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We describe the fabrication of single crystal silicon membranes for stencil mask deposition. The mem-
branes are created using standard microfabrication techniques combined with focussed ion beam milling
to give structures with openings hundreds of micrometers to 50 nm in size. Deflection of the membrane
structures under the deposition of highly stressed metals films is measured for vacuum deposited tanta-
lum films, and used to estimate a film stress of 1.3 ± 0.1 GPa. In order to overcome these significant
deflections, we have integrated simple stiffening structures into the membranes themselves which both
preserve line of sight to the sample as well as provide a sufficiently large bending moment to resist ver-
tical deflections which would otherwise cause noticeable feature broadening. Deposition of metallic
nanowires on the surface shows good agreement with the calculated and measured deflections of the
reinforced structures.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The quest to control the size and functionality of devices at ever
smaller scales has been an area of significant research and develop-
ment over the past decades. Lithographic processing for device fab-
rication and research has made significant progress in recent years
in terms of complexity, size of features, and potential materials.
However, most techniques are geared towards the bulk processing
of semiconductor wafers in ambient environments, and involve
wet processing and stringent material restrictions. Stencil masks
are an attractive alternative which use a wide range of nanometer
to micrometer openings on a thin stencil within close proximity of
a surface to mask physical deposition of a wide range of evaporants
on arbitrary substrates. As a result, it is possible to deposit on sen-
sitive substrates such as alkali halides under ultrahigh vacuum
(UHV) conditions. This leads to the possibility of measurements
on structures of well defined chemical composition even at an
atomic scale. Numerous examples of nanostencils have been pub-
lished using silicon nitride membranes [1–6], cantilever based
masks [7,8], and silicon on insulator membranes [9]. Stencils have
also been demonstrated in dynamic modes, using AFM cantilevers
or mask manipulation in-situ to position apertures relative to the
ll rights reserved.
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sample [4,5,7,8], and static modes [1,2,6,3,9] with a prefabricated
stencil which is clamped directly to the sample.

The primary limitation of silicon nitride based masks lies in cre-
ating as low stress a membrane as possible in order to avoid cata-
strophic failure of the mask, either during manufacture or
deposition. In addition, there is the added difficulty of ensuring
that the mask maintains its shape during deposition as the depos-
ited layers can cause deformation of the membrane depending on
the stiffness of the mask and the stress in the deposited layer.
There have been recent efforts to create stabilizing structures using
silicon nitride masks that are either corrugated or supported by
large silicon support frames nearby [10–12] in order to maintain
feature size and fidelity during the deposition of high thickness
and high stress films. The principle limitation of these techniques
is the deformation of the thin membrane near the opening as a re-
sult of the trade-off between the size of the support structures and
the line of sight between the source and substrate. Large support
frames, required to resist significant deformation when using thin
membranes, need to be further from the openings in order to avoid
occluding the beam of evaporated material.

An alternative is to use bulk silicon membranes to create the
masks, thereby avoiding the problems of inherently stressed mem-
branes such as silicon nitride, but requiring careful thinning of the
membranes to achieve acceptable thicknesses. We describe here an
all silicon stencil with features as small as 50 nm in conjunction
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with micron scale features as long as 200 lm. The mask is sus-
pended in a silicon frame up to a cm across and is created using
bulk silicon microfabrication and focussed ion beam milling (FIB)
to create both the nanometer and micrometer features. Unlike typ-
ical silicon nitride membranes or even silicon on insulator films,
the absence of a deposited layer largely circumvents the issue of
inherent stress in the membrane and allows for thick silicon mem-
branes which can then be subsequently thinned to smaller active
areas. The membrane regions range from 100 lm up to several mil-
limeters, with thicknesses of 0.5–2 lm. Before machining the sten-
cil using the FIB, the membranes are further thinned using a
reactive ion etch process to less than 1 lm. The deformation and
improvements of silicon structures with integrated silicon sup-
ports will be discussed.

