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L
ayered systems made of thin sheets
of monocrystalline semiconductors
bonded to flexible substrates have

recently found application in extremely
fast flexible electronics and novel opto-
electronics.1�7 The essential element in
these advances is the monocrystalline free-
standing semiconductor nanomembrane
(FSNM).8 FSNMs can have thicknesses ran-
ging from a few nanometers to ∼1000 nm,
with lateral areas from 0.03 to larger than
1 cm2, and thus very large aspect ratios
(width/thickness), in the range of 103 to
more than 107. Modern advances in the
release and transfer of such crystalline semi-
conductor sheets have enabled formation
of layered substrates with extremely low
bending stiffnesses, on which devices can
be fabricated with performance compar-
able to that of devices formed on rigid
substrates. Such devices can undergo var-
ious types of extreme mechanical deforma-
tion (i.e., bending, stretching, and twisting)
without degradation of their properties, and
thus a variety of conformable, shaped, mul-
tidimensional electronics and optoelectro-
nics have been realized.1�7

Multilayered systems used in bendable/
stretchable electronics and optoelectronics
are typically characterized by a large mis-
match between the elastic moduli of
an inherently stiff, but quite thin, top
layer, such as Si, and a low-stiffness (i.e.,
compliant) supporting substrate.9,10 We will
refer to such a materials system as an
effectively compliant layered system (ECLS).
In ECLSs, the low elastic modulus of the soft
host dominates the mechanical response of
the system, whereas the crystalline semi-
conductor sheet determines the charge
transport, photonic, and surface properties.
In this sphere, thinness leads to a promi-
nence of surface effects and to the modifi-
cation of many materials properties, such as
electronic transport, phonon distributions,

and, for sufficiently thin NMs, band structure
and quantum properties.11�13

As the use of ECLSs in numerous appli-
cations is considered, a better description
of their elastic response is needed. De-
spite the numerous demonstrations and
applications of ECLSs, a quantitative un-
derstanding is lacking of how compliant
an ECLS actually is. In this work, we in-
vestigate the mechanical response to in-
dentation of an ECLS, consisting of a SiNM
bonded to a low-modulus support, across
multiple length scales. We present a com-
bined theoretical and experimental study
that demonstrates how nanomembrane/
substrate elastic mismatch, nanomem-
brane thinness, and degree of deforma-
tion control the effective stiffness of the
system. We establish the key relationships
between properties and probe dimen-
sions that define the load�deformation
response and effective stiffness. We con-
clude by discussing the implications of
our results as they relate to the integra-
tion of conventional semiconducting ma-
terials into biological environments.
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ABSTRACT We investigate the effective mechanical response of a layered system consisting of a

thin crystalline sheet (nanomembrane) on a bulk substrate, with a high elastic mismatch (in the

range of 5 to 9 orders of magnitude) between the stiff sheet and the compliant substrate. Using

finite-element mechanics models and indentation experiments ranging from micro to nano, we

show that the mismatch between the sheet and substrate elastic moduli, the length scale of

deformation, and the sheet thickness all play a significant role in defining the effective stiffness of

the layered system. For a wide range of indenter sizes, the mechanical response of the composite

system is indistinguishable from that of the compliant substrate. In particular, at large indenter

sizes, the mechanical response of the layered system is dominated by that of the compliant

substrate. For decreasing indenter sizes, the effective stiffness of the layered structure reaches a

finite value different from either the one expected for the compliant substrate or for a bulk crystal of

the same material as the stiff top membrane.

KEYWORDS: layered materials . elastic mismatch . nanomembranes . effective
compliance/stiffness . thinness . silicon . scale of deformation
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RESULTS AND DISCUSSION

Effectively compliant layered systems (ECLSs) used
in high-performance device applications can be fabri-
cated because intrinsically stiff materials (e.g., Si and
Ge), in the form of large-area, thin (5�100 nm) mem-
branes, have exceptional compliance.14,15 The stiffness
of an elastic body is determined by the intrinsic elastic
properties of the material (its elastic modulus) and by
extrinsic factors, including the geometry of the body
and the nature of applied loading. For instance, a
planar elastic body of a given lateral size and a thick-
ness, h, has axial and bending stiffnesses (the resis-
tance to stretching/compression and to bending,
respectively) that scale with ∼h and ∼h3, respec-
tively.16 These dependences explain why a material
with the very high elastic modulus of Si (∼148 GPa)
appears effectively “soft”whenmade in ultrathin form:
as h gets smaller, the ability of the material to deform
elastically increases dramatically.
Prior investigations of the elastic response of ECLSs

