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ABSTRACT: Self-assembled monolayers (SAMs) provide an
enabling platform for molecular tailoring of the chemical and
physical properties of an interface. In this work, we systematically
vary SAM end-group functionality and quantify the corresponding
eﬀect on interfacial failure between a transfer printed gold (Au) ﬁlm
and a fused silica substrate. SAMs with four diﬀerent end groups are
investigated: 11-amino-undecyltriethoxysilane (ATES), dodecyltriethoxysilane (DTES), 11-bromo-undecyltrimethoxysilane (BrUTMS),
and 11-mercapto-undecyltrimethoxysilane (MUTMS). In addition to
these four end groups, mixed monolayers of increasing molar ratio of
MUTMS to DTES in solution are investigated. The failure of each SAM-mediated interface is initiated by a noncontact laserinduced spallation method at strain rates in excess of 106 s−1. By making multiple measurements at increasing stress amplitudes
(controlled by the laser ﬂuence), we measure interface strengths of 19 ± 1.7, 20 ± 1.3, 52 ± 5.4, and 80 ± 6.5 MPa for interfaces
functionalized with ATES, DTES, BrUTMS, and MUTMS, respectively. The interface strength is eﬀectively tuned between the low
strength of DTES and the high strength of MUTMS by controlling the concentration of MUTMS in solution. X-ray photoelectron
spectroscopy of the failed interfaces reveals the inﬂuence of end group functionality on molecular dissociation, which signiﬁcantly
alters the failure process.
measure the strength of an Au−epoxy interface.15 An increase in
fracture energy was measured with incorporation of higher
fractions of methyl/epoxy bonds to COOH/epoxy bonds. Mello
et al. used a biaxial loading device to perform mixed-mode facture
experiments on SAM-mediated epoxy−sapphire interfaces.24 They
reported an increase in interfacial fracture toughness for sapphire
surfaces functionalized with bromine-terminated SAMs over
surfaces with methyl-terminated SAMs. Gandhi et al. used the
four-point-bend method to measure increased interfacial fracture
toughness of a SAM-modiﬁed Cu−Si interface after thermal
annealing.27 In all of these macroscopic tests, the fracture energy
was highly sensitive to SAM composition at the interface of
interest.
In this work, the eﬀect of end-group chemistry on the failure
process of the SAM-mediated interface is characterized by a
laser-induced spallation protocol at strain rates in excess of
106 s−1.28−34 The beneﬁts of laser-induced spallation methods
are noncontact stress wave generation, high strain rates, applicability to both tough and weak interfaces, and the ability to test

