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Thin layers of nanomaterials on stretchable substrates have the potential to enable stretchable, bendable
optoelectronic devices, wearable diagnostics, and more. Recently, our group reported on a novel
method for finding the neo-Hookean coefficient of thin layers of silicon nanocrystals (SiNCs) on
polydimethylsiloxane (PDMS). Here we elaborate on that initial study by examining the effects of the
SiINC layer thickness, PDMS neo-Hookean coefficient, and SiNC surface functionality on the neo-
Hookean coefficient of the SINC layers. We found that, while the layer thickness and PDMS neo-
Hookean coefficient influence the behavior of the SiINC layers, layers of surface-functionalized SiNCs do

rsc.li/rsc-advances

1 Introduction

In situ investigation of the mechanical properties of nano-
materials in the form of thin films is a challenging obstacle in
the advancement of nanotechnology. Nanoindentation experi-
ments and other physical probe-based techniques can be used
to evaluate single-nanocrystal deformation in elastic and plastic
regimes.”® However, behavior of nanoparticle ensembles,
particularly in layers on arbitrary substrates, is more difficult to
elucidate in situ, as many of these methods are irreversible and/
or destructive. Furthermore, the mechanical behavior of thin
films of nanomaterials can also depend on the substrate's
mechanical properties, emphasizing the importance of in situ
measurement techniques. Thus, there is a significant interest in
non-destructive methods for evaluating properties of thin films,
especially for layers of nanoparticles on elastomeric substrates
which can prohibit indentation-type methods. The future of
electronics strongly relies on advancement in mechanical flex-
ibility, sustainability and biocompatibility of electro-optical
sensors, health monitoring systems, photovoltaic devices,
displays, and functional coatings. Therefore, evaluating the
mechanical behavior of these thin-film ensembles of nano-
particles is critical for robust device design.

Several attempts have been made to evaluate the mechanical
properties of nanocrystalline materials deposited on
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not exhibit disparate behavior from layers of bare SiNCs.

a substrate. Different methods have been applied to evaluate
properties in both the elastic’®*® as well as the plastic
regimes.»**®* Employing instability, specifically has recently
gained popularity towards becoming a viable manner to eval-
uate the mechanical properties of thin films deposited on soft
substrates. Examples include evaluating the mechanical prop-
erties of thin films (5 nm to 200 nm) of polystyrene and poly-
methacrylate,” for evaluating the elastic modulus of
amorphous methacrylate films with thickness varying from
10 nm to 40 nm," and evaluating mechanical moduli of organic
electronic materials."®

We recently introduced a novel in situ approach for esti-
mating mechanical properties of luminescent silicon nano-
crystals (SiNCs) deposited on flexible substrates made from
polydimethylsiloxane (PDMS). In this method, we applied finite
bending to the bilayered system of SiNCs/PDMS and noted the
angle at which we observed the onset of instabilities.”” Coupled
with theoretical modeling, this critical angle is an indicator of
the mechanical properties of the SiNC layers. Our study revealed
a neo-Hookean coefficient (uy©, analogous to shear modulus at
low stress/strain) of a 4.5 pm thick SiNC film to be 345 + 23 kPa
when deposited on a PDMS substrate with ug = 190 kPa. In that
demonstration, we kept SiNC layer properties consistent as
a control - however, there are many parameters that could
influence the mechanical behavior of the SiNC layers on PDMS.
These include layer thickness, surface functionality, and the
mechanical properties of the PDMS substrate as a cross-linked
material.’*>* In order to reveal some of these interrelation-
ships, we investigated a set of parameters regarding their
influence over the mechanical properties of SiNC layers on
PDMS, as evaluated using the same finite bending method. Our
results indicate that the layer of SiNCs and PDMS parameters
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exert competing influences on the mechanical properties of the
SiNC layers. Unraveling the connection of these parameters on
the physical, mechanical, and optical properties of the SiNCs
will allow advancement for predictive engineering of nano-
material thin films, for stretchable and flexible devices.

2 Methods

2.1 PDMS sample preparation

We prepared PDMS using a Sylgard prepolymer PDMS 184-kit
and curing agent catalyst (Dow Corning). The mechanical
properties of the PDMS depend on the mass ratio of the pre-
polymer and curing agent («), as well as the curing conditions
during PDMS preparation. We produced a range of substrates
with identical geometrical dimensions (defined earlier as slen-
derness ratio in 17). For all experiments performed in this
paper, the slenderness ratio of the sample was kept constant at
3. For all experiments that probed the influence of the SiNC
layer properties on the SiINC modulus, we held « constant at 10.

