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U
ltrathin membranes are currently
very attractive for a wide variety of
applications in the field of physics,

optics and biology,1 while silicon is exten-
sively used inmicroelectronics and inmicro/
nanoelectro-mechanical systems. There-
fore, producing nanostructured, highly re-
producible ultrathin silicon membranes at a
relatively moderate cost would be a major
asset for several applications including
nanosensors,2 nanoperforated membranes
for efficient separation of nanoparticles or
biological materials3,4 and nanopatterned
membranes for optical applications.5 Silicon
(Si) also enables a facilitated integration for
devices that combine microfluidics, elec-
tronics and sensors.6,7

The conventional method to fabricate Si
nanomembranes is to etch the backside of a
bonded silicon-on-insulator (SOI) wafer
through the Si wafer in order to release the
top Si layer using the buried oxide layer as a
convenient etch stop layer. However, the
oxide/silicon interface induces a compressive

stress of several tens of MPa,8 which irreme-
diably results in the detrimental buckling of
the membrane for numerous applications.
Further removing of the buried oxide on the
membranes does not solve completely this
issue. Indeed the oxide generates rippled
membranes due to the stress released at the
edge of the membrane.9,10 In the scientific
literature, several strategies have been pro-
posed to engineer the Si film strain in order
to avoid bending after membrane release.
An elegantmethod consists in adjusting the
stress in the Si layer with the use of elasti-
cally strained layers which transfer their
energy to the Si layer.11 The stressed hetero-
structure releases its strain elastically by
lateral expanding. As a result, the Si mem-
brane is stretched. This strategy results in
transferrable Si/Ge sheets that are very ap-
pealing for photonics (e.g., band gap engi-
neering based applications).12 However, for
biological or optic purposes, the Si/Ge mul-
tilayer is not appropriate, mainly because
the membrane should be held by a frame
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ABSTRACT An innovative method to fabricate large area (up to several

squared millimeters) ultrathin (100 nm) monocrystalline silicon (Si) membranes is

described. This process is based on the direct bonding of a silicon-on-insulator

wafer with a preperforated silicon wafer. The stress generated by the thermal

difference applied during the bonding process is exploited to produce buckling free

silicon nanomembranes of large areas. The thermal differences required to achieve

these membranes (g1 mm2) are estimated by analytical calculations. An

experimental study of the stress achievable by direct bonding through two specific surface preparations (hydrophobic or hydrophilic) is reported.

Buckling free silicon nanomembranes secured on a 2 � 2 cm2 frame with lateral dimensions up to 5 � 5 mm2 are successfully fabricated using the

optimized direct bonding process. The stress estimated by theoretical analysis is confirmed by Raman measurements, while the flatness of

the nanomembranes is demonstrated by optical interferometry. The successful fabrications of high resolution (50 nm half pitch) tungsten gratings on

the silicon nanomembranes and of focused ion beam milling nanostructures show the promising potential of the Si membranes for X-ray optics and for the

emerging nanosensor market.
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and because of its unfavorable heterostructure prop-
erties. An alternative has been published recently by
Shchepetov et al.10 They proposed the use of a strain
compensating frame of silicon nitride on the silicon
perimeter. Appropriate tuning of the silicon nitride
properties enables one to avoid membrane buckling.
Furthermore, it is also possible to modify the mem-
brane strain. Such a solution is interesting for some
applications but makes any post patterning difficult.
On the other hand, Gopalakrishnan et al.13 were able to
improve the flatness of Si nanomembranes by using a
method called the edge-induced flattening. With a
surface-energy based mechanism, they were able to
reduce the distortions due to buckling. Despite its
attractiveness, this approach simply enables to reduce
the buckling effect, but not to fully remove it. Finally, a
successful method for fabricating ultrathin silicon
membranes was developed and patented in 2009 by
Constancias et al.5,14 This technique is based on
strained SOI. Fabricating strained SOI requires several
epitaxial steps.15 Basically, it consists in growing a stack
of SiGe layers on a bulk silicon wafer, in order to take
advantage of the slight differences between the lattice
constants of SiGe alloy and Si. First, a buffer layer is
grown with a zero germanium fraction at the bottom
interface, increasing to 20%at the top. A template layer
of (Si0.8Ge0.2) is then grown on the buffer and followed
by the epitaxial growth of a thin layer of Si on the top of
it. Therefore, the thin Si layer is stretched. Afterward,
the strained Si is shifted by layer transfer technic to a
new handle wafer, followed by the removal of the
residual SiGe layer by selective etching. The strained
SOI wafers based on Si epitaxy on (Si0.8Ge0.2) show a
stress of about 1.3 GPa.16 The release process of
membranes starting from strained SOI is identical to
the conventional one mentioned above. The 1.3 GPa
tensile stress of the Si top layer largely compensates
the compressive stress of the buried oxide, leading to
a buckling free silicon nanomembrane. The feasibility
of this technology has already been demonstrated.
However, this approach is very expensive as it involves
costly technological steps and is not robust for large
areas (millimeter range). Indeed, successive complex
epitaxial steps are likely to cause excessive defect
densities (such as misfits or threading dislocations),
leading to the breakage of the membrane during
manufacturing or storage.
In this work, we explore a new approach which

