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Abstract

In this paper critical steps in the fabrication process of a microreactor for high-temperature catalytic partial oxidation gas phase reactions
are evaluated. The microreactor contains a flow channel etched in silicon, capped with an ultrathin composite membrane consisting of silicon
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nd silicon nitride layers, on which on the topside thin-film heaters and sensors, and on the other side a thin-film catalyst patch are
embrane is designed to have specific heat conductivity and mechanical properties. The paper focuses on three fabrication issu
nd etching of sub-micron uniform single-crystalline silicon membranes, deposition of well-defined heater structures and temperat
n a thin composite membrane, and deposition of well-defined catalytic patches on the same membrane. For the latter two proc
icromachined shadow masks were developed. Preliminary experiments on the controlled oxidation of hydrogen gas in the explo
re discussed, which experiments confirm that heat management in the microreactor is excellent.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In a previous paper[1] we have described a study of
he thermo-mechanical behaviour of a high-temperature mi-
roreactor for rhodium-catalyzed direct catalytic partial ox-

dation (CPO) of methane to synthesis gas. The microre-
ctor design consisted of a flow channel etched in a sili-
on substrate, covered on one side with a Pyrex glass plate
nd on the other side with a thin membrane with heaters
n the outer side and a catalyst layer on the inner side
the channel side). Pictures and cross-sections of the mi-
roreactor are shown inFig. 1. In the mentioned study it
as found that a design with a membrane with a size of
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30 mm× 500�m composed of 850 nm boron-doped silic
and 150 nm low-stress silicon rich silicon nitride result
time constants of 1 ms for heating up and cooling do
which enables the required fast control of the exothermi
action. Thermo-mechanical analyses demonstrated tha
membrane is mechanically stable for temperatures up
least 700◦C. Thermal considerations showed that the
act temperature distribution in the composite membra
mainly determined by the heater width in combination w
the thickness of the heavily boron-doped silicon part of
composite membrane and its temperature-dependent th
conductivity.

In this paper we will discuss the three main critical p
cessing steps in the fabrication of such a microreactor. T
are: the definition and etching of sub-micron uniform sin
crystalline silicon membranes, the deposition of well-defi
heater structures and temperature sensors on a thin com
membrane including very long metal lines to contact p
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Fig. 1. Picture of the microreactor (3.0 cm× 4.5 cm× 0.1 cm) in which the flow channel region is marked. In the 3D scheme the heater locations on the
membrane are given. Close-ups of the membrane area with heaters and temperature sensors and the catalytic layer are shown, as well as a 2D cross-sectional
view of the channel, all with typical dimensions (SiRN is low-stress silicon rich silicon nitride).

and the deposition of well-defined thin-film catalytic patches
on the same membrane.

In particular, the fabrication of a silicon membrane with
a relatively large size of 30 mm× 500�m and a uniform
thickness below 1�m is non-trivial. In a number of pa-
pers ultrathin silicon membranes for various applications
have been described. For example, Schmidt et al.[2] used
an electrochemical etch-stop to achieve silicon membranes
with a thickness of 1.15–1.45�m. They concluded that in
their electrochemical method the membrane thickness de-
pends on the electrical depletion width, which is of the or-
der of 1.0–1.2�m, so even if shallower p–n junctions are
implanted, the thickness of the membranes will not become
thinner. On the other hand, the advantage of the electrochem-
ical etch-stop is that dopant concentrations do not have to be
higher than the concentration necessary to achieve an effec-
tive p–n junction, which is generally lower than the concen-
tration needed for a boron-based etch-stop. The latter method
requires a concentration of a few times 1019 atm cm−3, which
is already very close to the solubility limit of boron in
silicon (2× 1020 to 3× 1020 atm cm−3 [3]) and gives rise
to high mechanical stress in the surface layer[4]. Mem-
branes with a thickness of∼3�m applied in acoustic trans-
ducers[5] and 5�m applied in catalytic gas sensors[6]
have been achieved with a solid-source doping (SSD) pro-
cedure, and of 1�m [7] or even down to 200 nm[8] with
a stop,
i -on-
i sili-