focused mainly on the macroscale, that is, on the
distribution of stress (or strain) in the top coating of a
thin-film composite resulting from bending with radii
of curvature on the scale of a fewmillimeters.1,6,9,10 For
these studies, specially designed stages induce tensile
and compressive strain in the top coating through axial
and bending deformation of the compliant supporting
substrate. Such methods yield an accurate estimation
of the global mechanical response of multilayered
systems but do not scale well into micro- and nan-
ometer-sized regions. In contrast, several studies have
recently reported on the integration of micro- and
nanostructures (e.g., quantum dots, nanoparticles, or
biological cells) on supported/freestanding NMs and
bulk compliant substrates.11,17 The underlying idea in
all of these studies is to use elastic interactions be-
tween the nanostructure and the supporting medium
to tune the properties of their constitutivematerials. To
quantify such approaches requires accurate modeling
of local deformation behavior and the impact of con-
tact loading on the supportingmedium and associated
measurements of the system response to loading.
We have used a finite-element model (FEM) of a

SiNM supported on a compliant substrate to predict
the NM/substrate indentation response to various
loading conditions and haveperformed corresponding
experiments to measure the response. Indentation
methods allow measuring the response of a materials
system for varying loads, contact sizes from the micro-
to the nanoscale, and indentation depths and are
therefore a powerful way to investigate themechanical
response of homogeneous elastic bodies and of both
supported and unsupported thin films.18�27 Indenta-
tion has been extensively used to investigate layered
systems, including both elastically homogeneous and
elastically mismatched materials.18�33 The majority of

these previous studies was motivated by the desire to
characterize the intrinsic elastic properties and failure
mechanisms of supported thin films or coatings and
therefore kept the elastic mismatch small, typically less
than 2 orders of magnitude. In these studies, the
influence of the substrate on the mechanical response
is generally reported as a nuisance, and methods
have been presented to correct for its effect on
measurements.18�28

In contrast, we focus on the effective mechanical
response of a layered system with a mismatch in the
elastic moduli between the film and substrate ranging
from 5 to 9 orders of magnitude. Our focus is to
quantify the effective indentation response of ECLSs
and therefore differs substantially from previous in-
vestigations aimed at extracting the true mechanical
properties of a film that is of necessity supported on a
substrate. We explore cases where the mechanical
properties of the supporting substrate are selected to
create effectively low-stiffness materials. Furthermore,
in contrast to prior nanoindentation studies, the in-
duced deformation in our ECLS is purely elastic.
We first determine the response to indenting a Si-

based ECLSwith a rigid flat-ended cylindrical punch. To
analyze the indentation of the SiNM/substrate systems
and the bulk substrates, we use an axisymmetric finite-
element model. The model was developed and solved
using the commercial finite-element software ABAQUS
6.3-1 (HKS, Rhode Island). The indenter is modeled as a
rigid body with a flat-ended cylindrical shape of vari-
able radius, a, in the range of 5 nm to 25.6 μm. The
SiNM and substrate are assumed to be isotropic and
linearly elastic, with Young's modulus ENM = 148 GPa
and Poisson's ratio νNM = 0.18, which are the average
in-plane values for a (100) orientation. The elastic
modulus of the substrates used in our finite-element
analysis (FEA) is varied between 1 kPa and 1 MPa, in
order to span the range of moduli encountered in
widely available soft materials, such as polyacrylamide
gels (PAAG) and polydimethylsiloxane (PDMS). The
thickness of the substrates is 1 mm, and the materials
systems are modeled as cylinders with a radius of
10 mm, fully constrained in all three directions at
the base of the substrates and unconstrained at the
periphery. The constraints enforced on the base of
the model mimic our experimental condition, in which
the specimen is effectively adhered to a metal holder.
The large radius (i.e., 10 mm) of the model, which was
chosen through a convergence study, eliminates any
sensitivity of the indentation response to the overall
size of the substrate and the presence or lack of
constraint forces along the periphery of the substrate.
The model is meshed with eight-node axisymmetric