demonstrates the fabrication of frame secured ultra-
thin silicon membranes using an innovative method.
The fabrication process is based on the silicon direct
bonding of a SOI wafer with a preperforated silicon
wafer. This method prevents the buckling/ripples of
themembranes by eliminating the compressive silicon
oxide layer systematically present between the mem-
brane and the frame with conventional fabrication
methods. Furthermore, we applied a tensile stress to

the membranes to counteract the distortions induced
by their own weights (non-negligible in large areas).
This method results in the fabrication of buckling free
silicon nanomembranes over a large area. The mem-
brane thickness is determined by the SOI thickness
while the membrane design (size/shape) is defined by
the preperforated wafer. First, in order to give the
reader a comprehensive overview of our direct bond-
ing strategy, the fabrication process based on conven-
tional semiconductors technology is described in
detail. Then we estimate the thermal differences ne-
cessary to obtain buckling free Si nanomembranes of
various dimensions using analytical calculations, while
the next section is devoted to the innovative direct
bonding strategy. Finally, we describe practical and
potential applications of such ultrathin Si nano-
membranes.

RESULTS AND DISCUSSION

Fabrication Process. An innovative method for the
fabrication of large area ultrathin Si membranes has
been developed. It is based on the direct bonding of a
SOI wafer with a preperforated silicon wafer. Scheme 1
describes the proposed approach. The first step con-
sists in perforating the siliconwafer. The shape and size
of the holes directly define themembranes design. The
apertures are made by standard microtechnology
approaches (hard mask, lithography, deep reactive
ion etching), which enable a great flexibility in terms
of shape (circular, rectangular, etc.) and density of the
membranes.

Either epitaxial thickening or chemical etching of a
standard SOI wafer are used to control the Si top layer
thickness of the SOI wafer. This step determines the

Scheme1. Fabricationprocess of large areaultrathin silicon
membranes by direct bonding. (1) Perforated wafer
obtained with deep reactive etching; (2) pre-heating of
the SOI wafer; (3) wafer bonding of a pre-perforated wafer
with a pre-heated SOIwafer; (4) Si handlewafer removal and
BOX etching; (5) wafer dicing; (6) single membrane secured
on a frame.
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membrane thickness (e.g., 100 nm in our case). Then
the SOI controlled wafer and the preperforated silicon
wafer are put in contact to bond without any addition
of external material. This technique involves silicon
direct bonding.17 Before contacting the two silicon
crystals, it is necessary to prepare their surfaces che-
mically and physically so that they become sufficiently
clean and chemically suited for direct bonding. Typi-
cally the silicon direct bonding technique involves
contacting the silicon wafers at room temperature
without temperature difference. The novelty of our
approach is based on the use of the temperature
difference between the silicon based wafers to force
thermal stress during the bonding itself. Once bonded,
the Si substrate of the SOI wafer is removed by
mechanical grinding (diamond wheel) and wet chemi-
cal etching using the buried oxide layer as a convenient
etch stop layer. Finally, the buried oxide is removed by
wet etching in a standard hydrofluoric acid (HF) solu-
tion to complete the membrane release. The wafer is
then ready for collective postprocessing. At this time it
is possible to separate the membranes individually by
wafer dicing. For that specific purpose, mechanical
sawing proved to be efficient.