1. INTRODUCTION
The mechanical properties of SAM-modiﬁed interfaces have
been investigated by both macroscale fracture testing and by
more localized scanning probe techniques where tip, sample, or
both surfaces are functionalized with SAMs. Both interfacial force
microscopy and atomic force microscopy have been employed to
investigate adhesive forces with SAM-functionalized constituents.1−14 Bush et al. measured the elastic modulus, work of
adhesion, and interfacial shear strength of methyl-terminated
alkylsilane SAMs through scanning probe normal and lateral force
measurements.1 Houston and Kim measured diﬀerences in frictional
behavior of alkanethiol monolayers due to diﬀerent end group
chemistries and chain lengths.2−5 Wang and Liechti developed a
protocol to form monolayers with nanoscale uniformity, used an
interfacial force microscope to measure adhesion of SAM-modiﬁed
interfaces, and also examined the nonlinear behavior of the SAM.6−8
The prospect of using SAMs to modulate bonding in thin ﬁlm
components requires testing of larger contact areas. At the
macroscopic scale, the inﬂuence of several self-assembled monolayer
chemistries on interface adhesion has been investigated using the
superlayer test method,15 ﬁber pull out method,16 tape peel test,17
four-point-bend method,18,19 and other sandwich specimen conﬁgurations.20−26 Zhuk et al. adapted a superlayer test conﬁguration to
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(University Wafer) with a native oxide layer were diced to 1 cm2 and
were prepared in the same manner for ellipsometry measurements.
SAMs were formed on both fused silica and silicon substrates in the
same reaction vessel by immersion in a toluene solution (ACS certiﬁed,
Fisher Scientiﬁc) of 10 mM silane (11-amino-undecyltriethoxysilane
(ATES), dodecyltriethoxysilane (DTES), 11-bromo-undecyltrimethoxysilane (BrUTMS), and 11-mercapto-undecyltrimethoxysilane
(MUTMS)) plus 15 mM triethylamine for 24 h in a sealed container
on the benchtop. We found that anhydrous solvents and preparation in
an inert atmosphere did not improve monolayer formation for
alkoxysilanes.41 All SAM deposition procedures followed the above
protocols, however, the results of a time in solution study for amineterminated monolayers demonstrated that only 1 h was necessary for full
coverage and formation of a single monolayer without the addition of a
triethylamine catalyst. Additionally, 0.03 g of dithiothreitol (SigmaAldrich) was added to solutions with thiols to reduce disulﬁde
formation. SAM layer thicknesses of 10−13 Å were conﬁrmed using a
Gaertner ellipsometer. Samples were also prepared with mixed
monolayers containing a range of MUTMS to DTES mole percents
of each SAM molecule in solution. The MUTMS mole fractions used in
these experiments were 0, 25, 50, 75, and 100%, which corresponds to a
fully thiol-terminated SAM (MUTMS). X-ray photoelectron spectroscopy was used to validate the presence of thiol molecules at the surface
by distinguishing a signal from the sulfur 2s orbital following the
protocol developed by Losego et al. to conﬁrm mixed monolayer
concentrations.41
After rinsing (subsequent rinses of toluene, ethanol, and deionized
water) and drying, a thin Au layer was transfer-printed onto the
SAM-functionalized substrate following the procedures of Meitl et al.40
Donor silicon substrates with thermally grown oxide layers (∼75 nm)
were cleaned in a piranha solution, rinsed with deionized water, and
blown dry. Gold ﬁlms of nominally 150 nm thickness were deposited by
e-beam evaporation (Temescal) onto the Si/SiO2 donor substrates.
Poor adhesion at the SiO2/Au interface makes these oxide surfaces ideal
donor substrates for the transfer printing process. A thin layer of
poly(vinyl alcohol) (PVA) (87-89% hydrolyzed, MW ∼ 20 000 g/mol,
Sigma-Aldrich, 10 wt % dissolved in H2O) was cast onto the Au surface
to impart mechanical stability during the transfer process. The PVA layer
was dried at 85 °C for 5 min. A block (approx. 2 cm × 2 cm × 0.7 cm
thick) of polydimethylsiloxane (PDMS, Sylgard 184 Silicon Elastomer,
Dow-Corning) was used to transfer the ﬁlm. The PDMS was manually
pressed onto the donor substrate such that it completely conformed to
the Au/PVA surface. The stamp was then rapidly peeled, causing
delamination and resulting in the PDMS stamp being “inked” with the
gold ﬁlm. The ﬁlm was laminated to the receiving, prefunctionalized
fused silica substrate and heated on a hot plate at 110 °C. After 90 s of
manual pressure, the PDMS stamp was slowly peeled from the surface
leaving the Au/PVA ﬁlm bonded to the substrate. The specimen was
kept on the hot plate for another 90 s to ﬁnish bonding. The PVA layer
was then rinsed away under ﬂowing water. After transfer printing the Au
ﬁlm onto the functionalized substrates, specimens were prepared for
laser spallation testing (Figure 2). A 400 nm thick Al absorbing layer was
e-beam evaporated on to the backside followed by spin-casting a 1 μm
sodium silicate (waterglass) conﬁning layer. Specimens for stress wave
calibration were fabricated with highly reﬂective thin Al ﬁlms (200 nm)
that were electron-beam deposited on identical substrates as SAM/Au
specimens.
Laser Spallation. The laser spallation method, shown schematically
in Figure 2, was used to load the SAM-functionalized interface in a
noncontact manner. A rapid (∼10 ns), high-amplitude acoustic wave
was initiated by the impingement of an Nd:YAG pulsed laser
(New Wave Tempest) on the aluminum energy absorbing layer on
the back surface of the substrate. Because of the conﬁnement of a
sodium silicate (waterglass) layer, the rapid expansion of the Al
generated an acoustic wave that propagated through the substrate in
compression. After reﬂection at the thin ﬁlm free surface, the wave
loaded the thin ﬁlm−substrate interface in tension. The Nd:YAG spot
size was kept constant at 2.0 mm for all tests and the laser ﬂuence
(energy per area) was incremented by adjusting the Nd:YAG energy
using an attenuation controller. Specimens were tested over a range of

multiple sites on the same specimen. The duration of the loading
is on the order of nanoseconds, which begins to approach the
time scale of molecular dynamics simulations.35−38 Interestingly
though, the SAM-modiﬁed interfaces investigated previously by
Wang et al.6−8 and Mello et al.24 under quasi-static conditions
had interface strengths comparable to the strengths found in this
study.
The interfacial strength is measured for an Au ﬁlm transferprinted to a self-assembled monolayer (SAM) functionalized
fused silica substrate (Figure 1). The SiO2/Au interface was