2. Stencil fabrication

We fabricate the membranes from N type, 1–10 X cm, double
side polished 6 in. silicon wafers with a thickness of 610–
640 lm. The wafers are first thermally oxidized in a wet ambient
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Fig. 1. (a) Schematic of the stencil alignment with a sample possessing two macrosco
limitations of the setup. The thinned membrane, t, is spaced from the sample position by
The suspended region represents the central thinned part of the membrane. (d) Heating
deformaties (blisters or bubble-like structures) of the exposed silicon areas as shown. The
only in FIB machined sections. Inset: a pristine stencil.
to 5000 Å. An EVG 620 aligner and SiteCoat Spin-Coater is used
for patterning and exposure. The wafers are etched in 25% tetra-
methylammonium hydroxide (TMAH) at 85 �C. The back side open-
ings for the membranes are created using either 1.5 mm or 2 mm
openings along the (110) wafer directions, which give membranes
750 lm or 1.25 mm wide, with slight variations depending on the
precise ratio of (111) to (100) etch rates for a given solution. In or-
der to control the membrane thickness, a simple timed etch is
used. It should be noted that various etch stop techniques are via-
ble methods of halting the silicon etch and controlling the mem-
brane thickness more accurately but in practice are either
unnecessary or undesirable here, often requiring heavy doping of
the silicon surface resulting an implied inherent stress introduced
into the membrane. As well, the thickness control of direct wet
etching is sufficient to within several micrometers, with subse-
quent thinning as described below. The wafers are initially dipped
in 10% HF for 30 s to remove any environmental oxide, then etched
immediately in TMAH for 2.5 h. The etch depth is then carefully
measured using a profilometer in multiple points across each wa-
fer to assess the exact solution etch rate. A final etch time is calcu-
d
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pic contact pads. (b) Broadening of the deposited features due to the geometric
up to a micron, typically. (c) Side view of the membrane in a simplified process flow.
the FIB milled silicon sections in air for 10 min at 100–150 �C produced significant
number of deformities in some cases is even more severe than shown but is present
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lated based on the measured wafer thickness. Wafers are removed
at that point and checked by eye, and if necessary re-etched for
short periods.

The membrane thickness, which is typically 1–10 lm after the
initial silicon etch, is fine tuned by placing it in a reactive ion etcher
to reduce the overall thickness to less than 2 lm. Optical observa-
tion is typically sufficient to estimate the thickness to within one
micrometer. Placing the silicon membrane in the FIB, both microm-
eter and nanometer size features are then milled as shown in
Fig. 1c. A dual beam FIB, Zeiss 1540 XB, is used to create openings
in the membrane, which are then measured using the SEM at a tilt
angle of 54�. In order to perform electrical measurements using the
wires deposited using these stencils, we create two large openings
through the membrane 50–100 lm in length which are separated
by 5 lm as shown in Fig. 1a. To bridge these two openings, the re-
gion between them is thinned to the order of 50–200 nm and an
opening from 50–200 nm is milled, with an aspect ratio of local
membrane thickness to line width of less than 2. The thickness
of this region is designed to be similar to the width of the slit, such
that shadowing effects due to the aspect ratio of the mask do not
dominate during deposition [3]. If desired, both higher and lower
aspect ratios are readily possible. For membranes with the stair-
case structure, shown in Fig. 2 and described below, the thinning
process with the FIB takes several steps but the result is similar
in the central region. Milling of the large openings and the thinning
process both take place at 2 nA beam currents, while the final nar-
row line is created using a beam from 5 to 50 pA depending on the
precise width required. This has the effect of creating two macro-
scopic openings with a single thin opening for depositing both con-
tact pads and an integrated wire in a single step.