elements, with the mesh highly refined in the region
below the indenter. The SiNMs are assumed to be
perfectly bonded to the substrates. Two bounding
cases, no friction and infinite friction, are examined
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for the contact between the indenter and the NM
surface. Displacements are applied to the indenter,
and the reaction forces are recorded as a function of
indenter displacement. The effective stiffness is de-
fined as the slope of the calculated force�displace-
ment response.
Figure 1a,b shows results corresponding to a SiNM

bonded to two different substrates, A and B (subA and
subB), with Young's moduli of EsubA = 10 kPa and
EsubB = 1 MPa, and Poisson's ratios νsubA = νsubB =
0.499. A frictionless contact between the indenter and
the SiNM surface is assumed. Including an infinite
friction at the punch/SiNM interface does not yield
significantly different results. In Figure 1a, stiffness is
plotted versus contact radius for theNM/subA andNM/
sub B systems, both bulk compliant substrates by
themselves, and bulk Si by itself. In the bulk cases, a
linear relationship between stiffness and contact ra-
dius is observed. This result is supported by a well-
defined analytical solution for the stiffness, k, for
indentation of a homogeneous, isotropic, linear-elastic
infinite half-space by a frictionless, rigid, flat punch

k ¼ 2aE
(1 � ν2)

(1)

where E and ν are the Young's modulus and Poisson's
ratio of the material, respectively, and a is the radius of
the flat punch.34

The effective stiffness of the NM/substrate system
follows a trend as a function of contact radius that
differs from that described by eq 1. At large contact
radii, the effective stiffness of the SiNM/substrate
system follows that of the thick, very compliant sub-
strate. For example, for substrate B, at a contact radius
of ∼25 μm, the effective stiffness of the NM/sub B is
lower by a factor of ∼80 000 relative to that of bulk Si.
For a NM on a substrate with an even lower elastic
modulus, such as substrate A, the reduction in stiffness
of the layered system relative to bulk Si is even more
dramatic, ∼107 at a contact radius of 25 μm. For
sufficiently small contact radii, the stiffness of the
layered system becomes independent of the size of
the contact but is still much lower than that of bulk Si.
So, for example, with a 5 nm contact radius, the model
for the 25 nm SiNM on substrate B exhibits a stiffness
that is approximately 200 times lower than the value
expected for bulk Si. On the less stiff substrate A, with a
5 nm indenter radius, the SiNM exhibits a stiffness of
the order of 104 less than bulk Si. The conclusions of
Figure 1a are in contrast to prior results obtained for
layered materials with a low elastic mismatch, which
showed that indenters with radius comparable to the
top-layer thickness yield the mechanical response of
the coating. Here, even with a small contact radius, the
effective stiffnesses are strongly influenced by the
substrate, even though the indenter radius is even
smaller than the top-film thickness.

We discuss the trends shown in Figure 1a in terms of
a simple physical model. To an indenter applying a
normal load to a Si-based ECLS, the SiNM and the soft
substrate appear as two linear springs in series, with
spring constants kNM and kSub. Hence the effective
stiffness of the layered system can be written as k =
[kSub

�1 þ kNM
�1]�1. Owing to its low-stiffness relative

to the SiNM (kSub, kNM), the substrate takes up the
majority of the elastic compression generated by
indentation loading. As a result, the effective stiffness

Figure 1. Stiffness of layered and bulk systems under
normal loading by a flat punch. (a) Normal stiffness vs
contact radius as determined by FEA for a rigid, cylindrical
flat punch indenting into three bulk materials with elastic
moduli of 10 kPa (substrate A, red dashed line corre-
sponding roughly to PAAG), 1 MPa (substrate B, blue
dashed line, corresponding roughly to PDMS), 148 GPa
(black dashed line, corresponding to bulk Si); 25 and 100 nm
SiNMs on substrate A (red solid diamonds and red open
diamonds, respectively); and 25 and 100 nm SiNMs on
substrate B (blue solid squares and blue open squares,
respectively). The contact radius, a, is the radius of the
cylindrical indenter, and the SiNM is assumed to be per-
fectly bonded to the PDMS substrate. The elasticmoduli and
Poisson's ratios used in the FEA were ENM = 148 GPa and
νNM = 0.18; EsubA = 10 kPa and νsubA = 0.499; and EsubB =
1MPa and νsubB = 0.499. The inset illustrates schematically a
typical profile of an indented-NM/substrate system. (b)
Distance, d, between the center of the flat punch and the
inflection point of the deformed SiNM profile plotted versus
contact radius, a. The inset displays the profiles of a
deformed 25 nm SiNM/sub B system, shifted by the flat
punch radius a, for different values of a. Open circles mark
the positions of the inflection points.
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of the ECLS at a given indenter size is defined by the
volume of material in the soft substrate that is de-
formed and hence contributes to the mechanical
response. In turn, the extent of the loaded area in the
soft substrate is determined by the elastic response of
the supported NM to indentation loading.
In particular, at small contact radii (such that the