Figure 1. Schematic of Au ﬁlm transfer-printed on SAM-functionalized
substrate and the diﬀerent end group chemistries investigated.

chosen because bifunctional SAM molecules with orthogonal
attachment chemistries having speciﬁcity toward either SiO2 or
Au can be investigated. The end-group functionality controls the
bond strength across the SiO2/Au interface. Silane chemistries
on the silica surface permit dense packing and strong bonding.
Four diﬀerent termination chemistries (−CH3, −NH2, −Br,
−SH) shown schematically in Figure 1 were selected to obtain a
large variation in bond strength at the Au−SAM interface. Mixed
monolayers of increasing molar ratio of −SH to −CH3 in solution
were also prepared. When properly formed, these chemistries do
not result in multilayer formation or loop attachment to the fused
silica substrate. Previous work in molecular electronics has
demonstrated that the “soft-deposition” approach of transfer
printing, as compared to more energetic physical vapor deposition
techniques, causes minimal damage to the SAM layer.39 Because
adhesion between the elastomeric stamp and Au ﬁlm is dominated
by peel rate, Au layers can be transfer-printed to a variety of
functionalized surfaces.40

■

EXPERIMENTAL SECTION

Materials. The fused silica substrates (SiO2, 1500 μm thick, Quartz
Scientiﬁc) were cleaned in piranha solution (3 H2SO4:1 H2O2 by
volume) at 120 °C for 60 min. The substrates were then rinsed with
copious amounts of water, dried under a stream of air, and further dried
in an oven at 120 °C for at least 5 min. In addition, silicon wafers
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and 11-mercapto-undecyltrimethoxysilane (MUTMS) at the
interface between fused silica substrates and transfer-printed Au
ﬁlms were tested at increasing laser ﬂuences using the laser
spallation technique shown in Figure 2. Specimens were also
prepared with mixed monolayers containing a range of MUTMS
to DTES mole percents of each SAM molecule in solution. After
testing, loaded regions of the SiO2/SAM/Au specimens were
examined by optical microscopy. Figure 3 contains representative

Figure 2. Schematic of test conﬁguration for generation of high
amplitude stress waves in SAM-mediated transfer-printed Au ﬁlms. A
compressive stress pulse ① propagates toward the ﬁlm. After reﬂection at
the free surface, the tensile stress pulse ② loads the SAM-mediated
interface in tension.
laser ﬂuences (energy per area) to initiate delamination of the Au ﬁlm. A
single specimen was tested multiple times by using motion-controlled
actuators to move to a new location 1.5 times the spot size from the
center of the previous site. After testing, the ﬁlms were evaluated for
damage using an optical microscope.
The interfacial strength of SAM-mediated interfaces was measured by
determining the stress required to cause ﬁlm failure at the interface.
Calibration experiments with highly reﬂective thin Al ﬁlms were carried
out to obtain the substrate and interface stresses for a given laser ﬂuence
(energy per area). A calibration set was necessary because the SiO2/
SAM/Au ﬁlms partially failed at laser ﬂuences of interest, precluding in situ
interferometry measurements. Repeatable acoustic waves were generated at
the same laser ﬂuence in both types of samples. The displacement of the free
surface and corresponding substrate stress was recorded as described
previously by Grady et al.42 Using the measured stress pulses as input for a
1D ﬁnite element model, the interface stress was calculated over a range of
ﬂuences for 150 nm thick Au ﬁlms on fused silica substrates. The diﬀerence
in thickness and stiﬀness between the Al calibration ﬁlms and the Au ﬁlms
was accounted for in the stress calculations. Details of the stress analysis are
provided in the Supporting Information.
Atomic Force Microscopy. Atomic force microscopy (AFM) was
used to investigate the nanoscale surface of SAM-functionalized
substrates as well as Au ﬁlms. AFM was conducted in tapping mode
using an Asylum Research Cypher system to provide surface height
information, from which a root-mean-square (RMS) surface roughness
was calculated. The surface roughness was measured on a MUTMSfunctionalized fused silica surface, a MUTMS-functionalized silicon
surface, and on the mating surface of a transfer-printed Au ﬁlm. The Au
ﬁlm was removed from the donor substrate and the mating surface of the
Au ﬁlm was turned upright for scanning with the AFM.
X-ray Photoelectron Spectroscopy. A Kratos Axis Ultra X-ray
Photoelectron Spectroscope was used to provide surface chemical
information within the debonded regions and to compare spectra to a
fully formed SAM. High-resolution spectra were collected using
monochromatic Al Ka radiation (1486.6 eV) with a pass energy of 40 eV
from a 0.2 mm diameter area within the spalled region. The binding energy
scale was referenced to the adventitious C 1s signal at 285 eV. Peaks on an
XPS spectra signaling the presence of sulfur atoms within the MUTMS
SAMs are expected to be centered at 228 eV corresponding to the 2s orbital
and peaks signaling the presence of bromine atoms within the BrUTMS
SAMs are expected to be centered around 71 eV corresponding to the 3d
orbital. After accounting for diﬀerences in relative sensitivity, the peak area
of these spectral lines indicate relative amounts of elements present on the
surface. The XPS spectra obtained in the debonded portion of a tested
specimen were compared to a clean unmodiﬁed fused silica substrate and a
pristine SAM on fused silica.