con nitride[9]. Using silicon-on-oxide substrates, microre-
actors with 1.5 and 2.6�m silicon membranes were fab-
ricated and used to study specific catalytic reactions[10].
Very thin silicon membranes, down to 80 nm, have been
achieved with a high dose boron implantation and etching
in aqueous ethylenediamine-pyrocatechol solutions[11]. In
our work, we have used anisotropic etching of silicon in aque-
ous KOH in combination with a boron etch-stop to achieve
an ultrathin membrane. The boron layer of 850 nm was de-
fined by a SSD process. The accuracy with which ultrathin
single-crystalline silicon membranes can be fabricated will be
evaluated.

To be able to use metal patterns as heaters or temperature
sensors, it is important that the resulting structures have a
well-defined electrical resistance. In general, excellent per-
formance and reproducibility is achieved with thin films.
However, well-established techniques for patterning metal
films that are based on photolithography and metal etching
or lift-off are difficult to apply on thin membranes. In particu-
lar, ultrasonically enhanced lift-off and application of primer
and photoresist via spin coating highly increases the risk of
membrane rupture. Since the membrane in our microreac-
tor has a total thickness of only 1�m but a relatively large
size, its resonance frequency will be in the kHz range, which
makes it sensitive to exactly the vibrations and movements
that are involved in these process steps. Experiments with
t t
a the
u

n epitaxial layer. Instead of doped layers as an etch-
t is also possible to use the insulator layer of a silicon
nsulator (SOI) substrate, which could consist of, e.g.
est-structures showed that about 50% of 2.7�m and almos
ll of the 1.0�m thick silicon membranes broke during
ltrasonic lift-off step.
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In order to avoid the problems inherent to metal pattern
fabrication by photolithography on an ultrathin membrane,
we decided to use deposition through micromachined shadow
masks for both the heater and the sensor patterns on the front
side, and the catalyst layer on the backside of the mem-
brane. For front side deposition, the additional problem of
the combination of very fine patterns with very long lead
wires was solved by the use of two shadow masks. For the
deposition on the backside, the problem of pattern definition
in the deep flow channel was solved by developing a novel
three-dimensional silicon micromachined shadow mask.

2. Microreactor design and fabrication overview

We will start with an outline of the microreactor design
and fabrication process.Fig. 1shows that the membrane con-
tains five heater sections, each meandering over a length of
4.1 mm, resulting in a heated length of 20.5 mm. The first
and the last 5 mm of the rectangular channel with dimensions
500�m× 525�m× 30 mm remain unheated and serve as a
buffer for entrance effects and cooling down of the converted
gas, respectively. The width of each meandering heater sec-
tion is 450�m and per heater section two temperature sen-
sors, used for feedback control on the heaters, are integrated
i talyst
p ide
o ters,
w rated
t

of the microreactor (SiRN is low-stress silicon rich silicon nitride).

Fig. 2shows the fabrication process up to and including the
formation of the thin membrane. The process sequence runs
as follows: a low-doped p-type double-side polished (1 0 0)
silicon wafer with a thickness of 525�m and a diameter of
100 mm was doped with boron on one side, using SSD. After
the drive-in step (for details see next section), the B2O3 layer
was removed by etching in buffered hydrofluoric acid (BHF)
for 10 min.