Theoretical Calculations. Fabricating buckling free sili-
con nanomembranes with conventional methods is
difficult because monocrystalline Si is not obtained
with a tensile stress.18 Moreover, the selective etching
of bulk Si (at nanometer scale) requires an etch stop
layer (typically a silicon oxide interface). This oxide/
silicon interface induces a compressive stress of several
tens of MPa, which irremediably generates buckling
once the membrane is released. As an example, an
optical interferometer image of the buckling obtained
for large area ultrathin Si membranes made by con-
ventional method is reported in Figure 1a. A distortion
of several thousands of nanometers is observed for
100 nm thick membranes with a few millimeter
squared area.

In our case, the silicon oxide interface is avoided
thanks to the wafer bonding approach. However, the
membrane thickness is very small compared to its
lateral dimensions, so that its bending stiffness is no
longer sufficient to counteract the deformation in-
duced by its weight. On the basis of the theory of
plates and shells developed by Bonnotte et al.,19 Con-
stancias et al.14 have recently proposed a method for
determining the minimum compensation stress re-
quired to achieve a negligible deflection of a mem-
brane with a thickness lower than one micron. An
application of this method to the case of a squared
monocrystalline silicon membrane with a square side
results in the following equation:

σ ¼ Pa2

C�th � ESi
1 � νSi

t2

C�a2
1

12β(1þ νSi)
þ C

h2

t2

" #
(1)

with:

P ¼ FSigt (2)

where h is the calculated deflection, σ the stress and
t the membrane thickness; g is the gravitational con-
stant, ESi the Young modulus, νSi is the Poisson's ratio
and FSi the density of silicon. As for the coefficient β, C,
and C*, they are related to form factors of the mem-
brane and are, respectively, equal to 1.26.10�3, 26.12,
and 13.63 for a squared membrane.19 The weight is
obtained assuming a pressure P uniformly applied to
the membrane.

Equation 1 has been applied to our case to deter-
mine the deflection of a silicon membrane as a func-
tion of the stress of the membrane. Calculations for
squared membranes with a side equal to 1, 3, and
5 mm, respectively, are reported in Figure 1b for a
membrane thickness of 100 nm. The graph shows the
dependence of the central distortion on the mem-
brane stress. It is clearly seen that, for ultrathin mem-
branes with millimeter dimensions, a tensile stress is
required to avoid any distortions. For a 3 mm side
square membrane (100 nm thick), a stress of 15 MPa is
necessary in order to obtain a central deflection of less

Figure 1. (a) Optical Interferometry image of the buckling
of a 100 nm thickmembranemade by direct SOI etching. (b)
Analytical calculation of the central distortion of squared
membraneswith 1, 3, 5, and 10mmsides as a functionof the
stress of the membrane for a thickness of 100 nm. The solid
line represents the maximum deflection acceptable con-
sidering a maximum angle (θ = 6.7.10�7 rad) between the
plane of the frame and the plane defined by the central
distortion and two adjacent corners of the membrane.
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than 1 nm, while the same flatness can be achieved
with only a few MPa for a 1 mm2 membrane. As the
membrane side increases from 1 to 10 mm, the strain
required to counteract the weight of the membrane
raises considerably.

Thanks to different silicon wafer temperatures dur-
ing the bonding, the thermal expansion of silicon
wafers was used to force a specific thermal stress in
the bonded structure. The internal stress imposed by
the difference in surface temperature of the Si and the
SOI wafers is determined by

σtherm Si ¼ ESi
1 � νSi

Z
RSi(T)dT (3)

where ESi, RSi, and νSi are the Young modulus, the
coefficient of thermal expansion (as defined by Okada
et al.20), and the Poisson's ratio of silicon, respectively;
dT is the thermal differential, and σtherm Si is the
thermal strain.

With the mechanical model presented above, we
calculated the stress required in order to obtain a
100 nm thick square membrane with a negligible
distortion. For the targeted optical applications, it is
more appropriate to define themaximumdeflection as
the maximum angle between the plane of the frame
and the plane definedby the central distortion and two
adjacent corners of the membrane. This angle has
been determined as 6.67 � 10�7 rad, which corre-
sponds to a maximum deflection of 1 nm with a 3 mm
side membrane. These deflection values are indicated
by the solid line in the Figure 1b. The corresponding
stress values are related to specific differential tem-
peratures through eq 3. The results are reported in
Table 1 for different values of the square membrane
side. To match the flatness requirements of our tar-
geted applications, we estimated the thermal differ-
ence necessary to reach thatminimal level of stress. For
an area of 10 � 10 mm2, the stress required is esti-
mated to 50 MPa. Hence, a thermal difference of about
61 �C is required during bonding. While for a mem-
brane of 1 � 1 mm2, a stress of 5 MPa is necessary to
achieve a flatness compatible with the requirements of
short wavelength optics. In this case, a thermal differ-
ence of only 7 �C is theoretically sufficient during
bonding.