After fabricating the stencils, we recommend that one avoids
heating the chips in air while attaching or handing them. It was
found that heating as low as 100� in air for several minutes caused
the formation of bubbles and small blisters on the surface of the
thin 50–100 nm regions in the center of the membrane, shown in
4 um

(a)

(c)

Fig. 2. Silicon membranes with the FIB thinning in a staircase sequence to improve th
membrane, the sample would be approached to the stencil from above in this image. (b)
opening (wire heights are often slightly smaller as shown, but range from 8.5 to 11 nm hig
mode AFM. (c) Line profile (smoothed) of the deposited wire trace, with a width of 170 n
arrows, are not noise but are reproducible particles and defects formed by a shadow of dif
by the deposited line [14].
Fig. 1d. These deformities were sufficient to cause the small stencil
openings to close, rendering them unusable. It was found that
heating under low or ultra high vacuum to remove surface adsort-
bates did not cause the same problem, even at higher temperatures
(150 �C) and over extended periods as long as 7 h, corresponding to
the baking time for the mask in the vacuum chamber before use. As
the changes are only present in regions of the mask which have
been exposed to the gallium beam during FIB, we speculate these
features are a result of the diffusion of gallium out of the FIB region.
It is not understood why this effect is observed only in air, as bak-
ing in both ovens and in the chamber itself should ensure similar
temperatures. That this occurs only in the presence of oxygen sug-
gests the possibility of oxidation effects. This is supported by the
presence of nearly perfect circular bubbles on the surface which
are similar to those found during the gallium catalyzed growth of
silicon oxide wires and nodules on a silicon surface usually ob-
served at higher temperatures [13].
3. Deposition characteristics

Producing features on the sample which accurately reproduce
the stencil dimensions relies critically on the spacing between
the sample and stencil mask. Given the dimensions shown in
Fig. 1b, it is apparent from geometric considerations that the width
of the deposited features is W ¼ wþ d

D S, where w is the stencil
opening size, d the spacing between sample and mask, D the source
to mask spacing, and S the size of the source. In this case, because
the nanoscale features are recessed from the sample surface, there
is unavoidable spreading in the deposited features. For a 2 mm
source at a distance of 10 cm with a spacing of 1 lm, the spreading
should be limited to 20 nm, provided surface diffusion of the
adsorbates is not a significant factor. Similarly, there is a reduction
in the feature size at the top of the deposited structure by the same
fraction. This results in a diffuse edge to the deposited wires [14].
(b)

Defects + 
submonolayer Ta
on KBr

Ta

e membrane stability against deformation. (a) Angled SEM image of the thinned
11.5 nm tall Ta film deposited on KBr through the same mask with a 150 nm wide
h along the wire depending on the grains present) and imaged in UHV using tapping
m. Peaks beside the main feature, indicated in both the line scan and afm image by
fusing submonolayer particles well outside the range of the geometric shadow given
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The advantage of this procedure is that the mask itself can be in
contact with the sample, but has a known spacing d to the critical
50–200 nm opening which is protected from damaging contact
with the sample itself. To avoid this feature enlargement, it is pos-
sible to perform the milling process from the back side of the wa-
fer, thereby allowing better contact with the sample but with a
consequently greater risk to the stencil.

Using an electron-beam evaporator (Oxford Applied Research),
we deposited tantalum films onto a substrate under ultra high vac-
uum through these stencils. Deflections of the silicon beams form-
ing the nanowire gap are clearly visible with film thicknesses of
45 nm as shown in Fig. 3b. The degree of deflection varied over a
single chip due to variations in the exact thickness and lengths of
the silicon beams.

In order to understand the bending, the deflection and radius of
curvature were measured and used to estimate the tantalum film
stress using the modified form of Stoney’s formula [15]

r ¼ Et2
sub

6Rtfilmð1� mÞ ð1Þ

where r is the film stress, E is Young’s modulus of the silicon sub-
strate, tsub is the beam thickness, R is the radius of curvature of the
beam, tfilm is the film thickness, and m is Poisson’s ratio for silicon. A
ratio of E

ð1�mÞ ¼ 180:5 GPa was used [16] for E and m. We can also
write this in terms of the bending moment of the thin rectangular
section,

r ¼ 2EI
Rtfilmtsubbð1� mÞ ð2Þ

with b the width of the beam, as in the horizontal direction in
Fig. 1c, where the moment I ¼ bt3

s
12 . For cases of small bending it is
(a)

(c)

2 um

2 um

Fig. 3. A comparison of the membrane deflection of reinforced and normal membrane
structure, with significant vertical deflection and 45 nm Ta. (c) and (d) Reinforced struc
also possible to substitute R ¼ l2

2d where l is the beam length, and d
is the deflection at the end of the beam.

