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Abstract

We present a MEMS process for the fabrication of arbitrary (adaptable to specific aperture geometries) stabilization of silicon nitride membranes
to be used as miniature shadow masks or (nano) stencils. Stabilization was realized by the fabrication of silicon nitride corrugated support structures
integrated into large-area thin-film solid-state membranes. These corrugated support structures are aimed to reduce the membrane deformation
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ue to the deposition-induced stress and thus to improve the dimensional control over the surface patterns created by stencil lithography. We
ave performed physical vapor deposition (PVD) of chromium on unstabilized (standard) stencil membranes and on stabilized (corrugated) stencil
embranes to test the proposed stabilization geometry. Both the membrane deformation and the surface structures were analyzed, showing reduced

eformation and improved pattern definition for the stabilized stencil membranes. The structures have been modeled using a commercial finite
lement method (FEM) software tool. The simulation and experimental results confirm that introducing stabilization structures in the membrane
an significantly (up to 94%) reduce out-of-plane deformations of the membrane. The results of this study can be applied as a guideline for the
esign and fabrication of mechanically stable, complex stencil membranes for direct deposition.

2005 Elsevier B.V. All rights reserved.
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. Introduction

An increased demand for micro- and nanometer scale pattern-
ng on “unconventional” surfaces and/or non-IC applications
as given rise to new and alternative patterning technologies.
hese new methods include: indentation of polymers by nanoim-
rint lithography (NIL) [1,2], local deposition of molecules via a
tamp by microcontact printing (�CP) or soft-lithography [3,4],
r via dip-pen nanolithography (DPN) [5], nanoscale fluidic dis-
ensing (NADIS) [6] and localized material deposition through
ltra-miniature shadow masks (nanostencils) [7–10]. The stencil
ethod has the advantage of being a direct vacuum pattern-

ng technology, i.e. a controlled amount of material is directly
eposited through the stencil apertures without the need for
yclic processing steps used in, for example, resist-based pho-
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tolithography. An additional advantage of stenciling over other
patterning methods is its possible non-contact application avoid-
ing cross-contamination or surface damage in case of fragile
surfaces, whereas, for example, NIL relies on a hard contact
and �CP on a soft contact to transfer the patterns successfully.
Recently, we have introduced a process for the fabrication of
micro/nanostencils (containing 1 mm × 1 mm membranes) on a
full wafer scale (100 mm) using a combination of a DUV expo-
sure tool and standard MEMS processing [11]. This type of
stencil allows for direct, resistless patterning of mesoscopic sur-
face structures (200 nm up to several 100 �m) at a full wafer
scale.

The deposition through stencils suffers, however, from draw-
backs such as clogging of apertures and membrane deformation
due to the deposition-induced stresses. Clogging occurs when
the evaporated material accumulates on top and inside the mem-
brane apertures. This phenomenon changes the shape of the
aperture during the deposition process and leads to a distortion
of the deposited pattern, eventually resulting in the complete clo-
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Fig. 1. Schematic representation of a stencil membrane in close proximity of a
substrate during evaporation. (a) Ideal stencil deposition. The membrane remains
“static” and does not add to pattern deformation. (b) Realistic situation dur-
ing stencil deposition. The deformed membrane has both an increased gap and
aperture deformation resulting in pattern deformation. (c) Deposition through
a corrugated stencil. The membrane is locally supported; thus, the membrane
deformation and pattern blurring are reduced.

sure of the aperture. Membrane deformation results from high
levels of in-plane residual stresses caused by the accumulation
of the deposited material on the stencil membrane. Since these
stencil membranes can contain arbitrary apertures specified by
the need for specific surface patterns, the membrane deforma-
tion can locally be more severe, resulting in aperture distortion
and an increased gap between the substrate and the stencil. This
leads to pattern deformation and blurring, i.e. reduced sharpness
of edges and limited spatial detail (Fig. 1b).

Residual stresses in MEMS structures arise typically from
thin film deposition. These stresses can be of a various nature.
When a film on a substrate is subjected to a temperature change
during the evaporation, differences in thermal expansion coef-
ficients of the two materials (in this case: film and membrane)
result in a thermal stress σth [12]. All other stresses developed
during thin-film deposition fall in the category of intrinsic stress
σint. Various physical factors responsible for the intrinsic stress
of thin films have been studied [13,14]. The difference in ther-
mal expansion coefficients and the lattice spacing mismatch are
thought to be the dominant sources of deposition-induced stress
causing a substantial deformation of micromachined bi-layered
structures.