We then altered this ratio to produce PDMS samples with
lower moduli. Since « varies linearly with the elastic modulus of
the PDMS, decreasing the mass fraction of curing agent (i.e.
increasing the value of «) decreases the modulus of the PDMS.>*
Specifically, for this study we have used PDMS with « = 10, 12,
and 20. Our estimation method prohibited use of a < 10, i.e.
higher modulus, as the samples ruptured during our testing
protocol.

2.2 Uniaxial tensile testing

We performed a standard uniaxial tensile test, using a custom-
built test setup, to evaluate the neo-Hookean coefficients of the
PDMS. A minimum of 3 samples were taken for each type of
sample (e = 10, 12, and 20), and an average of the resulting
mechanical properties was recorded. Each sample was cut in
the shape of a rectangle and mounted on our uniaxial tensile
test machine. Four black dots were applied on the surface of the
PDMS as fiducial markers, and the sample was stretched
between two clamps. One of the clamps had a load cell attached
to it to measure the force required for the deformation.

The force from the load cell was converted to Cauchy stress
by calculating the average cross-section area of the sample in
the loaded configuration. The sample was stretched cyclically
for 5 cycles from the reference configuration until a 20%
deformation was achieved. A Hitachi KP-M2AN CCD camera
was used to capture and feed the image of the fiducial markers
during uniaxial stretch into LabVIEW. The test was performed
under quasi-static conditions with a strain rate of 0.1 mm s~ .
Finally, the Cauchy stress and stretch throughout the test were
calculated, and the best fit neo-Hookean modulus was esti-
mated by minimizing the differences between experimental and
theoretical stresses at each value of stretch (Table 1).

2.3 SiNC layer deposition

We synthesized SiNCs using a low-pressure non-thermal radio
frequency (RF) plasma as previously described.'”>*?* The
nanocrystals were deposited on the PDMS as thin-film layers by
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Tablel Neo-Hookean coefficients of PDMS for different ratio of base
to curing agent, «. Increasing the amount of base while keeping the
same amount of curing agent can significantly decrease the
mechanical modulus of PDMS

Ratio of base to curing Neo-Hookean coefficient

agent, « [kPa]

10 191.9 + 34.9
12 112.9 + 43.4
20 69.8 + 7.6

inertial impaction onto a substrate placed beneath a slit-shaped
orifice.”*” The stand-off distance between orifice outlet and the
top surface of PDMS substrate was kept constant at ~4-5 mm to
ensure consistency with our prior work.'”**?*¢ We rastered the
PDMS substrates beneath the orifice to achieve uniform film
deposition.

We were interested in the influence of film thickness on
SINC film properties, so we decreased the deposition time from
20 min, as considered in our previous study,” to 10 min and
5 min for thinner films, and increased it to 30 min for thicker
films. We monitored the frequency of the rastering motion for
the substrate (3 s for each back and forth motion) during
deposition, to ensure a consistent protocol. We used SEM
imaging of scored and FIB-milled samples to measure the SINC
layer thicknesses. Fig. 1 shows the linear dependence of SiNC
film thickness on deposition time, without other significant
changes in surface or cross-sectional morphology. The film
thicknesses are also presented in numerical form in Table 2.
Example SEM images are included in the ESI Fig. S-1(a) and

(b)-+

2.4 In-light surface functionalization of SiNCs

Surface functionalization of SiNCs with various ligands has
been shown to improve their photoluminescence (PL) proper-
ties.>”*> We performed in-flight plasma-initiated surface

Film Thickness (pm)
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Fig. 1 We performed SEM imaging of film cross-sections to estimate
film thickness as a function of deposition time (error bars reflect std
deviation).
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Table 2 Tabulated values of film thicknesses vs. deposition time, as
measured using SEM imaging of film cross-sections

Time (min) Thickness (um)
5 1.24 £+ 0.20
10 1.84 £+ 0.23
20 4.56 £ 0.31
30 6.50 = 0.76

functionalization, following what was described previously.”” 1-
Dodecene vapor is flown into the effluent of the plasma reactor
via a side-arm injection from a liquid bubbler, carried by H, gas
to aid with surface defect mitigation.*® This method for surface
functionalization of the SINCs in the gas phase immediately
following their synthesis, in-flight, allows partial surface
capping with alkyl chains without solution-phase initiation. We
confirmed the reaction using Fourier-transform infrared spec-
troscopy (FTIR) (see ESI Fig. S-27).

