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T
ailoring mechanical adhesion at
Si/polymer interfaces is important for
the fabrication of a range of devices

including stretchable electronics,1 chemical
and optical sensors,2 light-emitting diodes,3

microfluidics,4 and photovoltaic/photoelec-
trochemical systems.5�8 In particular, struc-
tured Si constituents, such as microwires,
embedded in an ionomer (e.g., Nafion)
membrane have been investigated as a
promising configuration for freestanding
solar-driven water-splitting devices.7,8 In
such a scheme, Si microwires function as
light-absorbing and electrode constituents,
whereas the membrane acts as a physical
barrier to integrate the electrodes and sepa-
rate the gaseous products, while permitting
facile ion transport to minimize any pH
gradients that will otherwise result from
the electrochemical reactions involved in
water splitting. Although the bulk mechan-
ical properties of individual constituents of

these devices have been widely investi-
gated, the presence of a chemically and
mechanically discontinuous interface in
composite devices introduces important
considerations due to stress concentration.
These concerns are particularly acute for
flexible photoelectrochemical devices ex-
posed to a range of operational loads in-
cludingmechanical bending, stretching, and
swelling during fabrication or operation.
Mechanical adhesion at interfaces arises

fundamentally from molecular interactions;
however, the link between molecular-
scale chemical properties and macroscopic
mechanical behavior is difficult to probe at
an inherently buried interface.9 Peel tests5,10

are commonly employed but can be limited
by poorly defined geometries of deforma-
tion. Hence, peel tests provide qualitative
observations10 or absolute force mea-
surements that are not readily general-
izable among studies. Atomic-force contact
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ABSTRACT The interfacial shear strength between Si microwires and

a Nafion membrane has been tailored through surface functionalization

of the Si. Acidic (�COOH-terminated) or basic (�NH2-terminated)

surface-bound functionality was introduced by hydrosilylation reactions

to probe the interactions between the functionalized Si microwires and

hydrophilic ionically charged sites in the Nafion polymeric side chains.

Surfaces functionalized with SiOx, Si�H, or Si�CH3 were also synthesized

and investigated. The interfacial shear strength between the functionalized Si microwire surfaces and the Nafion matrix was quantified by uniaxial wire

pull-out experiments in an in situ nanomechanical instrument that allowed simultaneous collection of mechanical data and visualization of the

deformation process. In this process, an axial load was applied to the custom-shaped top portions of individual wires until debonding occurred from the

Nafion matrix. The shear strength obtained from the nanomechanical measurements correlated with the chemical bond strength and the functionalization

density of the molecular layer, with values ranging from 7 MPa for Si�CH3 surfaces to∼16�20 MPa for oxygen-containing surface functionalities. Hence

surface chemical control can be used to influence the mechanical adhesion forces at a Si�Nafion interface.

KEYWORDS: Si microwires . in situ tension . nanomechanical . surface functionalization . Nafion
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measurements enable quantification of molecular-
scale interactions,11,12 but the surfaces interrogated
by this method may not be chemically analogous to
those formed at buried interfaces. Hence, methods are
needed that can address these limitations by combin-
ing submicroscale force measurements and well-
defined interaction areas, with geometries and fabrica-
tion conditions that are relevant to real device
applications.
Adhesion between polymers and disparate hard

surfaces is commonly manipulated macroscopically
by mechanical methods such as reactive etching to
increase the surface roughness of the hard substrate.13

Chemical functionalization methods have also been
used; for example, plasma pretreatment of polymer14

or substrate surfaces has been utilized to introduce
polar surface terminations for preferential bonding,
although this method suffers from limited surface
chemical and structural control. Molecular linkers
such as silane coupling agents between metals and
polymers15 or polymer-analogue precursors on trans-
parent conductive oxides5 have been utilized.10 How-
ever, when used with Si, these strategies typically
employ, or result in, oxidized surfaces that are not
well-suited for applications16 wherein device perfor-
mance depends upon the electronic or chemical qual-
ity of the surface.
We describe herein the nature of the chemical

interactions at functionalized Si wire array�ionomer
interfaces investigated using a custom in situ nanome-
chanical test methodology. The nanomechanical tests
have allowed measurement of the variations of the
interfacial shear strength for differently chemically
functionalized Si microwires embedded in Nafion
membranes17�20 while observing their loading and
deformation geometries in real time, a unique advan-
tage of in situ testing that allows direct correlation
between structural changes and the corresponding
load data at the point those changes occurred. This
particular composite geometry was used because ver-
tically aligned, pitch-controlled arrays of wires present
a well-defined wire spacing and wire contact area with
the polymer for measurements of shear stress. An
additional advantage of the nanomechanical aspect
of this test methodology is the measurement of
component materials in the configuration and geo-
metries in which they would be actually used in a
photovoltaic or photoelectrochemical water-splitting/
fuel-generating device, where the use of nano- and
microscale light-absorbing constituents can have
important functional advantages.8,18,19 Nafion, an
ionomer consisting of a hydrophobic polytetrafluor-
oethylene (PTFE) backbone, hydrophilic side chains,
and terminal acidic (HSO3) sites,