Large Area Si Membranes by Silicon Direct Bonding. Direct
bonding technique has been studied for several de-
cades21 resulting in successful applications.22 However,
the key point and the novelty of our process flow is the
achievement of silicon direct bonding with a tempera-
ture difference. To our knowledge, it is the first time
that the use of thermal difference is used in silicon
direct bonding to fabricate membranes. The specific
characteristics that the surfaces have to satisfy to
succeed with such bonding are the following: (i) the
wafers should have a controlled bow (<25 μm), (ii) an
appropriate planarity (total thickness variation inferior
to 10 μm), (iii) surfaces microroughness should be less
than 0.3 nm RMS (root-mean-square), and (iv) surfaces
have to be ultraclean (only a few particles may be
present after cleaning, their diameter not exceeding
0.5 μm). In these specific conditions, silicon direct
bonding can be either hydrophilic or hydrophobic.
The bonding with hydrophobic approach leads to
relatively weak bonding energies (20�30 mJ 3m

�2)
due to van der Waals forces between polar Si�H
bonds, while it tends to be higher with a hydrophilic
approach (130 mJ 3m

�2), as the hydrogen bonds be-
tween H and O are stronger than the weak polar Si�H
bonds.17 Therefore, when an insulating ultrathin oxide
layer (∼2 nm) at the bond interface is suitable, the
hydrophilic method is usually preferred.

We first carried out a study on 200 mm, p-type
doped Si (100) wafers in order to evaluate these two
bonding strategies when a thermal difference is
applied. In both cases, wet chemical cleaning was
performed in order to obtain particles and contami-
nants free surfaces. A dynamic diluted clean based on
HF was first performed to etch native or chemical
oxide. For the hydrophobic approach, the surface of
the wafers was then reoxidized by ozone-based chem-
istry as reported by Tardif et al.23 Therefore, a hydro-
philic surface was obtained thanks to a thin chemical
SiO2 layer. For the hydrophobic approach, in order to
minimize roughness and thus increase the attractive
interactions via van der Waals forces, a surface recon-
struction generated byH2 annealingwas performed on
the deoxidized Si wafers. Indeed, recent results ob-
tained by Rauer et al.24 have established that the
surface reconstruction decreases the bonding inter-
face gap, resulting in a significant increase of the
bonding energies of direct hydrophobic Si bonding.
Afterward, processed wafers (hydrophilic or hydro-
phobic) were then bonded under vacuum in an auto-
matic bonder which enables to heat the upper and
lower wafer separately prior to bonding. In our case
only the lower wafer is heated. Even though the upper
wafer was unintentionally heated by thermal radiation
from the lower wafer (as both wafers were facing at a
distance of about 5 mm in the bonder), a thermal
difference occurs during the bonding process. It results
in the bowing of the stacked wafers. In Figure 2b, we

TABLE 1. Estimated Stress Required To Avoid Distortion

for Several Dimensions

square membrane

side [mm]

minimal stress

requireda [MPa]

thermal expansionb

(RSiΔT) � 10�5 ΔTb [�C]

1 5 2 7
3 15 6 19
5 25 10 32
10 50 20 61

a Calculated from eq 1. b Calculated from eq 3. The thermal expansion and difference
are calculated in order to obtain an equivalent strain.
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report the dependence of the bow on the bonder
temperature (measured at the bottom chuck) for both
hydrophilic and hydrophobic bonding strategies. As
the temperature was stabilized before bonding, the
bonder temperature was considered equal to the
temperature of the heated wafer. However, the effec-
tive thermal difference was only indirectly measurable
from the bow obtained after bonding. We observe that
the bow varies linearly with the bonder temperature,
confirming that the process is ruled by the stress
resulting from the difference in surface temperature
during bonding. The maximum temperature achiev-
able with our bonder is 350 �C. As expected, this set
point allows to get the highest bow with both ap-
proaches. A maximal bow of 1210 μm was obtained
with hydrophobic bonding, while a 644 μm bow was
achieved with hydrophilic bonding. As the bow only
results from the applied thermal difference during
bonding, no difference should be observed between
hydrophobic and hydrophilic strategies. However,
hydrophobic bonding was performed with a preheat-
ing under vacuum of the lower wafer in the bonder,
which results in a higher thermal difference during
bonding. This preheating strategy was used to