normalized contact radius a/h is lower than ∼20 for
NMs/sub A and lower than ∼4 for NMs/sub B, in
Figure 1a), the intrinsic stiffness of the NM determines
the volume of material in the soft substrate that is
deformed and hence contributes to the mechanical
response; that is, the high stiffness of the NM allows
only a slow increase of the contact area and in turn of
the area of the substrate contributing to the mechan-
ical response. In this limit, therefore, an increase in the
size of the contact results in a negligible change in the
deformation behavior of the NM/substrate system. At
larger indenter radii, the deformation behavior of the
supported NM is progressively more affected by the
mechanical properties of the supported substrate,
which leads to a more rapid increase of the contact
area. In the extreme case of a . h, the volume of
material in the soft substrate that contributes to the
mechanical response is determined completely by the
indenter size and the mechanical response of the
substrate, thus the effective stiffness of the ECLS
approaches that of the supporting soft substrate. The
transition between these regimes of a-independent
and a-dependent system stiffness occurs at a critical
ratio, ac/h, that is a function of the stiffness mismatch
between the Si film and the substrate. A more detailed
discussion of this aspect follows later in the text.
We investigate the deformation profile of the surface

of the NM/substrate system by indenters of varying
radii. The aim is to correlate the intrinsic deformation
behavior of the layered system with its effective stiff-
ness. Figure 1b shows results, corresponding to those in
Figure 1a, of the distance, d, of the inflection point of
the curved-NM profile from the center of the indenter.
The distance d characterizes the extent of lateral de-
formation of the NM/substrate system and directly
correlates with changes in the system stiffness. The
inset in Figure 1b shows the profiles of curved NMs at
various indenter radii, with the position of the inflection
point also marked. The position of the inflection point
of the deformed-NM profile relative to the indenter's
center is a measure of the volume of material in the
substrate that is elastically deformed by the applied
loading. As our qualitative discussion above suggests,
the coordinates of the inflection points remain nearly
constant for a range of small indenter sizes, and the
extent of the loaded region also stays constant. As the
indenter size is increased beyond a certain point, the
coordinates of the inflectionpoints vary, demonstrating
a change, particularly an increase, in the size of the
loaded region, and suggesting that the effective

stiffness increases as well. The expected correlation
between the position of the inflection points and the
effective stiffness can be seen by comparing the trends
in Figure 1b with those in Figure 1a.
As Figure 1a shows, the transition between the

a-independent and a-dependent system stiffness occurs
at different ac/h ratios for SiNMs on substrates A and B.
Figure 2 elucidates this effect by summarizing the ac/h
ratios as a function of the elastic modulus of the
supporting substrate. Below the critical contact radius,
ac, a stiffness change of less than 5% is observed when
varying a. This critical contact radius defines the upper
limit of the a-independent stiffness regime. Corre-
sponding dc/h values (i.e., the normalized d value
measured at a = ac) are plotted in the inset. Figure 2
shows that low-modulus substrates yield higher values
for both ac/h and dc/h. The amount of NM axial and
bending strain (i.e., stretching and curvature) that can
be maintained by a supporting substrate decreases
with decreasing substratemodulus, hence the increase
in dc with decreasing Esub.
Theeffective stiffnessesof 25nmthickSiNM/PDMSand

bulk PDMS substrates were investigated experimentally
on a large lateral scale by indenting with a flat punch of
radius 225 μm. At this indenter size, the effective stiffness
of the SiNM/PDMS system is indistinguishable, within
experimental error, from the stiffness of bulk PDMS, at a
value of ∼(1.02 � 103) ( 20 N/m. This value agrees with
that calculated for bulk PDMSusingeq1,witha=225μm,
E= 1.7MPa, and ν= 0.45. As predicted by FEA and shown
in Figure 1a, at this indenter radius, the SiNM/PDMS
system is effectively as compliant as bare PDMS.
To probe effective stiffnesses for small indenter

sizes, we use an atomic force microscope (AFM).35

AFM probes with parabola-shaped tips were used
in this investigation because flat-ended cylindrical
AFM tips with appropriate tilt compensation are not