20�22 presents several
possiblemoieties for chemical interaction. Si microwire
surfaces were therefore modified to probe different
predicted interaction strengths23 via relatively weakly

interacting van derWaals interactions (0.1�10 kJmol�1),
hydrogen bonding (10�40 kJ mol�1), or electrostatic
interactions (∼15 kJ mol�1)24 by functionalization with
hydrophobic (Si�CH3), acidic (SiOx, Si�(CH2)10COOH),
and basic (Si�(CH2)4NH2) surface-attached moieties,
respectively. The Si�H interactions with Nafion were
alsomeasured to investigate the stability of such surfaces
in contactwith the polymer precursor during processing.
The interfacial adhesion between individual functional-
ized wires and the polymer was measured by loading
thewires uniaxially until they debonded from the Nafion
matrix,25 from which the surface-chemistry-dependent
maximum shear stress sustained in the molecular inter-
layer was determined quantitatively.

RESULTS

Acid- or base-terminated, ω-unsaturated olefins26,27

were attached via UV hydrosilylation to planar Si(111)
surfaces to evaluate the success of molecular attach-
ment and determine appropriate chemical conditions
prior to functionalization of wire arrays. It is noted that
microwires, which are grown from a (111)-oriented
Si wafer, consist of various facets such as (110) or
(211) surfaces28 and may exhibit moderately different
reaction kinetics below saturation coverage. The
(111)-oriented Si wafers were first H-terminated by
immersion for 30 s into buffered HF(aq), followed by
UV (254 nm)-initiated hydrosilylation functionalization
under N2(g) for up to 5 h in a solution of mole-
cular precursors (undecylenic acid or butoxycarbonyl
(Boc)-aminobutene, 10% in toluene, Figure 1). An X-ray
photoelectron spectroscopic (XPS) high-resolution
survey in the C 1s region for undecylenic acid-reacted
surfaces revealed that soaking a H�Si(111) wafer in
the reaction solution yielded no significant molecular
attachment (Figure 2a). However, after a 3 h reaction
time with illumination, an increase in sp3 C�C peak
intensity at 285.0 eV, combined with the emergence
of a peak at 289.9 eV ascribable to the oxidized carbon in
�COOH groups,29 supported the anchoring of undeca-
noic acid onto the Si(111) surface. An additional increase
in the XPS signal intensity was observed for up to 5 h
of reaction time. XPS signals ascribable to SiOx were
not observed even for the longest reactions times
(Supporting Information Figure S1), indicating that
the oxygen in the �COOH groups did not attack
the Si�H surface prior to reaction via the olefin end
of the molecule. This behavior is consistent with prior
reports of similar hydrosilylation reactions.29�32 The
Si�undecanoic acid surfaces appeared to be relatively
stable, with nodetectable oxidationobserved in theXPS
Si 2p region after 1 week in air (Figure S2).
The molecular configuration of the undecanoic acid

groups on the Si(111) surface was further confirmed by
transmission Fourier transform infrared (FTIR) spectros-
copy of a 3 h functionalized surface, referenced to the
original Si�H background of the same sample prior to
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reaction (Figure 3a). The presence of a strong CdO
stretch vibration at 1715 cm�1, a C�O�H in-plane
vibration (1414 cm�1), and the lack of observable
Si�O�Si or Si�O�C vibrations (1000�1250 cm�1)
provided additional evidence of attachment by the
CdC end of the reagent, with the carboxylic acid sites
facing out from the Si surface.30,31 Based on a compar-
ison of the original Si�H FTIR peak area with the
decrease in signal observed following hydrosilya-
tion (additional details in the Methods section), the

coverage of Si�undecanoic acid surfaces after 5 h
(not shown) was estimated to be 44%, assuming initial
100% coverage of Si�H sites on Si(111) surfaces.33

Unreacted Si�H bonds were confirmed to comprise
the remainder of the Si atop site termination.
Figure 2b shows the N 1s region XPS data

obtained for Si(111) surfaces functionalized using Boc-
aminobutene. Based on the intensity of the NH2

peak at 400.3 eV, significant attachment was observed
after 5 h of reaction time.34 The coverage under these

Figure 1. Functionalization scheme for UV hydrosilylation reactions (254 nm) on H-terminated Si(111) and Si microwire
surfaces. (a) Reaction of butyloxycarbonyl-protected aminobutene in toluene, followed by subsequent deprotection in
trifluoroacetic acid. (b) Reaction of undecylenic acid in toluene.