minimize the uncontrolled heating of the upper wafer
during the thermal stabilization of the heated lower
wafer. This preheating was unfortunately impossible
for the hydrophilic approach as the surfaces treat-
ments were immediately degraded by exposure to a
high atmosphere at elevated temperature. It is likely
that the silanol groups (Si�OH) reacted with H2O
molecules present in the atmosphere which caused
the formation of an ultrathin oxide layer. This surface
modification results in the decrease of the bonding
energy between thewafers. Hence the bonding energy
is no more sufficient to sustain the stress imposed by
the thermal difference. Differently, the hydrophobic
approach was able to sustain a quick atmosphere
exposition up to 350 �C. Indeed the thermal budget
involved is not sufficient to significantly desorb hydro-
gen from the surface. Hence, the hydrophobic surfaces
are prevented from a sudden oxidation during the
short exposure to atmosphere (required by the sub-
sequent load of the upper wafer). The bonding energy
remains sufficiently high to sustain the stress gener-
ated by the bonding process. The stress is determined
by the thermal difference achieved during bonding
however its value is not directly measurable. Therefore,
in order to estimate it, we used the Timoshenko
formulas applied to thick layers as reported by Dunn
et al.25 Wafer distortion analysis (followed by bow
measurement) enables to determine the stress level
at the interface. The bow/stress relationship in the case
of two 725 μm thick wafers is shown Figure 2b. The
best results for both hydrophilic and hydrophobic
processes are also indicted. The hydrophilic approach
enables to experimentally reach a stress of 26.7 MPa
(equivalent to a thermal difference of 34 �C during
bonding). The hydrophobic approach allows reaching
a tensile stress of 50.1 MPa (equivalent to a thermal
difference of 61 �C during bonding). These experimen-
tal results are in good agreement with the theoretical
requirements reported in Table 1.

Indeed, according to the bonding results, non-
deformed square nanomembranes (100 nm) with a
side up to 10 mm can be achieved by the hydrophobic
bonding approach as a stress of 50 MPa was achiev-
able. Therefore, hydrophobic bonding was chosen to
fabricate our membranes. However, the temperature
set point with the hydrophobic bonding was volunta-
rily limited to 275 �C (expected bow of 882 μm), as the
industrial tools used to process the bonded wafers
were not secured to dealwith a bow superior to 900 μm.
The tensile stress, determined by this temperature set
point, is expected to be 36 MPa (cf. Figure 2b), which is
theoretically sufficient to obtain buckling free mem-
branes up to 5 � 5 mm2 as the thermal difference
estimated during bonding is 45 �C (cf. Table 1). Hence,
SOI and Si perforated wafers were bonded using the
optimized conditions established above. The bonding
process was finalized by a postbonding annealing at

Figure 2. (a) Evolution of the bow obtained after the bond-
ing of two Si wafers with various bonder temperatures.
(b) Calculations of the stress at the bonding interface thanks
to the Timoshenko formulas reported by Dunn et al.25 The
maximal thermal differences of each process were assessed
by the calculated stress through eq 3.
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high temperature (1100 �C) during 2 h. After bonding,
the Si handle of the SOI wafer was completely removed
by chemical and mechanical polishing as detailed in
the Methods section. Finally, the BOX was removed by
wet etching in a diluted HF solution to complete the
membrane release. Individual membranes were then
separated individually by wafer dicing with a constant
2 � 2 cm2 frame. A photograph of the resulting
membranes is shown Figure 3a. One hundred nano-
meter thick silicon membranes of dimensions ranging
from1� 1 up to 5� 5mm2were successfully achieved.
Membrane thickness homogeneity over its whole
surface was roughly verified by the color uniformity.
More precisely, a silicon thickness standard deviation
of 3 nm was evaluated by spectroscopic ellipsometry
on the SOI wafers prior to direct bonding. Optical
microscopy measurements were carried out on the
membranes. A typical optical image of a 3 � 3 mm2

membrane corner is shown Figure 3b. A perfectly
defined square shape is observed and no distortions
are detected. Optical interferometer images of the
membranes were also carried out. The membrane
flatness is well verified on the 3-dimensional view
shown in Figure 4. The associated 2-dimensional
profile of the membrane is also presented. We ob-
serve that the membrane flatness remains constant
within approximately a 10 nm fluctuation over a
1 mm-long side dimension.