Figure 3. Optical images of ﬁlm failure (black areas) caused by laser
spallation to (a−c) DTES interfaces, (d−f) ATES, (g−i) BrUTMS, and
(j−l) MUTMS interfaces at increasing stress amplitudes: (a,d,g,j,)
18 MPa, (b,e,h,k) 31 MPa, and (c,f,i,l) 74 MPa. Scale bars are 500 μm.

images of Au ﬁlms tested at increasing interfacial stress for each of
the four diﬀerent SAMs investigated. Tensile stresses on the
interface caused the ﬁlm to detach from the substrate. Black areas
in the optical images correspond to spalled regions where the Au
ﬁlm has separated from the substrate. Onset of ﬁlm failure
occurred at lower interfaces stresses for ATES and DTES than
BrUTMS and MUTMS. The size of failed regions increased with
increased stress levels until reaching the Nd:YAG laser spot size.
The eﬀect of mixed monolayers at the interface was also
investigated. Representative images of Au ﬁlms after laser spallation
testing with corresponding interfacial stress loading for diﬀerent
molar ratios of MUTMS in solution: 0 (DTES), 25, 50, 75, and
100% (MUTMS) are included in the Supporting Information.
Film failure initiated over a range of interface stress levels.
Failure observations for each specimen type are summarized in
Figure 4, which shows the fraction of ﬁlms that exhibit failure at a
given peak interface stress. The fraction plotted in Figure 4
represents the number of ﬁlms that failed divided by the number
tested at the same peak interface stress. For example in Figure 4a,
at a peak interface stress of 31 MPa, 0% of MUTMS specimens
failed, 44% of BrUTMS specimens failed, and 100% of the DTES
and ATES specimens failed. Figure 4b shows the failure data
for FS/SAM/Au specimens with mixed monolayer SAMs: 0
(DTES), 25, 50, 75, and 100% (MUTMS). Over 750 ﬁlm sites
were tested across the seven interfacial chemistries and eight
interface stress loading conditions. The number of tests in the
range of interest for each chemistry was always greater than or

■

RESULTS AND DISCUSSION
Interfacial Strength. Thin ﬁlm specimens prepared with
11-amino-undecyltriethoxysilane (ATES), dodecyltriethoxysilane (DTES), 11-bromo-undecyltrimethoxysilane (BrUTMS),
11098
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Figure 4. Fraction of testing sites that showed delamination for FS/SAM/Au interfaces as a function of calibrated interface stress for (a) ATES, DTES,
BrUTMS, MUTMS and (b) mixed monolayers of MUTMS to DTES in solution at 0, 25, 50, 75, and 100% concentrations. Experimental data is
represented by symbols and the associated Weibull curve ﬁt is plotted for each SAM.

equal to 10. The failure stress data for each specimen type was ﬁt
to a Weibull distribution43
σ

F (σ ) = 1 − e − ( α )