Next, a 150 nm layer of low-stress silicon rich silicon
nitride (SiRN) was deposited by a low-pressure chemical
vapour deposition (LPCVD) process using SiH2Cl2 and NH3
gases. Plasma etching with SF6 was used to remove the layer
from the backside of the wafer and 600 nm of SiO2 was de-
posited on this side by plasma enhanced chemical vapour de-
position (PECVD). A photoresist layer, which was annealed
at 150◦C for 35 min, and the SiO2 layer, in which the flow
channel was defined using standard lithography and BHF-
etching, respectively (seeFig. 2b) served as a mask during
reactive ion etching (RIE) of a 500�m deep trench in silicon.
In the enlarged view ofFig. 2c it is shown that the profile of
the etched trench was negatively tapered and non-uniform at
the bottom of the trench. Measurements on test structures re-
vealed that the widening of the initial mask opening was up
to 70�m, whereas the non-uniformity was 40–45�m.

After removal of the resist, the silicon trench was etched
deeper in a 25 wt.% KOH solution at 75◦C for 20 min. The
m OH
s
p min-
i as
n a 4-point resistance measurement configuration. Ca
atches of 4.1 mm× 130�m are located on the channel s
f the membrane under the last two downstream hea
here the flow has developed and the gas has equilib

o the desired temperature.

Fig. 2. Fabrication process of the membrane part
embranes were finished by etching 15 min in 31 wt.% K
aturated with isopropanol (IPA) at 75◦C (seeFig. 2d). This
rocedure is chosen to obtain a uniform membrane with

mal roughness. After etching for 5–7 min in KOH/IPA it w
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clearly visible that H2 generation decreased suddenly, indi-
cating that the etch-stop layer was reached. Etching was con-
tinued for another 8–10 min in order to achieve a uniform
membrane (Fig. 2d).

After cleaning the wafers in a mixture of HCl/H2O2/H2O
(RCA-2), the remaining PECVD SiO2 was stripped with
BHF. Next, 30 nm of silicon dioxide was formed on the sil-
icon using a local oxidation of silicon (LOCOS) process in
steam at 900◦C for 1 min [12] (Fig. 2e). Magnetron sput-
ter deposition of patches of 20 nm thick rodium (Rh) at the
backside of the membrane is performed through a 3D self-
aligning shadow mask, the details of which will be elaborated
below. A Pyrex baseplate with powderblasted[13] inlet and
outlet holes was anodically bonded[14] to the backside of
the silicon wafer. Prior to dicing, the heaters and temperature
sensors were deposited on the outer side of the membrane us-
ing evaporation of 10 nm tantalum (Ta) and 200 nm platinum
(Pt) through a double shadow mask. Details of this method
are also treated below.

3. Fabrication of thin silicon membranes using
solid-source doping and wet chemical etching

A first series of microreactors was fabricated with a solid-
source drive-in temperature of 1100◦C and a drive-in time of
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lutions of 20–35 wt.% and etching temperatures above 70◦C.
A disadvantage of the addition of IPA is that the etch rate of
low-doped silicon also decreases and that hillock formation
increases. To avoid excessive hillock formation, it is there-
fore best to perform a first etch step in pure KOH (or by RIE,
as was done in our work, see below), and use IPA-saturated
KOH only for the removal of the last silicon layers just be-
fore the etch-stop layer is reached. Reported boron-doped sil-
icon membranes realized with solid-state diffusion and this
etch-stop technique, either with EDP or IPA-saturated KOH
solutions, have thickness in the range 2–10�m [5,20,22,23].

In this study we have optimized a SSD procedure to fabri-
cate boron-doped p++–Si layers, which should lead to mem-
branes with a thickness below 1�m. The solid-source diffu-
sion procedure typically consists of a two-step process[8].
The concentration profile of the impurity after this two-step
process can be described by a Gaussian distribution function,
which is an approximate solution of Fick’s diffusion law:

C(x, t) = Q√
πDt

e
−x2
4Dt (1)

with C(x, t) the impurity concentration distribution after
drive-in diffusion (atm cm−3), Q the total amount of impuri-
ties per cm2 section of the solid (atm cm−2),D the diffusivity
of the impurity (cm2 h−1), t the drive-in time (h) andx the
depth (cm). The dopant distribution depends mainly on four
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h, which resulted in a 2.7�m thick silicon membrane, co
red with 150 nm low-stress silicon nitride (SiRN). The s
on nitride is used to electrically insulate heaters and se
rom the silicon membrane. Tests showed that these m
ranes were too thick for the intended thermal contro
PO reactions, which confirms the theoretical results o
revious work[1,15]. Most of the heat input was transferr
irectly to the bulk of the silicon by conduction through
embrane so that the ignition temperature for methane

ould not be reached. Models revealed that a membra
50 nm doped silicon and 150 nm low-stress silicon nit
llows ignition using a power input within the range of
sed equipment, without exceeding the critical yield stre

he membrane for temperatures up to at least 700◦C [1,15].
The feasibility of SSD for the definition of a bor

ayer to be used as etch-stop for the fabrication o
50 nm thick silicon membrane was studied. Such an
top has been thoroughly investigated for silicon etc

n ethylenediamene-pyrocatechol (EDP), tetramethyl am
ium hydroxide (TMAH) and KOH[16–19]. Generally, i
as observed that the etch rate reduces by at least a fac
0 (which is considered an effective etch-stop) if the bo
oncentration exceeds 2× 1019 to 4× 1019 atm cm−3. Values
f the critical boron concentration and the exact reductio
tch rate depends on etchant type, concentration, tem

ure and the crystalline orientation of the silicon subst
hese parameters have been particularly well studie
OH solutions[20,21]. Addition of isopropanol (IPA) to th
OH solution significantly increased the selectivity, wh

he highest selectivity was found for IPA-saturated KOH
f

actors: the maximum concentration of impurities that
e accommodated in the solid (i.e. the solid solubility),
re-deposition temperature, the drive-in temperature an
rive-in time. Due to a lack of accurate data for some of t

actors (e.g. information on segregation coefficients), e
odelling of the concentration profile is non-trivial[8]. Fur-

hermore, the diffusivityD may fluctuate during the drive-
tep, andD depends on the initial surface concentrations
emperature during the drive-in step and the ambient du
rive-in [24–26]. Therefore, detailed information on the d

usion depth and profile generally needs to be obtained
easurements, e.g. from spreading resistance or seco

on mass spectrometry (SIMS). However, for our applica
t is not necessary to know exactly at which boron con
ration etching is effectively stopped, therefore, we rely
alibration experiments to be able to design a thin memb

We performed several test experiments to investigat
nfluence of boron drive-in diffusion time and temperat
n the silicon membrane thickness that remains after etc

n KOH/IPA solutions. The conditions of the pre-deposit
tep were kept at 15 min and 900◦C for all experiments. Af
er drive-in diffusion, SF6 plasma etching was used to ma
5�m deep trenches through the SiRN and the p++–Si layer
fter removal of the resist layer and a short 1% HF dip

emove native oxide, the wafers were etched in IPA-satu
1 wt.% KOH at 75◦C for 15 min. The silicon nitride was r
oved with 50% HF, the etched substrates were rinsed
ater, dried and cleaved, and the boron-doped layer thick
as determined with scanning electron microscopy (SE
he estimated error in the SEM measurements was 5
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Fig. 3. (a) Trench etched through p++–Si layer with RIE; (b) etched structure with KOH/IPA when trench is perfectly aligned to the (1 1 0) direction of silicon
and (c) when trench is misaligned; (d) SEM pictures of p++–Si layers after 180 min drive-in at 1100◦C and (e) after 90 min drive-in at 1050◦C.

In Fig. 3a–c the influence of misalignment of the mask pat-
tern with respect to the (1 1 0) directions of silicon during
KOH/IPA-etching is shown: clearly a small misalignment of
the mask facilitates accurate thickness measurements.Fig. 3d
and e show SEM pictures of p++ layers for two different drive-
in times and temperatures.