Raman scattering measurements were performed
at a wavelength of 514 nm on the freestanding mem-
branes secured to a Si frame. The spectra obtained for

themembranes were compared to the spectrum of the
reference silicon bulk. Application of stress is expected
to cause a frequency shift toward lower wavenumbers
for a tensile stress and toward higher wavenumbers for
a compressive stress.26 The experimental Raman spec-
tra are reported in Figure 5. A distinct negative shift
(Δω = �0.14 cm�1) of the Si related T2g mode is
observed in comparison to its position in the bulk
material. For (001) orientated silicon, as assuming
a biaxial stress in the (100) plane, relationship be-
tween stress and Raman shift is estimated to
220MPa 3 cm

�1.27 Themembrane stress is estimated to
31 ( 5 MPa with this linear relation. This value is in
good agreement with the 36 MPa expected. The
monocrystalline quality and the (001) orientation of
the membrane were confirmed through electron dif-
fraction measurements performed by transmission
electron microscope (TEM). The electron diffraction
pattern measured on the membrane is presented in
the inset of Figure 5.

Buckling free silicon membranes (100 nm), with
lateral dimensions up to 5 � 5 mm2, were successfully
achieved by hydrophobic direct bonding. Raman and
optical interferometry measurements confirm the
stress level and the flatness of the membranes
achieved. More than 400 membranes were fabricated
using this process. After complete release of the in-
dividual membranes, a fabrication yield higher than
90%was obtained. This significant value demonstrates
the excellent reproducibility of this advanced fabrica-
tion process.

Figure 3. (a) Photographyof the suspendedSi nanomembranes (100nm thick) securedona 2� 2 cm2 frame (from left to right
the membrane sizes are 5 � 5, 3 � 3, 1 � 1 mm2, respectively). (b) Image of the 3 � 3 mm2 membrane's corner from optical
microscope.

Figure 4. Optical interferometer image of the 1� 1mm2membrane and associated profile. The difference in height between
the Si frame and themembrane is a measurement artifact due to the back reflection of the Si membrane. It was confirmed by
SEM observation.
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Applications. Critical Dimension Small Angle X-ray
Scattering (CD-SAXS) has been identified as a potential
solution for the measurement of sub-50 nm
features.28,29 Therefore, high resolution patterns with
high aspect ratio are necessary for developing this
technique and examine its sensitivity.30 The achieve-
ment of such patterns on large area Si membranes will
allow to collect high quality data in a short time in a
Synchrotron facility and in fine to develop a laboratory
Scale CD-SAXS. However, exploiting Si nanomembranes
for X-rays applications requires several potential disrup-
tive handling steps to perform nanopatterning on
membrane. Even though freestanding Si

nanomembranes show exceptional properties (e.g.,
bendability),1 they can easily break with inappropriate
mechanical contact. To demonstrate the sustainability
of our ultrathin Si membranes, a high resolution tung-
sten diffraction grating was fabricated on the mem-
brane. First, the silicon ultrathinmembrane was coated
with three hundred nanometers of stress-controlled
tungsten and with a very thin chromium layer using
sputtering deposition. A line/space grating was then
written in a thin resist layer by electron beam litho-
graphy at 100 kV (Vistec VB6 Ultra-High Resolution-
Extended Wide Field). It was further transferred onto
the tungsten layer via the consecutive etching of the
chromium hard mask and the tungsten layer in an
inductively coupled plasma reactor. The grating was
fabricated over the whole 1 � 1 mm2 membrane.
Figure 6a. shows the scanning electron microscopy
(SEM) image of the line/space grating of 50 nm half
pitch achieved on the membrane. The average critical
dimension measured by SEM over the membrane area
shows a standard deviation smaller than 2 nm, which
supports the excellent homogeneity of the processes.
The successful fabrication of a high resolution diffrac-
tion grating clearly demonstrates that the Si ultrathin
membrane fabricated by direct bonding are able to
sustain the various demanding steps of an advanced
nanofabrication necessary for X-rays optics (thin film
deposition, electron beam (e-beam) lithography, plas-
ma etching, etc.).31,32 Afterward, the diffraction pattern
of the 50 nm half pitch gratings was measured at the
European Research Synchrotron Facility using a beam-
line with an energy of 17 kV and a large beam (2 mm).
The measured diffraction pattern is also reported in
Figure 6a. The zero-order contribution is intendedly
blocked with a central beam stop. The first eight

Figure 5. Raman shift measurements of a Si membrane
secured on a frame. The peak is associated with the T2g
Raman active mode. The dash lines show the peak position
of the Si bulk reference taken on the frame. Lorentzian
functions were used to fit the peaks. The inset reveals the
electron diffraction pattern of the Si membrane performed
on TEM. The experimental diffraction pattern in [001] zone
axis directly obtained is characteristic of (100) monocrystal-
line Si.