2. Design and fabrication of corrugated stencil
membranes
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Table 1
Cantilever cross-sections and their corresponding moment of inertia

Unstabilized membrane

Cross-section [�m]

Moment of inertia [�m4] 0.52
To overcome or minimize the effects of membrane defor-
ation, we have developed a concept in which we mechan-

cally reinforce and thus stabilize the membrane, exploiting
n earlier idea presented by Hammer [15]. The improved
icro/nanostencils incorporate in situ, local stabilization struc-

ures increasing their moment of inertia, I, which is the structural
roperty directly related to stiffness or deformability. The sta-
ilization is realized by using a corrugated membrane instead
f a planar membrane. Table 1 summarizes cross-sections of
hree different designs of thin cantilevers (unstabilized, silicon
upported and corrugated) with there corresponding I values. It
s noteworthy that a single 1-�m stabilization rim/corrugation
esults in a four-fold increase of I with respect to that of the unsta-
ilized (planar) membrane. This increase of I can be achieved
ith only one additional fabrication step with respect to the sten-

il fabrication process of planar membranes. The fabrication of
i-supported membranes, however, requires more elaborate pro-
essing [16] in order to obtain a similar increase in I.

Si-supported membrane Corrugated membrane

1 rim: 2.88 1 rim: 2.05
2 rims: 4.73 2 rims: 3.36
3 rims: 6.25 3 rims: 4.47
4 rims: 7.53 4 rims: 5.41
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Fig. 2. Simplified schematic illustration of the fabrication process for a stencil
with corrugated membranes: (a) definition of stabilization rims; (b) 500-nm
thick LPCVD low-stress SiN deposition; (c) definition of membrane apertures
and dry etch transfer of the resist patterns into SiN; (d) membrane etch window
definition by backside lithography and pattern transfer; (e) KOH etching of the
bulk Si until membrane is released.

This aperture independent local membrane stabilization is
introduced in such a way that it does not interfere with the
normal stencil deposition process, i.e. the line of sight of the
apertures to the material source is not affected by the stabi-
lization (Fig. 1c). The stabilization allows for the use of larger
surface area membranes. We expect to increase the membrane
surface area from 1 to 16 mm2 (currently under investigation). In
addition, the spacing required between complex membrane aper-
tures to obtain a stable membrane can be reduced by introducing
membrane corrugations, increasing the density of complex aper-
tures. Furthermore, it allows for the application of wet cleaning
processes due to the increased stability to withstand treatment
and handling in fluidic environments, e.g. avoiding the stiction
of slender membrane bodies, and thus an increased reusability
of the stencils is obtained.

We have fabricated corrugated stencils by means of a silicon
micromachining process. Fig. 2 shows a schematic overview
of the fabrication process for corrugated stencil membranes.
The process begins (Fig. 2a) by defining the stabilization struc-
tures or rims in 1.7-�m thick photoresist (S1818, Shipley) by
conventional photolithography (MA-150, SUSS MicroTec). The
defined structures are subsequently transferred into the topside
of the silicon (Si) wafer by inductively coupled plasma (ICP)
etching (Alcatel 601E: Bosch process, SF6 300 sccm pulsed,
C4F8 150 sccm pulsed, 20 ◦C, 1500 W) until a depth of 1, 2 or
4 �m. Then, a 500-nm thick low-stress silicon nitride (LS-SiN)

Fig. 4. SEM image of a corrugated membrane for use as a shadow mask.

is deposited (Fig. 2b) by LPCVD (105 sccm SiH2Cl2, 27 sccm
NH3, 135 mTorr, 838.5 ◦C). The measured residual stress of the
SiN layer is measured on wafer-scale by wafer curvature mea-
surements (Tencor, FLX-2900) and is approximately 200 MPa,
tensile. Then, the patterns forming the membrane apertures
are defined by optical lithography and transferred into the LS-
SiN by ICP anisotropic etching (Alcatel 601E: C2F6 20 sccm,
20 ◦C, 1800 W) (Fig. 2c). The etch windows for the membrane
release are defined by optical lithography and transferred into
the backside LS-SiN by ICP anisotropic etching (Alcatel 601E:
C2F6 20 sccm, 20 ◦C, 1800 W). The backside patterned LS-SiN
(Fig. 2d) forms the etch mask for the subsequent membrane
release by potassium hydroxide etching (KOH, 40 wt%, 60 ◦C)
(Fig. 2e).