In Fig. 4 the results are shown for n- and p-type (1 0 0)-
oriented silicon substrates, both with an initial dopant con-
centration of 1× 1015 to 3× 1015 atm cm−3, for four differ-
ent drive-in diffusion times and three different temperatures.
The plotted points are averages over six measurements per-
formed on two wafers that were doped in two different SSD
runs.Fig. 4 shows no significant difference in the thickness
of the boron p++ layers for n- or p-type substrates.

The observed trend of the p++–Si thickness (xp++) with the
drive-in time (t) should fit the following equation, which is a
rearrangement of Eq.(1):

xp++ = 2
√

Dt

√√√√ln

(
Q

Cetch-stop
√

πDt

)
(2)

F e
(

Here,Cetch-stopis defined as the impurity concentration that
results in a p++ layer thicknessxp++ after 15 min etching in
KOH/IPA. Until now, we have not made any assumptions on
the critical boron concentrationCetch-stopat which the selec-
tivity for etching in KOH/IPA is high enough to be considered
an effective etch-stop. The curve inFig. 4can be used to fit
the ratioQ/Cetch-stop. For all three drive-in temperatures, rea-
sonable fits ofxp++ with Eq. (2) were obtained for a ratio
Q/Cetch-stopof 54± 2�m. In this fitting procedure, constant
values of the diffusivity were used according to Grove[8].
The resulting fits are shown inFig. 4 as ‘Gaussian approxi-
mated’ curves.

The relation between the thickness of the p++–Si layer
after etching and the drive-in time can also be described well
by simple design curves based on the diffusion length 2

√
Dt:

xp++ = A2
√

Dt (3)

with Aa fit-parameter which depends on the drive-in temper-
ature. Values for

√
D of 0.07, 0.14 and 0.22�m h−1/2 were

reported for 1000, 1050 and 1100◦C, respectively[8]. If these
values are used in the fit of Eq.(3), values forAof 2.11± 0.03,
2.59± 0.04 and 3.74± 0.05 result for the mentioned temper-
atures. The corresponding design curves are plotted inFig. 4
and fit our experimental data rather well. The curves inFig. 4
were used to derive the conditions for the fabrication of a
m

4
t

tures
w strate
w
t sen-
s afer
u truc-
ig. 4. Measured p++–Si layer thickness (xp++) as function of drive-in tim
t) for three temperatures, Gaussian fits and design curves.
embrane with the desired thickness of 850 nm.

. Deposition of heaters and temperature sensors on
he outer side of the membrane

A shadow mask containing heater and sensor struc
as designed and manufactured from a Si (1 0 0) sub
ith the aid of RIE and KOH etching processes.Fig. 5a shows

he fabrication of the shadow mask. First, the heater and
or structures were transferred into the topside of the w
sing photolithography and RIE in step A. Since these s
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Fig. 5. (a) Fabrication and use of silicon shadow mask; (b) cantilevers in the shadow mask may deflect during metal deposition; (c) ‘2-step’ shadow maskfor
well-defined deposition of Ta/Pt patterns on the reactor; note: schemes are not on scale and SiRN is low-stress silicon rich silicon nitride.

tures have line widths ranging from 10�m for the temperature
sensors to 500�m for the wiring, the etch depth was limited
to about 60–70�m to avoid the well-known RIE lag problems
which lead to non-uniform etching depths[27]. Next, 300 nm
of SiRN was deposited by LPCVD and an opening was de-
fined at the wafer backside with the aid of plasma etching in
step B. The wafer was locally etched back in a 25 wt.% KOH
solution at 75◦C, to a thickness of 50–60�m. After rinsing
and drying, the SiRN was removed with 50% HF, resulting in
an open structure which was used for defining Ta/Pt patterns
on the membrane of the microreactor in step C.