Figure 2. XPS data for Si(111) surfaces functionalized with ω-unsaturated olefins via UV hydrosilylation (254 nm). (a) C 1s
spectra as a function of reaction time for functionalization with undecylenic acid to yield Si(111)�(CH2)10COOH (undecanoic
acid) surfaces and comparisonwith as-prepared and soaked (overnight, no light) hydride-terminated (Si�H) samples. (b) N 1s
spectra for a 5 h reaction time of Si(111) with 1-(Boc-amino)-3-butene, subsequent deprotection with TFA to yield
Si(111)�(CH2)4NH2 (aminobutane) surfaces, and comparison with a soaked Si�H sample (overnight, no light). All spectra
were normalized to the corresponding Si 2p peak area of the respective sample.
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conditions, as determined from transmission FTIR
(Figure 3), was also 45%, similar to that of Si�
undecanoic acid surfaces. Upon deprotection with tri-
fluoroacetic acid (TFA), the intensity of the original NH2

peak in Figure 2b decreased moderately, presumably
due to removal of adsorbed, unreacted molecular
layers. A peak was also detected at 402.0 eV, consistent
with expectations for NH3

þ groups34 that are locally
protonated by adsorbed water at the highly basic NH2

sites. The deprotection of the Boc groups was further
supported by a decrease in the magnitude of the
absorption peak at 1710 cm�1 in the FTIR spectrum
attributable to the CdO stretch in the protecting group,
the concurrent increase of intensity at 1680 cm�1

corresponding to the N�H stretching mode, and a
decrease in fingerprint N�C stretches in the 1000�
1500 cm�1 region (Figure 3 andSupporting Information
Figure S3).35 No SiOx or Si�N signals were observed
in the Si 2p spectrum upon initial functionalization for

up to 5 h. However, the deprotection step, which was
conducted in air, caused a slight increase in the SiOx

signal (Figure S4), consistent with the oxidation of
underlying, nonreacted Si�H sites. Si�CH3 wire surface
terminations, obtained using a sequential chlorination�
alkylation Grignard reaction procedure,36 have been
described in detail elsewhere and were directly
used in this work without additional spectroscopic
characterization.25

Si microwire arrays were functionalized via as-
described hydrosilylation or Grignard reactions imme-
diately prior to bonding with Nafion. In addition to
Si�undecanoic acid, Si�aminobutane, and Si�CH3

surfaces, Si�H and native SiOx-terminated wires
were also prepared. Freshly functionalized arrays
were rapidly embedded in Nafion via spin-casting
of Nafion solutions (27 wt % in dimethylformamide
(DMF)) (Figure 4), and the polymer was cured at 120 �C
following removal of the solvent by vacuum. A low spin

Figure 3. Transmission FTIR spectra of functionalized Si(111) surfaces with (a) Si�undecanoic acid, 3 h reaction time, and
(b) Boc-aminobutane, 5 h reaction time followed by subsequent deprotection in TFA (“aminobutane”). In both cases, the
spectra for the functionalized surfaceweremeasuredwith respect to the original Si�Hbackground prior to functionalization,
shown in gray for each sample.

Figure 4. Preparation of samples for mechanical testing. (a) Wire arrays were grown using vapor�liquid�solid growth at
1000 �C, which resulted in high fidelity, vertically alignedwires with∼15�40 μmheight. (b) Arrays were embedded in Nafion
by spin-casting andwere cured and subsequently peeledwith a razor blade to detachwires from the growth substrate. (c) FIB
milling was used to cut “dog bone” tensile grips into the tops of exposed wires.
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rate (500 rpm) was necessary during spin-casting to
ensure a partial infill of the viscous polymer solution
into the array, with higher spin rates resulting in thin
(<5 μm) polymer layers that did not provide sufficient
mechanical rigidity to maintain microwire alignment
throughout subsequent processing steps. The result-
ing composites consisted of a Nafion layer constrained
to a layer at the bottom of the array with ∼50% of
the wire height embedded, as shown in Figure 4b.

Interestingly, the Nafion film exhibited an upward rise
in the vicinity of the wire that occurred regardless of
surface chemistry (Figure S5) and that did not correlate
with the resulting mechanical adhesion (vide infra).
This rise is therefore believed to be representative of
the flow properties of the viscous Nafion solution
under relatively slow spinning conditions, in combina-
tion with the rapid curing process, rather than of the
wetting behavior of Nafion with different surface
chemistries. The polymer-embedded array was subse-
quently detached from the growth substrate along the
base using a razor blade. The wires were glued with a
thin layer of Nafion�DMF to a clean Si substrate and
cured, which led to all of the bonding wire surfaces
(including the bottom surface of the wire) being
embedded in Nafion. To prepare the individual wires
for nanomechanical pull-out experiments, the “heads”
of the Si microwires were carved into dog-bone-like
shapes by a focused ion beam (FIB) to conform to the
diamond grips that were used for the nanomechanical
measurements (Figures 4c and 5).
The mechanical response revealed several distinct

regimes of behavior (Figure 5), which were qualita-
tively similar among all examined surfaces (Figure 6).
The initial, linear relationship between the applied load
and displacement as well as observations in the corre-
sponding SEM images (Figure 5) indicated that the
Nafion in the vicinity of thewirewas elastically stretched
with no relative sliding at the Si microwire�polymer
interface. The point of maximum load occurred when
the wire first debonded from the polymer and began to