2.5 Mechanical properties of SiNC layers

For evaluating the mechanical properties of the thin film SiNC
deposited on PDMS, we performed mathematical analysis and
experiments according to the method we reported previ-
ously.”** In short, we adhered the edges of each PDMS slab
between two aluminum handles and performed the SiNC
deposition onto the PDMS. We conducted finite bending
experiments on the bilayers by flexing the aluminum handles to
measure the angle for which we observe the onset of bifurca-
tions on the surface of the SiNC layer. This in turn allowed us to
estimate the mechanical parameters given the geometry of the
sample. The ESI includes a photograph of our apparatus in
Fig. S-1(c).t During experiments, the onset of bifurcations was
detected by direct visual inspection, and photographs were
taken of the profile of the sample to measure the critical angle
of bifurcation. Three measurements were taken for each of the
samples to ensure accuracy and reproducibility. The bending
angle at which bifurcations are first observed is defined as the
critical angle of bifurcation. These results were subsequently
compared with numerical analyses that predict the angles of
bifurcation for bilayers undergoing a finite bending deforma-
tion starting from a rectangular cross section.

3 Results and discussion

The neo-Hookean coefficients for the three cases we studied are
plotted in Fig. 2, as compared to the standard case from ref. 17.
The asterisks on the bars indicate sample conditions which had
a statistically significant deviation from the value we obtained
for the samples originally examined and reported in ref. 17.
Each case is discussed below.

3.1 Influence of film thickness

The numerical model relies on the thickness ratio ¢ between the
PDMS thickness and the SiNC layer thickness to evaluate the
relationship between the critical angle of bifurcation and the
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Fig. 2 Neo-Hookean coefficient of all samples. The samples with
asterisks indicate sample conditions that led to neo-Hookean coeffi-
cients that deviated with statistical significance from samples reported
in ref. 17 (e = 10, t = 460).

ratio of neo-Hookean coefficients (uraio) of the two materials.
We deposited SiNC films for varying durations, changing the
film thicknesses linearly as shown in Fig. 1, and thus adjusting
t. Fig. 3 presents our results on the relation between the critical
angle .. and a0, depending on ¢. The lines represent the
numerical solution. For each line we have included a shaded
region corresponding to a variation of one standard deviation
from the average value of ¢ measured. Experimental data points
are plotted as symbols.

Our experimental results yielded ¢ values of 275 + 36, 460 +
54,1100 + 140, and 1800 + 351 (with ¢ increasing as deposition
time decreases). Note that the results from our numerical model
predict that there should be little difference in the relationship
between 0., and p,a4io for the lower two values of ¢, as shown by
the nearly-overlapping curves in Fig. 3. Our experimental results
agree well with this prediction, as we did not observe any
change in 6., for samples deposited for 20 and 30 minutes (¢t =
460 and 275, respectively) despite a clear increase in SiNC layer
thickness.

140 - ! 1l
_ Yo =10, 5 min
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Ratio of neo-Hookean coefficients, Heatio
Fig. 3 The methodology introduced in Sinha et al., 2019, employed
to estimate neo-Hookean coefficient for SINC layers corresponding to
parametric variation. The lines represent the numerical solution for the
average of thickness ratios (t) for a given sample deposition time, and
the symbols represent experimental data points. The shaded region
shows an area of one standard deviation of the thickness ratio from
average for the samples.
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For ¢ > 460, however, there was a pronounced change in the
neo-Hookean coefficient uy ©. Increasing ¢ represents a decrease
in the thickness of the SiNC layer, and our results show that
thinner layers exhibited higher ug as compared to the thicker
layers. Interestingly, for ¢ = 1100 and 1800, the samples
exhibited ug© values that did not differ statistically from each
other, although they did differ from ug© of the thicker SiNC
layers. A possible explanation for this observation is that the
soft PDMS substrate creates microstructural changes or densi-
fications of the SiNCs, altering their mechanical behavior close
to the substrate. Once the layer reaches a certain critical
thickness, the effect diminishes as the subsequent layers
response to the substrate’s mechanical properties decreases
with increasing thickness.