Figure 2. Normalized critical contact radius, ac/h, defining
the transition between radius-independent and radius-de-
pendent stiffness plotted as a function of the elastic mod-
ulus of the supporting substrate. The inset shows the
corresponding normalized distance dc/h of the inflection
point of the deformed SiNM from the axis of the cylindrical
indenter.
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available. To simulate the deformation that would
occur by AFM-based nanoindentation, we use FEA to
model a parabolic tip indenting into a SiNM/PDMS
system. The mechanical properties and shape of the
indenter were selected to resemble the ultrananocrys-
talline diamond (UNCD) AFM probe tips that we used
(Etip = 850 GPa, νtip = 0.1), and the elastic properties of
the PDMS substrate were matched to those measured
experimentally, namely, EPDMS = 1.5 ( 0.07 MPa and
νPDMS = 0.45 ( 0.02. The simulations provide insight
into the influence of the quality of the film�substrate
interface and the concentrated stress distribution on
the deformation behavior, and guide the AFM experi-
mentation. Figure 3 shows the deformation response
to the force of a parabolic tip indenting into several
SiNM/PDMS systems, with membrane thicknesses ran-
ging from 25 to 220 nm. Both perfectly bonded
(dashed-dotted lines) and unbonded (solid lines) NMs
on PDMS were modeled. The mechanical response of
the system is linear in all cases, with an increase in NM
thickness leading to an increase in slope (i.e., increase
in effective stiffness). A linear force�displacement
(F�δ) response is not expected for a spherical contact
on a semi-infinite half-space.34 When a sphere is
pressed on an elastic material, the contact area (as
well as the load) undergoes a typically ∼δ3/2 Hertzian
response, a nonlinear increase.34 For softmaterials with
a high-modulus skin (e.g., SiNM/PDMS), however, an
increase in displacement results in a negligible amount
of local deformation at the tip�film interface. Most of
the compression (>90% for 25 and 100 nm thick SiNMs)
is due to indentation occurring in the PDMS substrate.
The contact area at the NM�indenter interfaces re-
mains nearly constant with displacement, producing
the observed linear response.
Force�displacement responses calculated by FEA

and plotted in Figure 3 show that an insignificantly
lower slope (lower stiffness) is measured for the force�
displacement curves of SiNM/PDMS with frictionless
interfaces compared to SiNMs perfectly bonded to the
compliant PDMS support. We conclude that possible
slipping of the NM on the host substrate has a negligi-
ble influence on the effective normal stiffness of the
NM/PDMS system.
Figure 4 compares relevant AFM indentation measure-

ments to the FEA F�δ response of bulk PDMS and of a
25 nm SiNM/PDMS layered system. The F�δ response for
bulk PDMS is nonlinear, while that of the 25 nm SiNM/
PDMS is linear (see Figure 3), with the PDMS exhibiting a
much lower stiffness than the composite for a small
indenter, as expected fromFigure1a. The curvemeasured
for the bulk PDMS corresponds to a typical∼δ3/2 Hertzian
responseof a sphere indentingonahomogeneous elastic
half-space.Weexpect that in the limit of a vanishingly thin
SiNM the ECLS recovers the Hertzian contact response.
Figure 5 shows effective stiffness values obtained by

AFM nanoindentation (7�15 nm radius indenter) and

FEA for SiNM/PDMS systems for various SiNM thick-
nesses, ranging from 25 to 220 nm. FEA results for both
perfectly bonded and unbonded NMs are shown. The
experiments confirm that SiNM/PDMS systems are
significantly less stiff (at least 2 orders of magnitude)
than bulk Si for the same indenter size, as first shown in
Figure 1a. The trend of increasing effective stiffness
with increasing NM thickness is observed in both

Figure 3. Indentation of SiNM/PDMS systems under AFM-
type loading. Force versus displacement responses from
FEA of a spherical tip (Etip = 800 GPa, νtip = 0.1) indenting on
a SiNM/PDMS system with SiNMs having thicknesses in the
range of 25 to 220 nm. The mechanical properties and
shape of the indenter were selected to represent the UNCD
AFM tips used during experimentation. Both perfectly
bonded (dashed-dotted lines) and unbonded (solid lines)
NMs on PDMS were modeled to assess the sensitivity to
bonding at the interface. The mechanical response of the
material was found to be linear in all cases, with an increase
in NM thickness leading to an increase in effective stiffness
(slope of force�displacement curves).