Figure 5. Sequential series of images from the in situ SEM
observation of a single-wire pull-out test (Si�aminobutane,
3 h). (a) Placement of the grips around the sample prior
to loading; (b) initial elastic loading of the polymer;
(c) sliding of the debonded wire out of the Nafion matrix;
and (d) engineering shear stress vs normalized dis-
placement. Data points (blue dots) correspond to images
(a�c).

Figure 6. Stress vs strain for nanomechanical pull-out experiments on individual Si microwires functionalized with (a) native
oxide (SiOx), (b) methyl (Si�CH3), (c) hydride (Si�H), (d) aminobutane (Si�(CH2)4NH2) for 3 h, (e) aminobutane for 5 h, and
(f) undecanoic acid (Si�(CH2)10COOH) surfaces. The engineering shear stress was obtained by dividing the measured load in
millinewtons by the initial embedded contact area of the wire, while the normalized displacement was computed by dividing
the change in length,ΔL, by the initial embeddedwire length, L0. In (d,e), the onset of debonding occurred upon reaching the
first stress maximum, as observed in the SEM during the measurements.
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slide out, with some friction, from the matrix while the
polymer around thewire relaxed to its unloaded state. In
the process of extracting the wire, the contact area
between the wire and the polymer decreased, which
lowered the amount of friction between the wire and
polymer and thus decreased the applied load necessary
to overcome this friction. The surfaces of the wires after
extraction were physically equivalent to those in the as-
grown state and were covered with no polymer debris,
as evidenced by the observation of crystallographic
facets for all surface terminations. This characteristic
allowed for relatively accurate measurements of the
wire dimensions (Figure S6).
The maximum engineering shear stress, which was

computed based on the measured maximum load in
millinewtons (Fmax) and the embedded wire dimen-
sions before debonding (average diameter, davg, and
original length, L0) as σmax = Fmax/πdavgL0, had a clear
dependence on the surface chemistry (Figure 6). The
highest maximum shear stress, 19.8 ( 1.7 MPa, was
observed for SiOx-terminated Si microwires (Figure 6a).
A significantly lower maximum shear stress, 7.3 (
0.6 MPa, was observed for the CH3-terminated Si
microwires (Figure 6b). For comparison, the shear
strength of H-terminated Si microwires was 16.5 (
3.3 MPa (Figure 6c) and was thus comparable to that
of SiOx-terminated wires, within the measurement
uncertainty. These results were self-consistent and
reproducible across all of the wires in different regions
of the sample.
Aminobutane-terminated Simicrowire surfaceswere

prepared with two functionalization times, 3 and 5 h,
to investigate the influence of reaction time and surface
coverage on the maximum interfacial shear stress
(Figure 6d,e). The microwires that had been functional-
ized for a 3 h reaction time exhibited an average
maximum shear stress of 15.7 ( 3.8 MPa, statistically
similar to that of SiOx- and H-terminated Si microwires.
The maximum average shear stress in samples reacted
for 5 h was a factor of 2 lower, at 7.2 ( 1.0 MPa, which
could be caused by the evolution in surface coverage
and structure of hydrosilylated surfaces with time.
Water contact-angle measurements (Figure S7) as
a function of reaction time for amine-functionalized
surfaces showed a concurrent significant change froma
hydrophobic (∼90�) contact angle for 1 and3h reaction
times to a more hydrophilic surface (61( 2�) after a 5 h
reaction time. The average maximum shear stress
for undecanoic acid-terminated Si microwire surfaces
(Figure 6f) was 16.3( 1.9MPa, which is similar to that of
the SiOx-terminated surfaces. Figure 7 presents a com-
parison of the maximum shear stress for all of the
surface chemistries investigated herein.
The decreasing effective embedded length of

each post-debonded wire enabled the calculation
of a true shear stress, defined as the applied force
divided by the instantaneous interfacial contact area.