β

(1)

where σ is peak interface stress and α and β are Weibull
parameters. The Weibull parameters varied for each SAM type
and are included in Table 1.
Table 1. Interface Strength for Each SAM, Uncertainty,
Corresponding Weibull Parameters, and Root Mean Square
(RMS) Diﬀerence between Model and Experimental Data
SAM

strength (μ
+ σsd) MPa

strength
uncertainty
MPa

α
parameter

β
parameter

RMS

ATES
DTES
25%
50%
75%
MUTMS
BrUTMS

19
20
22
32
61
80
52

1.7
1.3
1.0
1.9
6.2
6.5
5.4

18.31
18.59
20.01
28.00
48.28
70.85
40.18

14.82
9.59
7.96
4.48
2.65
5.22
2.30

.000200
.000002
.040825
.047183
.055046
.057559
.053782

Figure 5. Interface strength of all SAMs investigated. The error bars
represent the uncertainty in the Weibull ﬁt arising from experimental
error.

respectively. As expected, increased incorporation of MUTMS SAMs
in mixed monolayers resulted in increased interfacial strength.
Surface Roughness. The eﬀect of substrate roughness was
also examined for the MUTMS/Au interface. Interface strength
was measured as described previously for this SAM on a polished
silicon wafer. Silicon substrates have a signiﬁcantly reduced
surface roughness and provide a SiO2 surface for SAM
functionalization. The surface roughnesses of bare substrates,
SAM-functionalized substrates, and transfer-printed Au ﬁlms
were measured by atomic force microscopy (AFM). Representative
1 × 1 μm AFM scans are included in Figure 6 for FS/MUTMS,
Si/MUTMS, and the underside of an Au ﬁlm. The RMS roughness
is calculated over the entire surface shown in Figure 6 yielding
roughness values of 7.4, 1.2, and 2.7 Å for MUTMS-functionalized
fused silica, MUTMS-functionalized silicon, and the underside of
Au, respectively. For comparison, a subset of a single line trace
indicated by white arrows is plotted in Figure 6d for the three
surfaces. Typically, AFM on physical vapor deposition (PVD) ﬁlms
reveals distinct grain sizes, however, the underside of the ﬁlm did not
reveal the same morphology as the surface.

Both the onset of interfacial failure and 100% failure occur
at higher stresses for the MUTMS/Au as compared to both
ATES/Au and DTES/Au, conﬁrming the stronger bonding at
the thiol-Au interface. The BrUTMS/Au interface exhibited a
failure strength between DTES/Au and MUTMS/Au interfaces.
One possibility is that the heavier Bromine moiety induces
stronger van der Waals forces than either a methyl or an amine
moiety thus leading to higher interfacial strength.44 For mixed
monolayers of DTES and MUTMS, the onset of ﬁlm failure
occurred at higher interface stresses with increased incorporation
of thiol-terminated SAMs.
The interface strength was determined by calculating the
mean and standard deviation, μ + σsd, of the Weibull model
corresponding to an approximate failure rate of 85−90%. The
interfacial strengths for all of the SAMs investigated are plotted in
Figure 5 and summarized in Table 1. We calculate interfacial
strengths of 19 ± 1.7, 20 ± 1.3, 52 ± 5.4, and 80 ± 6.5 MPa for
interfaces prepared with ATES, DTES, BrUTMS, and MUTMS,
respectively. The interface strengths for 25, 50, and 75%
MUTMS monolayers were 22 ± 1.0, 32 ± 1.9, and 61 ± 6.2 MPa,
11099
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Figure 6. AFM scans are shown for (a) MUTMS-functionalized fused silica substrate, (b) MUTMS-functionalized silicon substrate, (c) underside of an
Au transfer-printed ﬁlm, and (d) subset of the line trace indicated by white arrows (a−c) demonstrating the large diﬀerence in surface roughness
between functionalized fused silica and silicon substrates.