The film thickness tfilm was measured using a quartz crystal
microbalance (Inficon) to calculate the rate before and after depo-
sition, with typical rates of 0.3–0.5 Å/min. Metal films were evap-
orated on the back side of the beam, opposite the thinning
direction as shown in Fig. 3b and d. The primary source of error
in the measurement of the film stress lies with the thickness of
the silicon beams themselves, not the deposited film thickness.
The thickness of the FIB thinned sections, from 110 to
220 nm ± 5–30%, was estimated from an angled SEM image. This
was limited by the poor edge contrast of the thin sections, as well
as rounding of the edge due to edge enhanced milling by the ion
beam. The variation results from the thinning process in the FIB
as well as local thickness variations in the silicon membrane. In
the case shown in Fig. 3a tantalum film with a total thickness of
45 nm was deposited in a series of smaller depositions of 5–
10 nm onto silicon beams with a mean beam thickness of
165 nm ± 15%, and then imaged using the SEM.

We should note that Stoney’s equation is most accurate for film
thicknesses much smaller than the substrate. In our case, the depos-
ited film can be as much as 40% of the substrate thickness so correc-
tions to the calculated film stress are called for. Klein [17] has
shown that the stress value is overestimated by a fraction � given
by the thickness and modulus ratio of film to substrate, d, and c.

�st ¼
dð1� cd2Þ

1þ cd3 ð3Þ

The modulus for Ta on (100) silicon is taken to be 175 GPa [18],
with the other parameters as given above. Taking into account this
correction we have calculated a film stress of 1.3 ± 0.1 GPa based
(b)

(d)

Source

structures with Ta films deposited on the backside. (a) and (b) Uncompensated
ture under 27 nm Ta film thickness and no visible deflection.
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on the measured beam radii, which is consistent with measured
stress values for tantalum thin films deposited on bulk silicon wa-
fers [19]. The previous tantalum film measurements were not gi-
ven for thicknesses this low, but extrapolating the film stress
from Guisbier’s published data is consistent with our film stress.
The measured membrane deflections range from 0.6 to 1.4 lm,
with an average beam length of 2.5 lm, and thicknesses of 110–
220 nm. This deflection is larger than that predicted based on the
radial curvature and these stress values but is a result of the non
uniform curvature at the corners as well as a zero offset in the
deflection as measured from the fixed end. For this reason the mea-
sured radii were used over static deflections.

The beam deflections observed are sufficient to cause a signifi-
cant increase in the deposited wire thickness over the course of
several deposition cycles, well before the advent of clogging due
to evaporated materials. If we are dealing with a metal with a well
known surface stress we could even design the thickness of the
beam to deliberately destort just enough that the gradual distor-
tion will prevent the complete closure of the gap. In practice this
would be difficult and would require advance knowledge of the
film stress for the materials involved, but would be a way to pro-
long the lifespan of small aperture openings despite large deposi-
tion thicknesses. This mechanism may already take place
inadvertently in some stencil depositions.

In order to avoid the effects of this undesirable distortion with
such high stress films, it is possible to design the profile of the
membrane to increase the bending moment of the silicon sub-
strate. For nitride stencils, this has been shown through the use
of corrugated membranes [11,12] and silicon supported structures
[10]. The advantage in the method proposed here is that the sup-
porting structures exist as a part of the membrane itself and as a
result can be tailored to fit the application with minimal limita-
tions on size and proximity. The changes in the fabricated mem-
brane are shown in Fig. 2a. While the final thickness of the
beams close to the opening remains the same, the membrane
thickness is increased sequentially outwards from this point. The
staircase structure shown is a compromise in terms of effective
stiffening and the machining difficulty, as a smoothly sloping
structure is similar in concept but is more difficult to physically
manufacture with the FIB.