Figure S8 presents the true stress of a representative
wire chosen from each surface chemistry. In all cases,
the true stress remained virtually constant after delam-
ination during the dissipative shearing from the
Nafion matrix. This behavior suggests that molecular
bonds provide the primary factor that determines
the adhesion between the Si and the polymer matrix
because the interactions per unit contact area did not
vary as a function of the total embedded length.
The maximum shear stresses (Figure 8a) and adhe-

sion energies (Figure 8b) obtained from the pull-out
experiments can be compared to selected micro- and
nanoscale measurements of intermolecular adhesive
forces reported previously,12,14,25,37,38 as well as to
the values reported for macroscale laminate, adhesive,
and polymer coatings.9,39,40 The 7�20 MPa interfacial
shear stresses observed between the Simicrowires and
Nafion are comparable to the grafting stresses re-
ported between carbon nanotube (CNT) and carbon
nanofiber interfaces of ∼5�25 MPa38 adhered by
van der Waals interactions and are higher than the
shear stresses reported for CNT/SiC37 (∼0.5 MPa) and
in polyethylene terephthalate (PET)/silicone9 (0.5�
4.5 MPa) systems. The maximum shear stresses mea-
sured herein were also up to a factor of 2.5 higher than
those observed previously for similarly functionalized
Si microwires embedded in a polydimethylsiloxane
(PDMS) matrix and determined using the same
mechanical testing methodology.25 The interfacial
adhesion energy (Figure 8b), which ranged from
1�13 J m�2, also agreed well with reported adhesion
energies in literature, including PMMA/adhesive,14

Si/polystyrene,12 Si/Si wafer bonded,41 and SiNx/
organosilicate adhesive39 interfaces. A critical value of
5 J m�2 is often cited as an industry standard for the
minimal adhesive energy required for robust laminates
and coatings for practical applications.42 In several of the
surfaces (Si�undecanoic, SiOx, and Si�H) tested in this
work, this valuewasexceededbymore thana factor of 2.

Figure 7. Comparison of interfacial shear strengths obtained
from the data shown in Figure 6.

A
RTIC

LE



GALLANT ET AL. VOL. 9 ’ NO. 5 ’ 5143–5153 ’ 2015

www.acsnano.org

5149

DISCUSSION

The regeneration of the smooth facets on the Si
wire surfaces in the postextraction samples indicates
that the interface between the Nafion matrix and the
Si was the weakest link in the composite system. The
molecular surface that formed as a result of chemical
functionalization drove the initial adhesion between
the Nafion and the wire surfaces, and the resulting
molecular layer/Nafion bonds were fully severed upon
extraction of the wire. This behavior strongly suggests
that the in situ mechanical experiments measured
the bond strength and failure within the molecular
interface layer, rather than fracture within the Nafion
membrane or elsewherewithin the composite. A reason-
able interpretation of thedata is that themaximumshear
stress determined herein therefore provides a measure
of the bond strength of functionalized Si wires arising
from different chemical interactions.
The relatively high shear strength of ∼16�20 MPa

exhibited by the SiOx and oxygen-containing Si
microwire surfaces agrees well with general surface
adhesionmethodologies reported previously, in which

oxidized Si surfaces are commonly promoted by
oxygen plasma14 or chemical treatments to take
advantage of polar interactions with polymers. In the
experiments described herein, hydroxylated43,44 SiOx

surfaces can participate in bonding with Nafion via

hydrogen bonding, whose energy is on the order of
10�40 kJ mol,23 with oxygen in the hydrophilic side
chains within the Nafion structure. The lower shear
strength of 7.3 ( 0.6 MPa observed for the Si�CH3-
functionalized Si microwires is also reasonable given
the inert and hydrophobic nature of Si�CH3 surfaces.
CH3-terminated Si microwires are expected to interact
primarily with the PTFE Nafion backbone via weak
van der Waals forces, whose energies have been
reported to be 0.1�10 kJ mol�1,23 which are in accord
with the approximately 3-fold lower interfacial shear
strength observed relative to the sheer strength for the
SiOx-terminated microwires. This finding of low shear
strength for themethyl-terminated Si wires agrees well
with earlier findings of the relatively low interfacial
adhesion of 4.1 MPa attained with Si�CH3 wires in a
PDMS matrix.25

Si�H surfaces are typically hydrophobic, and it
would be reasonable to hypothesize that such surfaces
would experience weak van der Waals interactions
with the hydrophobic Nafion backbone, similar to
those for Si�CH3 surfaces. However, the high shear
strength measured herein for the Si�H-terminated
wires indicates that a different chemical interaction
occurs in practice. The similarity between the Si�H and
SiOx shear strengths is consistent with oxidation of the
Si�H-functionalized surfaces in the presence of the
polymer solution (Nafion in DMF) during spin-casting
and curing in ambient conditions, which instead could
promote chemical interaction via hydrogen bonding
with acidic groups in Nafion side chains. An increase
in shear strength was observed previously with PDMS
for Si�H-terminated surfaces as compared to Si�CH3-
terminated surfaces.25 This behavior was attributed to
the presence of a competitive hydrosilylation reaction
between Si�H and olefin terminal groups in the
PDMS prepolymer solution, the rapid kinetics of which
“quenched” the Si�H groups before oxidation could
occur. In the absence of such a competitive reaction,
Si�H can rapidly convert to Si�OHor to other oxidized
groups, which would then govern the interfacial adhe-
sion. This finding has practical significance for surfaces
terminated herein with alkanes via hydrosilyation,
as approximately 50% of the surface bonds are un-
reacted as Si�H.
The greater than 2-fold reduction in shear strength

with increasing reaction time observed for the
Si�aminobutane surfaces reveals that the molecular
surface structure can play an important role in deter-
mining the mechanical properties of the composite.
With shorter reaction times, a higher population of
surface moieties remain as unreacted Si�H sites,