composition of these failed SAM interfaces was investigated
using X-ray photoelectron spectroscopy (XPS). The XPS spectra
obtained in the debonded portion of a tested specimen were
compared to a bare fused silica substrate and a pristine SAM on
fused silica for BrUTMS and MUTMS (Figure 7). Spectra peaks
signaling the presence of bromine atoms within the BrUTMS
SAMs are expected to be centered around 71 eV as shown for a
pristine BrUTMS SAM in Figure 7a. There is a signiﬁcant
diﬀerence in peak height between the spectra for the pristine
BrUTMS monolayer and the spectra from debonded regions.
Five separate debonded regions of BrUTMS-functionalized
interfaces were probed for surface chemical information and are
overlaid in Figure 7a. As expected, there are no signal peaks
within this region for the unmodiﬁed fused silica substrate. The
characteristic peak signaling the presence of sulfur atoms within
the MUTMS SAMs is expected to be centered at 228 eV. The
spectra from debonded regions for specimens with interfacial
MUTMS SAMs showed a less dramatic change in peak height
from a pristine monolayer shown in Figure 7b. Five separate
debonded regions of MUTMS-functionalized interfaces were
probed for surface chemical information and are overlaid in
Figure 7b. The debonded regions of MUTMS-functionalized
interfaces have highly repeatable spectra signaling sulfur atoms
are present on the surface after testing. One hypothesis for the
diﬀerence in peak signal between the surface control monolayers
and within spalled regions is that the rapid debonding of the Au
ﬁlm during laser spallation testing could be inducing local

Polished silicon wafers were functionalized with MUTMS and
Au ﬁlms (150 nm) were transfer printed following the previously
described protocol. The ﬁlms were loaded by incrementing
the laser ﬂuence and calibration experiments were performed
to obtain the interface stress at each laser ﬂuence. Optical
microscopy was used to investigate the loaded regions of the
Si/MUTMS/Au samples and the interface stress required to
delaminate the Au ﬁlm from the MUTMS-functionalized silicon
substrate was over 200 MPa. Remarkably, the interface strength
of these ﬁlms was 250% greater than for MUTMS-functionalized
fused silica substrates. Our hypothesis is that the rougher fused
silica surface did not allow as much contact between the SAM
and the Au ﬁlm limiting the likelihood for covalent bonds to form
between the thiol and the Au ﬁlm. Conversely, the smoother
silicon surface may have allowed a higher density of covalent
bonds to form between the thiol and Au ﬁlm due to more
intimate contact. The higher density of covalent bonds between
the SAM and the Au ﬁlm results in increased interface strength.
X-ray Photoelectron Spectroscopy of Failed Interfaces.
At high laser ﬂuences, the Au ﬁlm completely separates from the
surface exposing the underlying interfacial SAM layer. The
debonded portion is approximately circular with a diameter
greater than 0.5 mm. Positioning of the X-ray beam within the
debonded portion is accomplished using imaging mode where
the signal from the gold layer is strong and can be observed in real
time on the surface. The center of the X-ray beam is then aligned
within the failed region, which appears dark. The chemical
11100
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Figure 7. (a) XPS spectra for ① BrUTMS-functionalized substrate, ② ﬁve separate debonded regions, and ③ bare FS substrate. (b) XPS spectra for ①
MUTMS-functionalized substrate, ② ﬁve separate debonded regions, and ③ bare FS substrate.

■

molecular failure where the terminating moiety is expelled from
the surface. The recovery of spalled Au ﬁlms was not possible and
therefore XPS could not be performed to identify the presence of
the terminating moiety on the ﬁlms as a complement to the
debonded regions. The XPS characterization of failed MUTMS/
Au and BrUTMS/Au interfaces revealed the possibility of local
SAM failure due to rapid stress wave loading.
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CONCLUSIONS

Notes

The adhesion of a SAM-mediated interface between transferprinted Au ﬁlms and a fused silica substrate was measured by a
laser spallation technique. Diﬀerent SAM termination chemistries of amine, methyl, bromine, thiol, and mixed monolayers
were investigated. Specimens were tested at increasing laser
ﬂuence, which corresponded to increasing interface stress. Interfacial failure was statistical in nature and ﬁt well to a Weibull
distribution. Thiol-terminated SAMs led to the strongest
interface, while both the amine- and methyl-terminated SAMs
resulted in the weakest interfacial strength. Interestingly, the
interface strength of specimens with bromine-terminated SAMs
was midway between that of the methyl and thiol SAMs. The use
of mixed monolayers provided a more systematic way to vary
interfacial strength. The interfacial failure process is eﬀectively
controlled through the choice of SAM termination chemistry. In
addition to the chemical functionality of the SAM, surface
roughness of the underlying substrate also has a signiﬁcant
impact on the interfacial strength. Decreasing the substrate
surface roughness increased the contact area between the thiolterminated SAM and the Au ﬁlm leading to an increase in
interfacial strength. XPS analysis within debonded regions
revealed a diﬀerence in signal from pristine monolayers on the
same substrate indicating the possibility of local monolayer
failure.
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