Fig. 3 shows the cross-sections of corrugated 500-nm thick
membranes with different rim heights after being released from
the bulk Si. These cross-sections were made using focused ion
beam (FIB) milling (FEI Nova 600 Nanolab, XeF2 gas assisted
FIB milling). The cross-sections in Fig. 3 show that the deposited
LPCVD SiN membranes have a uniform film thickness and good
step coverage of the predefined stabilization structures. Fig. 4
shows a part of a corrugated membrane with apertures meant for
the reproduction of nano-electrode circuits currently fabricated
using e-beam nanofabrication [17]. The image also demonstrates
the possibility of stabilizing arbitrary membrane apertures using
various geometries while maintaining a simple stencil fabrica-
t

cantil
Fig. 3. SEM images of cross-sections of
ion process.

evers with various stabilization heights.
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Fig. 5. SEM image of a membrane after deposition of 50-nm thick Cr: (a) the
deposited material induces a significant deflection up to 183 �m (for a 300-�m
long cantilever) for the unstabilized cantilevers and (b) using a 2-�m high single
rim reduces the deflection up to 94% (for a 300-�m long cantilever). Both inlets
show an 50-�m wide and 50-�m long cantilever.

3. Characterization of the improved stencil membranes

For the experimental verification of the proposed membrane
stabilization geometry, we have designed, microfabricated and
characterized a series of cantilever-type corrugated membranes
with one to four stabilization rims with heights varying from 1 to

4 �m. Both stabilized and unstabilized stencil membranes were
then coated with a 50-, 70- or 100-nm thick Cr thin film using
electron-beam evaporation (Alcatel EVA 600, 4 × 10−7 mbar,
0.3 kW, deposition rate: 3–4 Å/s). The stencils were placed
perpendicular and centered to the evaporation source at a dis-
tance of 50 cm. A supplementary reference wafer was used for
determination of the thin-film residual stress by wafer curvature
measurements (Tencor, FLX-2900). The deposited Cr film
was measured to have a residual stress in the range of
1180–1500 MPa depending on the thickness of the deposited
layer.

SEM images of deformed membranes after Cr deposition for
unstabilized and corrugated cantilevers are presented in Fig. 5a
and b, respectively. A gap of 3 �m was present between the
membrane and substrate. The deflections of the cantilever-type
membranes were determined by measuring the maximum out-
of-plane deflection of each cantilever with respect to the stable
part of the membrane surface (reference plane) by both scanning
electron microscopy (SEM, LEO 1550) and an optical surface
profiler (Veeco, NT1100). Unstabilized stencil membranes show
a large deflection, whereas stabilized stencil membranes demon-
strate a significantly reduced deformation. For instance, the end
of a 300-�m long unstabilized cantilever has an out-of-plane
deflection of 183 �m. A similar cantilever stabilized by one
1-�m high rim has a deflection of only 40 and 10.7 �m when
reinforced by one 2-�m high rim. This measured reduction of
t
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Fig. 6. SEM images and dynamic force microscope images of surface structures m
pattern blurring of the deposited Cr surface pattern for the non-stabilized stencil mem
he out-of-plane deformation indicates an increased stability of
8 and 94% for 1 and 2 �m high stabilization rims, respectively.