As is clear fromFig. 5a, the finished shadow mask con-
sists of a series of relatively thin silicon cantilevers. After
the deposition of a thin metal film on the topside of these
cantilevers in the shadow masking process, these cantilevers

may deflect due to residual stress in the metal film, as de-
picted inFig. 5b. This phenomenon will limit the resolution
of pattern definition. It was estimated that in order to achieve
well-defined 10�m lines, the deflection of the cantilever tips
should be less than 1�m. The tip deflectionδ, indicated in
Fig. 5b, as a result of the residual stressσmetal is:

δ = 3σmetaltmetalL
2
cantilever

Ecantilevert
2
cantilever

(4)

with tmetalthe thickness of the deposited metal film,Lcantilever,
tcantilever andEcantilever the length, thickness, and Young’s
modulus of the silicon cantilever, respectively. Eq.(4) is an
approximation that is only valid iftmetal« tcantilever.
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In our study electron-beam evaporation was used to de-
posit a 10 nm Ta thick adhesion layer and a 200 nm thick Pt
functional layer on the membrane of the microreactor. Ne-
glecting the Ta layer, and taking a reported tensile stress of
250–300 MPa[28] for the Pt layer, assumingEcantileverto be
122 GPa andtcantilever to be 50�m, it is calculated that the
cantilever length (Lcantilever) has to be less than ca.1.3 mm
to keepδ below 1�m. However, in our design the heaters
and temperature sensors contain thin-film wiring to metal
contact pads at the edges of the chip (see upper part of
Fig. 5c) with a length of 13 mm. This would require a shadow
mask with very long cantilevers, which after metal depo-
sition would deflect ca. 100�m, leading to an unaccept-
able reduction in pattern resolution. It has to be noted here
that increasing the mask thickness was not an option due
to the RIE lag effects mentioned above. Therefore, we have
used two different shadow masks that were applied one af-
ter the other (seeFig. 5c). The first mask, with cantilevers
with a maximum length of 1 mm, was used for the depo-
sition of heaters and sensors on the membrane, the second
mask, which contained only trenches and no cantilevers, was
used to deposit contact pads and wires to form electrical
connections between the pads, heaters and sensors. Fabri-
cation of both masks runs along the process lines depicted in
Fig. 5a.

Shadow masks with several heater designs, including si-
n f 150
o
s
s the
m /Pt
fi on-
n esis-
t

F peratur nd evapora
a

5. Deposition of a catalyst pattern on the channel
side of the membrane

Deposition of a catalyst patch on the channel side of the
membrane is also preferably performed via a shadow mask
because of the difficulties that are expected with standard
lithographic patterning of metal films in a 500�m deep struc-
ture with almost vertical sidewalls. Furthermore, the influ-
ence of chemicals involved in the photolithography process
on the catalytic activity of Rh is unknown. Finally, catalyst
deposition on the sidewalls of the flow channel of the microre-
actor has to be avoided for selectivity and conversion reasons
[29–31]: the catalyst should be deposited only on membrane
areas, where the ignition temperature of the reaction can be
reached[1].

To meet these requirements, a special shadow mask with
a self-aligning protruding structure was developed in a Si
(1 1 0) substrate. This crystallographic orientation allows the
fabrication of extremely narrow grooves with a width-to-
depth ratio of 1:100[32], in which smooth Si (1 1 1) planes
are formed that have an angle of 90◦ with respect to the wafer
surface. These vertical planes were used to create alignment
ridges, which can be lowered into the flow channel of the mi-
croreactor (seeFig. 7a). When the length (L) of these ridges
is almost identical to the length of the flow channel of the
microreactor (30 mm), self-alignment of the shadow mask
w ask
f ows:
a the
t con-
c two
w n
t
u nnel
usoidal and meander shaped heaters, with widths o
r 450�m were fabricated and tested. InFig. 6a micro-
cope pictures of two shadow masks are shown.Fig. 6b
hows the resulting well-defined metal patterns on
embrane, andFig. 6c the overlapping area of the Ta

lms deposited with the two different masks. The c
ection was measured to have very low electrical r

ance.