Figure 8. Comparison of ranges of interfacial strength and
adhesion obtained in this study with reported literature
values. (a) Shear stress resulting from bonding of Si micro-
wires inNafion andPDMSobtained from in situwire pull-out
tests and of bonding between PET/silicone laminates,9 CNT
bristles on SiC,37 and CNTs grown on carbon nanofibers.38

The shear strength data reported in literature were ob-
tained using a range of mechanical testing methodologies.
(b) Comparison of interfacial adhesion in J m�2 of Si micro-
wires in Nafion with literature values obtained from peel or
fracture tests of a range of interfaces: SiNx/adhesive,

39

PC/silica,40 Si/polystyrene,12 and PMMA/adhesive,14 as well
as Si wafer bonding.41 The BEOL industrial target42 of 5 Jm�2

for strong coating adhesion is indicated (dashed line). Bars
represent a range of reported values for various interfaces.
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as evidenced from FTIR measurements (Figure S9).
These sites can then oxidize and promote strong
interfacial adhesion, as was observed for the Si�H-
and SiOx-terminated Si microwires. With longer reac-
tion times, the wire surfaces became saturated at 45%
coverage of aminobutane, so for such samples, the
mechanical properties are increasingly governed
by the amine�Nafion (7.2 ( 1.0 MPa) interaction as
compared to the interaction between the Nafion and
the underlying SiOx. This change in surface function-
ality is supported by water contact-angle measure-
ments (Figure S7) on a partially amine-functionalized
Si(111) surface, which showed a significant change
from a hydrophobic (90 ( 2�) contact angle for
1 and 3 h reaction times to a more hydrophilic surface
(61( 2�) after a 5 h reaction time, presumably resulting
from an increase in the coverage of the hydrophilic
amine termination groups. Although Si�H microwires
become oxidized during Nafion spin-casting and sub-
sequent processing for mechanical tests, the Si�H
planar surfaces used for the contact-angle measure-
ments likely remained stable with Si�H surface
termination over the short time scales of the contact-
angle measurements, and the contact-angle data thus
served as an indication of the relative predominance
of unreacted Si�H sites rather than an indication of
the interaction strengthwith Nafion. Consistently, after
90 h of exposure to ambient air, the contact angle
of the Si�H-functionalized surface decreased from
87 ( 1 to 72 ( 3�, presumably resulting from the
gradual oxidation of Si�H surface sites producing an
increase in surface hydrophilicity. The contact angle of
the air-exposed, partially oxidized Si�H surface was
comparable to that of a Si�undecanoic acid surface
(73 ( 2�, 5 h reaction time, Figure S7), in accord with
the comparable shear strengths measured for these
two surfaces.
The significant decrease in maximum shear stress

between 3 and 5 h amine surfaces reveals the effects
associated with chemical interactions between the
amine moieties and the Nafion. The highly basic
amine sites might be expected to function as target
proton acceptors from �SO3H groups in the Nafion
side chains, giving rise to electrostatic interactions
between NH3

þ and SO3
�, which would be expected

to be relatively strong. However, the data suggest that
the surfaces of amine-terminated wires can be com-
plex. Indeed, the spectroscopic data revealed several
populations of surface species following deprotection
in TFA, including amine (NH2), ammonium (NH3

þ,
Figure 2b), and unreacted Si�H groups (Figure 3).
Although �NH2 groups can participate in hydrogen
bonding with the Nafion side chains as well as partici-
pate in possible electrostatic reactions, the protona-
tion to NH3

þ, which occurs readily in ambient due
to the high pKa of ∼10 for aliphatic amines,45 can
screen interactions with terminal �SO3H groups.