Figure 4. Comparison of the force�displacement response
obtained by FEA and AFM nanoindentation using a UNCD
parabolic tip with a radius in the range of 7�15 nm in-
denting into 25 nm SiNM/PDMS and bulk PDMS. The
responses to both indentation loading and unloading co-
incide, showing that all indentation is in the elastic regime.
The force�displacement curves displayed here correspond
to the average response acquired during 70 different in-
dentation tests on a 25 nm Si NM/PDMS and bulk PDMS,
with the area shaded in gray representing the standard
deviation of these tests. The inset is a TEM image of one of
the UNCD tips used in the nanoindentation experiments.
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experimental results and FEA. The measured values of
effective stiffness are, however, even lower than those
expected from the FEA results for all NM thicknesses.
Possible thickness variations in the SiNMs, the non-
conformity of the SiNM to the PDMS resulting from a
long-range roughness of the PDMS substrates, and
voids at the SiNM/PDMS interface may contribute to
this discrepancy.

CONCLUSIONS

We have demonstrated that the effective stiffness of
a single-crystal (high-stiffness) semiconductor sheet on
a low-modulus substrate, with a highmismatch in their
elasticmoduli (>105), is defined by the elasticmoduli of
the constitutive materials and the thickness of the
sheet, as well as by the extent of the loaded area. We
establish the key relationships between properties and
probe dimensions (i.e., indenter radii) that define the

load�deformation response and effective stiffness.
Specifically, we demonstrate how the scale of defor-
mation (i.e., the extent of the contact area in the
indentation) of SiNM/compliant substrate systems de-
fines the elastic response to an applied load. Simula-
tion and indentation tests performed with indenters of
various sizes show that the response of SiNMs on
compliant substrates approaches that of the bare
substrate when the indenter radius is larger than tens
of micrometers, with the values somewhat influenced
by the compliancy of the substrate.
The ability to transfer large-area nanomembranes of

stiff semiconductors and other materials to compliant
substrates can be used to create layered composites
with an effective stiffness that can be tuned over a wide
range. An appropriate selection of the NM element
allows fabrication of supported highly compliant struc-
tures with the excellent electronic, optical, andmagnetic
properties of the corresponding bulk functionalmaterial.
A significant implication of our results concerns

integration of engineered devices in biological envir-
onments. Several studies have shown that cells are
able to sense and actively respond to their mechanical
environment.17,36 The compliance of the cellular en-
vironment can affect the adhesive interactions, the
internal cytoskeletal structure, the migration behavior,
and the overall state of the cell. To understand
cell�substrate interactions requires careful considera-
tion of the stiffness of materials at the interface be-
tween the devices and cells. The elastic modulus of a
typical natural cellular environment is on the order
1�100 kPa, while conventional device constitutive
materials (e.g., metals, dielectrics, and inorganic
semiconductors) have elastic moduli in the range of
10�200 GPa. This large difference in elastic modulus
makes it a significant challenge to integrate semicon-
ductor and photonic devices with biological cells with-
out altering the cell state. The typical contact radius of a
biological cell lies in the 1�100 μm range during the
various stages of its growth. Figure 1a shows that for
such large contact radii the mechanical response of
thin semiconductor films on compliant hosts is deter-
mined by that of the host. This result suggests that an
appropriate selection of the compliant host allows us
to create inorganic devices with stiffness matching the
one of a typical cellular environment.

METHODS

Sample Preparation. SiNM/PDMS systems are fabricated with
SiNMs having lateral sizes ranging from 200� 200 μm2 to 4� 4
mm2 and thicknesses from 25 to 220 nm. SiNMs are made from
Si-on-insulator (SOI) wafers, consisting of a 220 nm thick Si
template, a 3 μm thick buried oxide (BOX) layer, and a bulk Si
handle wafer. Thermally oxidizing the starting template and
etching the grown oxide produces thinner SiNMs. Selectively

etching the BOX [using HF (49 vol %)] makes the SiNMs free-
standing. In some cases, release holes8 are patterned into the Si
template to enhance access of the etchant to the BOX. Photo-
lithography and reactive ion etching in a SF6/O2 plasma are
used for this purpose. After complete removal of the BOX, SiNMs
are rinsed in DI water and transferred onto a PDMS substrate.