The magnitude of the bending was calculated in order to find
the optimal height of the steps and lengths in the staircase for
designing these staircase structures. We assume that each step in
the staircase represents a beam in its own right, with a slightly dif-
ferent radius of curvature. By aligning the segments and their
slopes at each point to create a continuous structure we can esti-
mate the bending. As the curvature is dependent on the square
of the substrate thickness, only the thinnest segments will have a
significant effect on the deflection. There is a great deal of flexibil-
ity in the choice of final thickness, gap size, number of steps, and
the height and length of each step. We are constrained by line of
sight limitations given by the angle of the sample with respect to
the source normal which also limits the aspect ratio of the gap
width to the thickness of the final segment, both of which are
dependent on the source size, distance, and mask mounting proce-
dure. For the structure shown in Fig. 3c we calculate an approxi-
mate vertical deflection of 46 and 40 nm for the left and right
segments, respectively. This gives more than an order of magni-
tude less vertical deflection than the unsupported case, and an
even smaller increase in the gap size horizontally, on the order of
nanometers or less. By comparison, a single 100 nm beam with a
length of 2.5 lm would give a deflection on the order of 400–
500 nm and an increase in the gap size of tens of nanometers.

Two membrane openings with both the original and staircase
structures are shown in Fig. 3. The width of the final segment in
this structure is 100 ± 20 nm, and is the smallest of the beams on
the membrane hence the most susceptible to significant deflec-
tions under stress. The deposited film thickness in the two cases
are 45 and 27 nm for the original (a) and staircase (c) structures,
respectively. While a significant deflection in the original feature
is observed, shown in Fig. 3b, the staircase structure (d) shows
no visible deflection. Deflections less than several tens of nm are
difficult to detect. In comparison to the original structures with a
similar final thickness, the distortion is more than an order of mag-
nitude smaller, consistent with the projected deflection above. Re-
peated use of the same mask for a significant number of
evaporations and more than 100 nm of deposited tantalum was
found to have no visible effect on the deflection, though at this
point clogging of the wire gap is beginning to become an issue.

An example of a masked structure is shown in Fig. 2b and c. The
image was taken using a JEOL 4500a atomic force microscope
(AFM) in UHV with tapping mode over two separate images, due
to a limited scan range. An 11.5 nm tantalum film was deposited
through the stencil onto a KBr insulating surface under UHV with
the membrane in direct contact with the sample surface. The sten-
cil thickness is 1200 ± 50 nm with a wire size of 150 ± 5 nm. The
deposited wire size was 180 ± 20 nm. From the geometric spread-
ing discussed above this gives a mask to sample spacing of
900 ± 600 nm which is consistent with the mask to sample spacing
d in Fig. 1b. In this case, the thickness of the mask itself minus the
width of the final segment is 1.1 lm. Some much smaller features
are visible in the vicinity of the nanowire, shown as secondary
peaks in the line profile or small islands nearby in the AFM image.
These are thought to be a combination of metal islands near the
deposited structure and electronic defects created during the
SEM imaging of the substrate. The aligned features running hori-
zontally across the image are monatomic KBr steps decorated with
metal islands. It is also possible to see the top of the half-shadow of
the wire, where the wire size is actually decreased as a result of
shadowing, see Fig. 1b. It is more difficult to precisely measure this
distance due to the grain structure, but it is approximately 90–
95 nm in width. This also agrees with the expected spreading of
the incident evaporant beam.
4. Conclusion

We have demonstrated the creation of single crystal silicon
membranes fabricated with a combination of standard microma-
chining and focussed ion beam milling. The use of robust silicon
membranes considerably thicker than the typical silicon nitride
stencils allows the simultaneous creation of 50 nm and several
hundred micrometer sized features without compromising the
membrane stability. Despite the lack of intrinsic stress and the
inherent stiffness of these membranes, thick or highly stressed
films will still pose an eventual problem. In order to compensate
for this distortion we have introduced staircase structures into
the local region of the membrane that still allow for small features
but with minimal feature distortion under highly stressed films.
Measurements of high stress metal films and calculated deflections
of the modified structures agree and provide an effective method
of membrane support for silicon stencils. The reinforced mem-
branes have been used to deposit 180 nm structures on an insulat-
ing KBr surface in UHV where the deposited feature sizes agree
with both the calculated and measured effects of the minimized
membrane distortion due to the film deposition.
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