The mechanical response probes an average of these
interactions, which could plausibly then result in a
weaker overall observed mechanical shear strength.
We note that the hydrophilicity of Si�amine (5 h)
samples observed from contact-angle measurements
(Figure S7) only indicates the presence of polar groups
on the surface but cannot distinguish between NH2 or
protonated NH3

þ surfaces and thus does not predict
strong interactions based on hydrophilic arguments
alone.
The similarity between the mechanical shear

strengths in the undecanoic acid, SiOx, and oxidized
Si�H microwire surfaces indicates that oxygen-
containing groups are important for tailoring strong
interfacial adhesion in ionomers with hydrophilic con-
stituents. However, SiOx surfaces and air-exposed Si�H
surfaces are known to exhibit high surface-recombination
velocities,16 indicative of the presence of surface
defects which act as trap states46 and which result in
poor electronic quality of these surfaces for photo-
electrochemical and electronic applications. Therefore,
compared to native SiOx, the undecanoic acid surfaces
provide an advantage by shifting the bonding plane
away from the Si surface, allowing for oxygen�Nafion
bonding while minimizing formation of deleterious
Si�O bonds. Although the hydrosilylation reactions
employed herein can leave up to ∼50% of surface
sites remaining as Si�H, our spectroscopic evidence
reveals minimal SiOx formation, possibly due to the
blocking structure of the bulky overlayers and sub-
sequent protection of remaining Si�H sites against air
reactivity. Our results indicate that further efforts to
develop reaction schemes that maximally passivate the
unreacted Si�H sites left by hydrosilylation represent
a promising strategy to tailor surfaces to obtain com-
bined electronic and mechanical performance.
The mechanical response of functionalized Si micro-

wires following the initial debonding event revealed
qualitative evidence that the wire surfaces continu-
ously interacted with the Nafion as the wire was
slowly removed from the polymer. This behavior was
evidenced by the nearly constant observed true
stress, which was independent of the length of the
embedded wire (Figure S8). For the functionalizations
that resulted in weaker interactions, such as Si�CH3

and Si�aminobutane, weak oscillations were observed
in the measured force and computed engineering
and true stresses (Figures 6 and S8), but these oscilla-
tions were not observed for systems having stronger
interactions. The oscillations could result from the
inherently weaker intermolecular forces involved in
bonding to Nafion for these particular chemistries,
which would permit a greater slipping and relaxation
of applied load before the bonds could re-form at the
sliding interface. The physical origin of these oscilla-
tions, which may be strain-rate-dependent, represents
a focus for future work. The results of this study reveal
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that nanoscale mechanical testing can reveal rich
information on molecular-scale interactions and that
such chemical functionalization can be suitable for use
in real devices.

CONCLUSIONS

In situ nanomechanical testing has provided insight
regarding the chemical origin of the interfacial shear
strength in a functionalized Si microwire�Nafion com-
posite. A range of surface functionalities, chain lengths,
and coverages were chosen to target interactions with
different regions of the Nafion chains. The interaction
strength was reduced for longer functionalization
durations of an aminobutene molecular layer, from
15.7 ( 3.8 MPa for 3 h reaction time to 7.2 ( 1.0 MPa

for 5 h long reactions. This behavior suggests that
increasing coverage of the surface layer can push the
bonding plane away from the underlying SiOx surface.
Additionally, the interfacial shear strength can be
increased at similar coverages (∼50%) by functionaliz-
ing the Si surface with carbonyl or hydroxyl moieties,
which promotes strong bonding to hydrophilic
side chains in Nafion (e.g., 16.3 ( 1.9 MPa for a
Si�undecanoic acid surface). The methodology for
such chemical�nanomechanical experiments, which
utilizes a well-defined interfacial geometry, simple
loading conditions, and the ability tomeasuremechan-
ical stresses and strains of functionalized Si surfaces,
is a generalizable platform for quantifying the mole-
cular origin of mechanical behavior.

METHODS
Wire Growth. Intrinsic Si wire arrays were grown using a

vapor�liquid�solid chemical vapor deposition process
with H2 and SiCl4 as reactants and a photolithographically
patterned Cu catalyst, as reported previously.25,47 Growth was
performed at 1000 �C, and the wire height, which was con-
trolled by modulating the growth time, typically ranged be-
tween 15 and 40 μm with wire diameters of approximately
1.5�2.0 μm. Following growth, arrays were etched in buffered
HF (Transene Co.) for 30 s, rinsed copiously with water, and
submerged in an RCA II (5:1:1 H2O/HCl/H2O2) etch for 25 min to
dissolve the Cu catalyst. The resulting arrays were rinsed with
deionized H2O and dried under N2(g).

