials on 
the silicon-based supports cracks at modest temperature [25]. Therefore, it 
would be very difficult to obtain defect-free Perovskite-based membranes on the 
silicon-based supports developed in this thesis. 

Another material long known for its permeability to oxygen is silver 
(Ag). Permeability of oxygen through Ag membranes was first investigated by 
Johnson and Larose in 1924 [26], then followed by several research groups [27-
29]. A mechanism of oxygen permeation through the Ag membrane is similar to 
that of hydrogen permeation through Pd membrane; in brief: molecular oxygen 
(O2) adsorbs on the surface of the Ag surface, dissociates into oxygen atoms 
(O), then O atom diffuses through the bulk metals, and finally recombines to 
form oxygen molecules on other side of the membrane.  
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However, in all the above experiments [26-29], the used membranes 
were relatively thick Ag plates (200 µm or greater). This membrane thickness 
considerably limits the oxygen separation flux through the membrane because 
the flux is inversely proportional with the membrane thickness [27]. Based on 
our experiences with the development of Pd-based membranes for hydrogen 
separation in this thesis, we suggest to use the technology developed in this 
thesis to make thin and defect-free Ag membranes for oxygen separation. In 
principle, the processes presented in chapters 2 and 3 are both suitable to 
fabricate the Ag membrane. In addition, Ag alloy membranes should be used, as 
it has been reported that alloying Ag membrane with several transition metals 
such as Pt, Pd, Cu, Zn etc. helps to increase both permeability and thermal 
stability of the membrane [30]. 

In fact, several membranes of pure Ag, Ag-10 wt% Pd, and Ag-10 wt% 
Cu with the thickness around 500 nm were made in the supporting microsieves. 
After fabrication, these membranes were heated up to temperatures of 773 K, 
and there was no observation of films peeling off from the microsieve support. 
However, testing membranes for oxygen separation has not been performed yet. 
Because of the particular interest on the development of dense membrane for 
oxygen separation, we suggest a further research on this subject. 
 
7.2.3. Nanosieve shadow mask for pattern transfers  
 
7.2.3.1. Dry etching through a nanosieve shadow mask to produce 
nanosieve membrane 
 
In chapter 4, the SiN nanosieve membrane has been introduced having great 
potential in several applications in different sectors. For instance, several 
research groups have interest in the nanosieve membrane with pores size around 
20 nm for research in nano-biotechnology etc.  
However, the technology to make the nanosieve membrane is time consuming 
and therefore (very) expensive, mainly due to the use of Focused Ion Beam 
Etching. Here we suppose a new method that may allow us to fabricate low-cost 
nanosieve membranes. The principle is shown in Figure 7.2, in which the 
nanosieve membrane of chapter 4 is used as a shadow mask to transfer its pores 
to a second SiN membrane by means of dry etching. Note that the transferred 
pores can be reduced in size by coating them with a second LPCVD SiN layer. 

Because of the interest we suggest a further research on this subject. 
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Figure 7.2: A nanosieve shadow mask etching. 
 
 
7.2.3.2. Nanosieve shadow mask for pattern transfer of nanodots  
 
In the past decade, a variety of new patterning technologies have emerged, 
which attempt to create nanoscale structures [33-38]. Among these nanoscale 
structures, dot arrays patterned on the nanometer scale - nanodots hold promise 
for many applications, such as photonic devices [39], DNA or protein 
electrophoresis [40-41], magnetic data storage, and catalysts [42]. 
Semiconductor quantum dots have been prepared by several techniques such as 
molecular beam epitaxy [43], metal organic chemical vapor deposition [44-45], 
and electron beam lithography [46]. An ordered array of multiple dots has also 
been formed by way of alumina membranes as evaporation masks [47-48], but 
feature sizes are still larger than 50 nm. Also, nanosieve membranes with sieve 
size down to 100 nm have been fabricated by laser interference, and used as 
evaporation masks for patterning nanodots by the Transducer Science and 
Technology Group [49]. 
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Generally, the nanodots have been studied at sizes down to 20 to 30 nm 
although the studying of smaller dots may reveal completely new phenomena. It 
is probably due to the fact that the fabrication of nanodots with sizes below 20 
nm has been remained difficult.  

We suggest using the nanosieve membrane of chapter 4 as shadow 
masks for patterning nanodots with dot sizes down to a few nm. 
 
 
7.2.4. Nanoslit mask for patterning (metal) nanowires  
 
Recent studies of the electrical and magnetic properties of metal nanowires 
smaller than 100 nm in diameter have revealed a variety of fascinating 
properties. For example, gold nanowires smaller than the mean free path of an 
electron exhibit a depressed conductivity caused by classical boundary 
scattering [50]. The conductance and yield strength of atomic-scale gold wires 
are both quantized [51-53]. The shot noise in metal nanowires is suppressed 
[54] while the thermoelectric figure of merit is enhanced [55-56]. The 
conductivity of gold nanowires immersed in liquids is reduced by the presence 
in the liquid of adsorbates such as thiols [57]. These studies suggest that metal 
nanowires might form the basis for chemical sensors. Bismuth nanowires can 
have a magnetoresistance of up to 44000 % [58-60]. Finally, arrays of fractured 
Pd nanowires can function as hydrogen gas nanosensors [61]. 

Collectively, these exciting results provide motivation for the 
development of new methods for preparing metal nanowires [62]. Moreover, the 
synthetic method that produces nanowires that are predisposed to manipulation 
is of particular interest [62]. We suggest a shadow mask method to produce the 
nanowires: sputtering (or evaporation) through a nanomembrane with nanoslit 
structures to form nanowires on a second substrate (see Figure 7.3). In this 
method the nanoslits in the nanomembrane are aligned to an IC controlling 
circuit in another silicon wafer, thus obtaining nanowires that are predisposed to 
manipulation. A strong point of this method is that it enables a wafer scale 
connection between the nanowires and electronics. In addition, the SiN shadow 
mask can be treated in several aggressive chemicals to remove “clogging 
metals” after several sputtering/evaporation runs, thus allowing the shadow 
mask to be reused. 
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Figure 7.3: A principle of patterning metal nanowires through a nanoslit    
mask. 
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