ig. 6. (a) Two shadow masks for deposition of Ta/Pt heaters and tem
nd; (c) close-up of overlap between two shadow mask-parts.
e sensors on membrane; (b) patterns deposited with shadow masks ation

ith respect to the flow channel is guaranteed. The m
abrication and catalyst deposition process was as foll

layer of SiRN was deposited by a LPCVD process on
opside of the wafer. After the ridges were etched with a
entrated KOH solution between the alignment-ridges,
indows, each with a size of 4.1 mm× 125�m, were made i

he SiRN layer by a plasma etching process[33]. After man-
al self-alignment of the mask with the microreactor cha
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Fig. 7. (a) 3D-representation of ‘self-aligned’ shadow mask; (b) schematic view of lowering the mask in the flow channel and (c) deposition of metal underneath
the membrane after positioning the mask; SiRN is low-stress silicon rich silicon nitride.

(seeFig. 7b and c) Rh was deposited by magnetron sputter-
ing through these windows to form catalyst patches.Fig. 1
shows a top view of an Rh patch underneath the capping mem-
brane of a microreactor. The sputtered film patterns turned out
to be slightly wider than the width of the window openings
(135–140�m versus 125�m, respectively). The reason for
this is that due to the gap of 50�m between the membrane
and the alignment ridges deposition spreads out underneath
the mask. A detailed account of this spreading effect will be
given elsewhere[34]. It has to be mentioned that no deposit
was found on the sidewalls of the flow channel.

6. Preliminary results of oxidation reactions in the
microreactor

Several microreactors were fabricated according to the
guidelines described above. The reactors contained a mem-
brane composed of 850 nm Si and 150 nm SiRN, for which
the settings were 85 min drive-in diffusion at 1050◦C, as
derived fromFig. 4. Heaters and sensors of Ta/Pt and Rh
patches were patterned with the shadow masks described in
the previous sections. With these microreactors initial exper-
iments of hydrogen oxidation were carried out. The experi-
ments confirmed that the microreactor handles temperatures
up to 400◦C (measured with the temperature sensors on the
m o the
m ture

F f
m

due to hydrogen conversion, measured with the integrated
temperature sensors is shown.

With a constant heater power applied to the microreactor,
resulting in a temperature of 280◦C, the composition of the
inlet gas mixture was changed from a non-explosive com-
position, i.e. 44% H2, 0% O2 and 56% He (A inFig. 8),
to a stoichiometric composition, i.e. 45% H2, 23% O2 and
32% He (B inFig. 8). During the change in inlet composi-
tion, the temperature increased to about 400◦C. Currently,
Rh-catalyzed direct CPO of methane is under investigation
in our laboratory.

7. Summary and conclusions

Critical aspects of the fabrication of a membrane-based
microreactor for high-temperature gas phase reactions were
considered. In a previous study[1] it was found that a compos-
ite membrane of heavily boron-doped silicon (850 nm) and
low-stress silicon nitride (150 nm) fulfills all requirements.
Here, it is shown that SSD and wet chemical etching with
KOH/IPA solutions can be used to fabricate monocrystalline
Si membranes in the range 0.3–2�m. Silicon shadow masks
were realized for the deposition of well-defined heater struc-
tures and temperature sensors on the thin composite mem-
b lytic
p Initial
e tions
c tures
u like
t esti-
g

A

un-
d ell
G En-
e .G.P.
S

embrane) very well, without any mechanical damage t
embrane. InFig. 8 the increase in membrane tempera

ig. 8. Temperature of membrane (850 nm p++–Si and 150 nm SiRN) o
icroreactor as function of the amount of converted hydrogen.
rane, as well as for the deposition of well-defined cata
atches at the channel side of the capping membrane.
xperiments with Rh-catalyzed hydrogen oxidation reac
onfirmed that the microreactors can be used at tempera
p to at least 400◦C. Reactions at higher temperatures,

he Rh-catalyzed direct CPO of methane, are under inv
ation.
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