Surface Functionalization. Wires with a native oxide (SiOx) fully
enveloping the surface were obtained by leaving as-prepared
samples in ambient air for several days. Si�H wires were
obtained by immersing RCA-cleaned arrays into buffered
HF(aq) for 30 s, followed by thorough rinsing with water and
drying under N2(g). Si�CH3 wires were prepared using a
chlorination�alkylation Grignard process adapted for Si micro-
wire arrays, as reported in detail previously.25 Hydrosilylation
reactions were conducted on freshly H-terminated wires that
were transferred immediately to a N2(g)-purged flushbox to
minimize exposure to air. Samples were contained in a sealed-
bottom quartz tube in the reaction solution and were irradiated
for the desired reaction time with short-wave (254 nm) UV light
from below the sample. Si�undecanoic acid (Si�(CH2)10COOH)
surfaces were obtained in this manner by using 10% (by
volume) undecylenic acid (Sigma-Aldrich, g95%) in low-water
toluene (JT Baker). The surfaces were then rinsed in hot (90 �C)
acetic acid for 5 min.30 Amine-terminated Si microwires were
obtained similarly using 10% (by volume) 1-(Boc-amino)-3-
butene (Sigma-Aldrich, 97%) in toluene. Functionalized planar
Si(111) surfaces (Addison Engineering, Inc., n-type (phosphorus-
doped), double-side polished, 500 ( 20 μm, >20 000 Ω 3 cm)
were cleaned prior to surface analysis by sonication for 1�3min
in toluene. Si microwires were rinsed by immersion in toluene
in a test tube, followed bymanual agitation for 1 min. Following
functionalization and cleaning, the Boc protecting group of
the aminobutane surface was removed in air by soaking the
sample for 1 h in a 1:2 (v/v) solution of trifluoroacetic acid in
dichloromethane.

Surface Characterization. XPS data were collected using a
Surface Science Instruments M-Probe ESCA controlled by Hawk
Data Collection software. The X-ray source was a monochro-
matic Al KR line at 1486.6 eV. High-resolution scan intensities
were normalized to the Si 2p peak area for comparison across
samples. Transmission FTIR data were collected in dry N2(g)
using a Nicolet 6700 spectrometer with a 4 cm�1 resolution.
Spectra of Si�H wafers were referenced to their original SiOx

spectra (prior to etching), and hydrosilylated surfaces were

referenced to the Si�H spectra of the same wafers (prior to
UV reaction). The molecular coverage of these surfaces was
then estimated from the ratio of the decrease in Si�H stretch at
2081 cm�1 after hydrosilylation to the original area of the Si�H
stretch on the same surface. Assuming 100% coverage of
Si(111)�H sites prior to hydrosilylation,33 the surface coverage
percentage was directly estimated from this ratio.

Sample Preparation. The perfluorosulfonic acid�PTFE copoly-
mer (Nafion) solution was prepared via solvent exchange by
slowly evaporating an aqueous Nafion solution (0.9 mequiv g�1

exchange capacity, 5% w/w in a water/alcohol mixture, Alfa
Aesar) in DMF until all water was removed to yield a 27%
(by weight) solution. Functionalized Si microwire arrays were
embedded in Nafion by spin-casting (400 rpm, 30 s). The arrays
were then placed in a vacuum oven at room temperature to
evaporate the solvent andwere cured at 120 �C on a hot plate in
air for at least 20 min. Following curing, the embedded arrays
were removed from the substrate by slicing along the poly-
mer�Si substrate interface with a razor blade (Figure 4), similar
to the nanomechanical wire pull-out sample-preparation pro-
cedure that has been reported previously.25 The freestanding
array was then transferred to a clean Si substrate and was
re-adhered by spinning a thin layer (1000 rpm) of the same
Nafion�DMF solution. The DMF acted as “glue” by dissolving
the very bottom layer of the polymer and anchoring it to
the underlying Si substrate. The thin adhesive layer was then
dried and cured in the same manner as the bulk Nafion film.
This transfer procedure left the tops of the wires exposed.
“Dog bone” shapes were carved into individual wires using a
focused ion beam (Versa 3D DualBeam, FEI).

In Situ Nanomechanical Experiments. Uniaxial pull-out tests were
performed in a custom-made in situ nanomechanical instru-
ment, named the SEMentor, in a similar procedure to that
developed by Cho et al.25 A constant displacement rate of
50 nm s�1 was prescribed, and load and displacement data
were then obtained. Upon completion of the experiment, which
corresponded to the complete detachment of the microwire
from the matrix, the initial embedded wire length and the
average wire diameter were measured in the SEM, which
enabled the estimation of the embedded surface area under
the assumption of a cylindrical cross section, πdavgL0. The
engineering shear stress was calculated by dividing the applied
load by the embedded surface area, and the true shear stress
during the wire removal phase was computed by normalizing to
the instantaneous contacting surface area, Atrue = πdavg(L0 � rt),
where r is the known displacement rate. Then, 3�5 pull-out tests
were conducted for each wire array (one array per surface
chemistry) to ensure reproducibility. The adhesion energy was
estimated by the relationship E = 1/2FmaxΔL, where ΔL is the
wire-polymer displacement at the instance of debonding,
under the assumption that all of the elastic strain energy that
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accumulated within the polymer at debonding was transferred
directly into the newly formed surface energy caused by de-
bonding. This assumption is reasonable because debondingwas
found to occur within the elastic loading region of the polymer
without observation in themechanical data of plastic dissipation
and because the lack of relative motion at the wire�Nafion
interface at the instance of debonding suggested minimal
dissipation of stored energy into friction.
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