The PDMS substrates are prepared by casting a liquid PDMS
mixture (10:1 weight ratio of silicone elastomer to curing agent,

Figure 5. Stiffness versus SiNM thickness calculated by FEA
(black solid squares and blue solid triangles) and measured
by AFM-based nanoindentation (red solid circles) for the
SiNM/PDMS system. FEA results for bulk Si (black dashed
line) and FEA and experimental results for bulk PDMS (red
and black solid lines) are included for reference. The black
and red solid lines coincide. A spherical tip with a radius of
10 nm was used in the FEA. Tips with radii in the range of
7�15 nm were used in the nanoindentation experiments.
The indentation process of a SiNM/PDMS sample is
sketched in the top panel.
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Sylgard 184, Dow Corning) onto RCA-cleaned Si wafers and
curing on a hot plate at 85 �C for 4 h. The thickness of the PDMS
substrates is approximately 2 mm. After peeling it off the Si
wafer, the PDMS is ultrasonicated for 20 min in DI water, dried
and then exposed to an oxygen plasma for 30 s at a power of
50 W. Oxygen plasma treatment improves adhesion by remov-
ing surface contaminants and introducing atomically rough-
ened bonding surfaces and reactive chemical groups.37 The
released SiNMs are immediately transferred onto the PDMS
substrates after oxygen plasma treatment.

Nanoindentation Experiments. Nanoindentation is performed
with a MultiMode atomic force microscope (AFM) (Bruker/Digital
Instruments) in contact mode using ultrananocrystalline diamond
(UNCD) AFM probes (Advanced Diamond Technologies, Romeo-
ville, IL). The spring constants of the AFM cantilevers are calibrated
by measuring their force response against calibrated reference
levers (Advanced Diamond Technologies, Romeoville, IL). By
pushing the cantilever of unknown spring constant against a
reference lever of known spring constant and determining the
slope of the linear force versus deformation response, the spring
constant of the unknown lever can be calculated by considering
the two levers as two springs in series. A JEOL 100CXTEMwasused
to examine the AFM tips before and after the indentation mea-
surements to ensure that the tips were neither damaged nor
contaminated during the indentation tests. The tip shape is
determined quantitatively using the blind reconstruction
method38 by acquiring AFM images of UNCD surfaces and using
the commercial SPIP (Scanning Probe Image Processor) software
package to execute the blind-reconstruction algorithm. The radius
of the tip is obtained from a parabolic fit to the 3D tip shape
generated by the SPIP software.

Each data point in Figure 5 corresponds to an average of
70 measurements, with the error bars representing the standard
deviation. Nanoindentation was performed at three different loca-
tions on each specimen, spaced at least 400 μmapart. The stiffness
of the specimen was determined by finding the slope of the force
versusdeformation responseover theapplied load rangeof∼0�10
nN. Both AFM inspection of the indented areas and agreement
(within the limit of the experimental error) between results of
repeated indentation tests at the same location confirm that all of
the measurements were performed in the elastic regime.

Characterization of the PDMS Substrates. The elastic modulus and
Poisson's ratio used for the PDMS substrates in the FEA analysis
aremeasured using tensile tests. Four goldmarkers, arranged in
a rectangular pattern, were deposited on a PDMS specimen
with a thickness of ∼2 mm and lateral dimensions of 7.9 �
3.4 mm2. The gold markers are fabricated by sputter deposition
through a shadow mask. The specimen was tested in uniaxial
tension at a loading rate of 2mm/min up to amaximum strain of
approximately 5% using an MTS testing machine (Eden Prairie,
MN). A Sony HDR-CX500 camcorder (Sony Electronics Inc.), with
a resolution of 12.0megapixels and frame-capture rate of 30 fps,
is used to record the positions of the Au marks during testing,
and a custom Matlab script (Mathworks Inc.) is used to process
the images in order to track the positions of the marks.

A Poisson ratio of 0.45 ( 0.02 was measured as the ratio of
lateral and normal strain ν = εl/εn. Normal and lateral strain
describe relative deformation in the directions parallel and
perpendicular to the applied load, respectively. Both strains
aremeasured as relative changes in the original distances of the
Au marks caused by the applied load. An elastic modulus of
1.5 ( 0.07 MPa was obtained as the ratio of the applied stress
and measured strain in the direction of applied load.
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