Figure 6. (a) SEM top view imaging of the 50 nmhalf pitch tungsten gratingwith an aspect ratio equal to 6 achievedon a 1� 1
mm2 ultrathin (100 nm) Si nanomembrane. Small angle X-ray scattering of the high resolution tungsten grating measured
using synchrotron radiation at 17 keV. (b) Example ofNEMS like designs achievedona Si nanomembrane (3� 3mm2) by focus
ion beam (FIB). Observations were carried out using SEM tilted views.
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diffraction orders of the 50 nm half pitch tungsten
gratings observed on the graph are distinctively mea-
surable. The membrane flatness and robustness under
extreme illumination witness its compatibility with
X-rays optics specifications. The data collected on the
high resolution tungsten grating will be further used to
inquire the sensitivity of the SAXS measurement to
critical dimensions and other nanoscale features (e.g.,
line edge roughness, sidewall angle, etc.). This work is
presently in progress.

Beyond X-rays optic applications, silicon ultrathin
membranes are also very attractive for the fabrication
of highly sensitive sensors intended to measure displa-
cements and extremely weak forces at the molecular
scale,33�36 or as a separation tool for biological
materials.37�39 For such applications, Si nanomem-
branes can be perforated to liberate nanoelectrochem-
ical systems designs such as cantilevers or flexible
structures. FIB milling was performed on a 3 � 3 mm2

membrane. Figure 6b reports the direct observation of
the ad-hoc structures carried out by SEM. The Si mem-
branes were able to sustain important perforations in
order to release a 100 nm thick NEMS-like design. The
robustness of the Si nanomembranes fabricated by
direct bonding is experimentally demonstrated.

CONCLUSIONS

Our results demonstrate that standard semiconduc-
tor technology can be used to fabricate large area
buckling free Si nanomembranes (100 nm) by an
innovative approach. Our new method, based on
direct bonding with thermal difference, enables the
control of themembrane thickness and themembrane
design (size/shape/density) prior to bonding, which
facilitates the membrane fabrication process. Hence, a
wide variety of membrane designs are conceivable.

Analytical calculations reported in this paper allow us
to estimate the stress level necessary to avoid the
membrane's distortion on a millimeter range area (up
to 10 � 10 mm2). Optimization of the direct bonding
process confirms the linear thermal dependence of the
stress achieved through wafer bonding. A stress of
50 MPa (estimated by the Timoshenko formulas) was
experimentally achieved by hydrophobic direct bond-
ing. Ultrathin silicon membranes (100 nm), with lateral
dimensions up to 5 � 5 mm2, were obtained by
hydrophobic direct bonding. Raman, TEM and optical
interferometry measurements confirmed the stress
level and the flatness of the membranes achieved.
The successful fabrication of a high resolution (50 nm
half pitch) tungsten grating on a membrane illustrates
a practical example of application for the large area
ultrathin membranes performed by direct bonding
with thermal difference. This accomplishment demon-
strates the ability of these membranes to sustain post-
fabrication nanopatterning. In addition, the quality of
the diffraction pattern observed with an X-ray synchro-
tron source corroborates the controlled flatness
achieved on thesemembranes, whichmakes them very
attractive for EUV or X-ray optics fabrication (e.g., dif-
fraction gratings, Fresnel zone plates). Additional FIB
millings performed on these Si nanomembranes also
demonstrate their remarkable robustness. Finally, the
potential of this process for ultrathinmembrane fabrica-
tion is extremely promising because it is collective,
applicable to other materials, and fully compatible with
standard industrial semiconductor technology. Further
investigations will be required to evaluate the minimal
thickness (ormaximal area) achievablewith this process.
However, preliminary results show that it is possible to
fabricate 50nmultrathin Simembranes on1mm2with a
yield higher than 90%.