3.2 Influence of «

In the base scenario, we used PDMS fabricated with o = 10. To
investigate the effect of the PDMS modulus on the ug“ of the
SiNC layers, we also created samples of PDMS with « = 12 and
20. As previously noted, an increase in the value of « generates
a decrease in the value of u§. Using the protocol mentioned in
Section 2.2, the average neo-Hookean coefficients of PDMS with
« =10, 12, and 20, were evaluated to be 191.9 + 34.9 kPa, 112.9
=+ 43.4 kPa and 69.8 £ 7.6 kPa respectively. We can clearly see
that changing the value of « can significantly affect the material
behavior of the PDMS. Concretely, we can determine that
increasing the value of « leads to a decrease in the neo-Hookean
coefficient for the PDMS. In other words, decreasing the
amount of curing agent for the same amount of pre-polymer
yields PDMS with a decreased stiffness.

The time of SiNC deposition was kept constant at 20 minutes
for all samples, as was the PDMS thickness, and so for all
samples for which we changed «, t was ~460. The ESI{ contains
the table of film thicknesses for SiNC layers deposited on PDMS
with varying «. We found that when we reduced us, the shear
modulus of the SiNC layer w5 was also reduced. One explana-
tion for this behavior could be the fact that changing the stiff-
ness of the PDMS by changing « influences the SiNC impaction
characteristics, including NC bouncing and adhesion with the
substrate and with previously-deposited SiNCs.** There are
many effects that influence the layer formation during inertial
impaction, including the surface roughness of the substrate,
the surface adhesion energy, whether the nanoparticles are
impinging as individuals or as agglomerates, and more.*** We
cannot be sure which of these effects is the most prominent
here, but our observations regarding the modification in the
shear modulus of the SiNC layer as they relate to « are repeat-
able. We will investigate this phenomenon in more detail in
a future manuscript.

3.3 Influence of surface functionalization

Surface functionalization of SiNCs is typically performed in
order to prevent environmental oxidation of the SiNCs by
capping surface defects and sterically hindering any surface
oxidation effects, and to increase the PL emission intensity and
quantum yield of the SiNCs.”®**" We recently published our
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research on the differences in neo-Hookean coefficient for
nanocomposites of SINCs and PDMS, based on surface func-
tionality.>® We found that the surface-functionalized SiNCs in
the composite did decrease the neo-Hookean coefficient, but
not as dramatically as the bare SiNCs. Because we saw a change
in the mechanical behavior of the SiNCs and the surrounding
PDMS dependent on surface functionality, we expected to see an
effect of functionalization on the mechanical properties of the
thin SiNC layers. We hypothesized that the SiNC surfaces (bare
or functionalized with alkyl chains) would alter their interac-
tions with one another, causing a change in the mechanical
behavior of the layer. For these samples the thickness of the
nanocrystal layer was very close to the thickness estimated for
the sample with non-functionalized SiNCs for the same depo-
sition time (i.e., 20 min).

Counter to our hypothesis, we found that the critical angle of
bifurcation did not differ between layers surface-functionalized
and non-functionalized SiNCs (see Fig. 2). This means that the
resulting values of ) were not affected by the functionalization.
Despite our findings for the nanocomposites, our results here
suggest that the functionalization does not change, mechan-
ically, the particle-to-particle interaction.* We intend to continue
to probe the dependence of the neo-Hookean coefficient based
on the SINC surface for ultra-thin layers, but as a direct
comparison to the standard sample, we observed no difference.

4 Conclusions

In summary, we have investigated the variation of neo-Hookean
coefficient p, of SINC layers deposited directly onto PDMS, as
a function of layer thickness, PDMS modulus, and SiNC surface
functionality. We discovered that reducing the thickness of the
SiNC layer increases the modulus of the layer, consistent with
other findings on the modulus of thin films. However, reducing
the PDMS modulus by altering the recipe for fabrication causes
a significant reduction in the modulus of the SiNC layer. This
topic will be the subject of future research, as there are many
possible causes for this behavior. Surprisingly, we found that in-
flight surface modification does not appear to significantly alter
the modulus of the SiNCs. This implies that using in-flight
surface modification as a strategy to improve the optical prop-
erties of the SiNCs has little impact on the resulting mechanical
properties of the SiNC layers. Our ongoing work will continue to
investigate the SiNC modulus for much thinner layers, in an
effort to understand more intimately the relationship between
substrate mechanical properties and the modulus of the
deposited SiNCs.
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