Subsequently, the stencils were removed from the substrate
nd the surface structures were analyzed by SEM and dynamic
orce microscopy (DFM). Fig. 6a and b shows images of 45-nm
hick Cr surface structures deposited through both an unsta-
ilized stencil membrane (Fig. 6a) and a corrugated stencil
embrane (Fig. 6b). The SEM image and the DFM images in
ig. 6a show a reduced pattern definition and reduced contrast
etween the deposited Cr and the Si substrate on the side of max-
mum membrane deflection. The line scan in Fig. 6a shows the
attern edge definition in more detail. The difference between

ade by the stencil deposition process; both SEM and DFM images show: (a)
branes and (b) excellent Cr surface pattern definition for the stabilized stencils.
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the pattern edge definition on the side of the reference plane
and that on the side of the maximum membrane deflection is
clearly visible, indicated by a different edge slope (blurring).
The SEM image and the DFM images of the surface structures
deposited through the stabilized stencil (Fig. 6b) show excel-
lent pattern definition and contrast between the deposited Cr
and Si substrate. The line scan in Fig. 6b shows the symmet-
rical pattern edge definition on both sides indicating a stable
membrane. These results confirm that the corrugated membranes
significantly reduce the out-of-plane deformation resulting in
an improved surface pattern definition due to a reduced gap
increase.

4. FEM simulation study on membrane deformation
and stabilization

To constructively design the stabilization of complex
apertured stencil membranes (as seen in Fig. 4) and develop
guidelines for membrane stabilization for future work, we have
compared the experimental membrane deformation results with
the simulation results of finite elements method (FEM) models.
Above-mentioned cantilevers were modeled and simulated with
the FEM software tool Coventor [18]. The structures were mod-
eled as bi-layered cantilevers (membrane SiN layer + deposited
Cr layer) and their deformation under the deposition-induced
s
t
f
m
s
i
t
v
r
(

o
t
T
o
d
t
o
s
p
r
i
i
t

T
M

M

S
C

Fig. 7. Plots of simulation results (solid lines) vs. measurement data (dots) for
cantilevers stabilized by a single rim of variable heights.

Fig. 8. Plot of simulation results (solid lines) vs. measurement data (dots) for
corrugated cantilevers with a variable number of 1-�m high rims.

Fig. 9. Plot of simulation results (solid lines) vs. measurement data (dots) for
cantilevers stabilized with one rim of 1 �m in height for several thicknesses of
the deposited Cr layer.

indicate a good correlation between simulation and experiments,
positively validating the FEM modeling tool as a reliable means
of prediction of stress-induced deformation.

5. Conclusions

Corrugated membranes were fabricated for use as stabilized
stencil deposition membranes. The after-deposition deflections
of unstabilized and corrugated (stabilized) membrane struc-
tures were determined experimentally and by FEM simulations.
tress was simulated. A truly quantitative theory for determina-
ion of deposition-induced stresses is yet to be developed. There-
ore, experimental measurements remain the only available
ethod of quantifying the stress and the experimentally mea-

ured values of biaxial stress of the Cr layers were introduced
nto the simulations. Because the properties of the deposited
hin films in this work have not yet been determined, published
alues for similar deposition processes for the Poisson’s
atio and Young’s modulus were used for modeling purposes
Table 2).

Comparisons between simulated and measured values of the
ut-of-plane deflection for different cantilever lengths, deposi-
ion thicknesses and stabilization types are shown in Figs. 7–9.
he results of the simulation study for the considered geometries
f stabilization confirm that a reduction of 80% in out-of-plane
eformation can be achieved by introducing a single stabiliza-
ion rim of 1 �m in height. An increase in the number and height
f the rims results in a further reduction (up to 96%) in the
tress-induced out-of-plane deflection of the cantilever. Both
henomena are best explained by the previously mentioned cor-
elation between the stiffness of the structure and its moment of
nertia (Table 1). Thus, introducing more corrugation rims and/or
ntroducing increased rim heights increase the moment of iner-
ia and therefore reduce the membrane deformation. The graphs

able 2
aterial properties used in simulation study

aterial Young’s modulus [GPa] Poison’s ratio Reference

iN 276 0.27 [19]
r 277 0.3 [20]
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SEM and DFM images indicate an increased mechanical sta-
bility of the membranes and improved pattern definition with
stencil lithography. The simulation and experimental results
show that introducing stabilization structures in the membrane
can significantly reduce (up to 96%) the out-of-plane defor-
mation of the membranes. Good agreement between experi-
mental results and FEM simulations was obtained confirming
the FEM tool as a reliable means for modeling the stress-
induced deformation. Verified FEM models will be used as
guidelines in future work to find optimal stabilization schemes
for complex membranes. This will allow resistless nanosten-
cil lithography on large surfaces with improved surface pattern
definition.
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