METHODS
Si Ultrathin Membrane Fabrication. Two hundred millimeter

(100) polished silicon wafers were perforated by standard
microtechnology. An 8 μm thick silicon oxide hard mask was
first deposited by plasma enhanced chemical vapor deposition
(PECVD) (Applied Materials) at 240 �C on the silicon wafers. A
layer of photoresist (JSR 335) was spun onto the front side of the
wafers. Photolithography by ASM 100 stepper created squared
window patterns (1 � 1, 3 � 3, and 5 � 5 mm2) in the
photoresist. The exposed SiO2 was removed by RIE in an 8 in.
Applied Materials P5000E using SF6 gas. Subsequently, the
etching through silicon was performed in STS ICP Etcher,
allowing fast switching between the etching and the passiva-
tion steps of the “Bosch” Process. The hard mask was removed
in a SMS wet bench using diluted HF etching (8%). In parallel,
standard bonded SOI wafer from SOITEC, Inc. (top Si layer,
70 nm; type P BOX, 145 nm; Si handle wafer, 725 μm; details
are provided in the Supporting Information) were thickened
by epitaxial growing in a chemical vapor deposition reactor
(RP-CVD Epi Centura) Applied Materials at 950 �C in order to
adjust the Si top layer thickness of the SOI wafer. Prior to
bonding, hydrophobic surface preparations were carried
out on perforated and SOI wafers by means of surface

reconstruction generated by the H2 annealing at 950 �C in a
RP-CVD Epi Centura, Applied Materials. Perforated and SOI
wafers were then bonded in an EVG 850 bonder under vacuum
atmosphere. The silicon direct bonding results in stack wafers
which are then annealed at 1100 �C during 2 h under nitrogen
atmosphere in a TEMPRESS horizontal furnace tube. After the
bonding, the SOI handle Si side of the stack was partially
grinded (600 μm) by mechanical abrasion (diamond wheel)
using a DAG810 grinder DISCO and removed completely by wet
chemical etching in a 12.5% TMAH solution. Membranes were
separated individually by wafer dicing. For that purpose, resist
from MicroChemicals (AZ4562) was spun onto the wafers
(500 rpm for 30 s), followed by annealing on hot plate (80 �C
for 300 s) to obtain a protective resist film thickness of several
tens of micrometers that covers the membranes. Afterward the
backside of thewafers were secured on a UV curable dicing tape
from ADWILL (D210) prior to dicing. An automatic dicing saw
from DISCO was used with a cutting speed of 3 mm/s and a
water flow of 0.6 L/min, while the dicing wheel was rotated at
30 000 rpm. After dicing, the tape strong adhesion was reduced
by UV irradiation to facilitate the individual pick-up of the
membranes. Wet stripping by EKCLEwas collectively performed
on the separated dices. Finally, the BOX is removed by wet
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etching in a standard 10% HF solution to complete membranes
release.

Membranes Characterizations. Standard optical microscope
images were obtained with an Optiphot 200 inspection micro-
scope, Nikon. Noncontact 2D and 3D surface profile measure-
ments were carried out with an optical profiler Veeco Wyko
NT3300. Raman measurements were performed with a
Renishaw system using the green light (514.5 nm) of an ion Ar
laser. The spectra were recorded in triple subtractivemode with
an incident laser power 0.1 mW and a 100� objective
(numerical aperture of 0.9). A reference spectrum is recorded
systematically, in order to eliminate any problems resulting
from a frequency shift of the spectrometer. The electron
diffraction measurements were performed on Titan Ultimate
probe-corrected TEM at 200 kV.

Nanopatterning. Tungsten and chromium were deposited at
155 �C by sputtering on 1 � 1 mm2 square Si nanomembranes
using a Kurt J. Lesker. Resist from ZEON Chemicals was spun
onto the individual membrane (4000 rpm for 60 s), followed by
annealing on hot plate (180 �C for 300 s) to obtain a resist film
thickness of 50 nm. Then a line/space grating was written by
using e-beam lithography (Vistec VB6 UHR-EWF). Resist patterns
were then transferred onto tungsten via etching in an induc-
tively coupled plasma reactor (Plasmalab system 100 from
Oxford Instrument) using consecutively chlorine and fluorine
based gases. The SEM images of 50 nm half pitch grating were
performed on a SEM from Jeol JSM7401F with acceleration
voltage of 5 kV. Perforations of the (3 � 3 mm2) Si nanomem-
branewere performed byMEB-FIB ZEISS NVision 40with FIB and
high-resolution field emission SEM.
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