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. We demonstrate that crack propagation in uniaxially strained reduced graphene oxide (rGO) films is

. substantially dependent on the film thickness, for films in the sub-micron regime. rGO film on flexible
polydimethylsiloxane (PDMS) substrate develop quasi-periodic cracks upon application of strain. The
crack density and crack width follow contrasting trends as film thickness is increased and the results are

. described in terms of a sequential cracking model. Further, these cracks also have a tendency to relax

. when the strain is released. These features are also reflected in the strain-dependent electrical dc and

. acconductivity studies. For an optimal thickness (3-coat), the films behave as strain-resistant, while

. forall other values it becomes strain-responsive, attributed to a favorable combination of crack density

:and width. This study of the film thickness dependent response and the crack propagation mechanism

. under strain is a significant step for rationalizing the application of layered graphene-like systems for

. flexible optoelectronic and strain sensing applications. When the thickness is tuned for enhanced extent

. of crack propagation, strain-sensors with gauge factor up to ~470 are realized with the same material.

° When thickness is chosen to suppress the crack propagation, strain-resistive flexible TiO,- rGO UV

. photoconductor is realized.

Flexible electrodes and strain sensors have seen tremendous growth in their demand due to their ease of inte-

gration with non-conventional interfaces. In this regard, mainly two strategies have been adopted. One strategy
. relies on layered thin films cast on a flexible substrate, while an alternate strategy utilizes flexible composite films.
© While both have been studied extensively, each has its niche area of applications. For optoelectronic and device
* applications like solar cells!, transistors?, organic LEDs?, photodetector?, that necessitate energy band alignment,
. layered films have found favor due to the ease of interfacing. For applications in strain sensors, composites have
. shown more robust performance under mechanical deformation>® while layered films typically have relatively
. higher gauge factor. However, the success of these strategies highly depends upon their ability to withstand var-
. ious forms of mechanically induced deformations like cracks and wrinkles. These deformations in layered mor-
. phology constitute as important attributes in flexible substrates and devices, and their effects have been studied
. extensively. Bowden et al.” and others suggest methods to control the wrinkling/buckling of PDMS under oxygen
: plasma treatment, and thermal cycling on metal deposited substrates®®. Conventional inorganic materials that
- have been employed as an electrode in such devices, have not been able to withstand strain more than 1.75%%!1,
- wherein the crack formation led to material failure, thus degrading the performance of the devices'>*. However,
: to develop commercially viable flexible devices, effect of cracks on electrode performance in such devices needs
. to be studied.
: Graphene, an atomically thin 2-D membrane, due to its robust mechanical properties' has been successfully
. shown to replace the existing conventional electrode materials in flexible devices'>""". Interestingly, when com-
© pared to pristine graphene, defected graphene was found to be more resistant to crack propagation, since the
* defects make the cracking process energetically less favorable'®. Graphene oxide (GO) a chemically modified

form of graphene, contains structural defects in the form of oxygen functional groups especially hydroxyls and
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Figure 1. (a) Raman spectra of unstrained GO before and after annealing. (b) X-ray diffraction spectra of GO
and rGO; High resolution (c) Cls and (d) O1s XPS spectra for GO and rGO. (e) TEM image of rGO film.

epoxides which determine the crack formation and propagation' and also the relative concentration of these
groups controls mechanical failure of GO®. Thus one can tune the cracking of GO films by modifying the chem-
ical composition which can be also achieved by reduction of GO to reduced graphene oxide (rGO), by chemi-
cal?! or thermal methods*. For commercial viability of rGO as an electrode material in flexible devices>**** it is
important to have an understanding of crack formation under strain and the limitations it imposes on electrical
properties. Thomas et al. illustrated that buckling and cracking of GO films can be controlled by pre-straining
the substrate”®. Graphene layers have recently been used as a meta-interface to limit the cracking of Indium Tin
Oxide (ITO) on polyethylene terephthalate (PET) substrates®. However, the interplay of strain-induced cracks,
film thickness and the resultant strain-dependent electrical response of rGO on flexible substrates needs detailed
investigation.

Here we report crack propagation and tunability in electrical response of conducting rGO films coated on
PDMS under uniaxial strain. We show that by optimizing the thickness, rGO films can largely be made to retain
their conductivity under strain up to 5%, a value which is well above the limit for conventional flexible electrode
materials. Our study also reveals a facile way to achieve periodic cracking and control the crack density and crack
width by varying the thickness. This is then utilized for strain sensing and also for strain resistant flexible photo-
conductor applications.

Results and Discussions
Figure 1a illustrates the Raman Spectra of the film, which shows the characteristic G-peak (at ~1578 cm ™),
2D-peak (at ~2700 cm™!) and D-peak (at ~1353 cm ™), for rGO. The D-peak is mainly due to the oxygen func-
tionalities which are partially eliminated by annealing at 180 °C. Such defects can be reduced to a larger extent
by annealing at high temperature (T ~ 800 °C)%, but here the polymer as a substrate presents as a limitation to
the operational temperature that can be reached for annealing, subsequent to transfer of the film. However, the
emergence of graphitic peak in the XRD spectra (Fig. 1b) shows that significant reduction is accomplished?®. The
C1sand O 15 XPS spectra of GO and rGO annealed at 180°C is shown in Fig. 1c and d respectively. The decon-
voluted C 1s spectra of GO consist of four components namely sp? carbon (284.6eV), C-OH (285.5¢eV), O-C-O
(286.6eV) and a smaller component related to carbonyls at 288.0 eV. After annealing, C 1 s splits in to a doublet
with major contribution from sp? carbon peak indicating the restoration of sp> domains. The O 1 spectra of GO
consist of doublet assigned to double bonded oxygen (530.5eV) and single bonded oxygen from hydroxyls and
epoxies (531.8eV). After annealing O 1s spectra becomes prominent with oxygen singly bonded to carbon due to
the conversion of C=0O to C-O during thermal reduction® . After annealing, increase in electrical conductivity
by many orders in magnitude gives further evidence of the partial reduction of GO.

Figure le shows the transmission electron micrograph (TEM) of unstrained rGO films. The overlapping lay-
ered morphology with wrinkles and buckles can be clearly seen from the TEM image. Figure S1 shows the scan-
ning electron microscope (SEM) image of unstrained rGO film on PDMS. Seemingly periodic box like patterns
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Figure 2. SEM images of 3-coat rtGO-PDMS films under (a) 2.5% (c) 5% (e) Relaxed from 5% to 0%. (b), (d) an
(f) are the zoomed in versions respectively.

can be observed with wrinkles and buckles contained in them. These are ubiquitous in our samples and are con-
tributed by two main reasons discussed as following. Oxygen-plasma treated PDMS films form buckling patterns
with locally ordered and globally disordered waves®. This has been attributed to the reason when PDMS films
are treated with oxygen plasma, an oxide layer formation takes place on its surface. This oxide layer has a lower
thermal expansion coefficient (TEC) than the bulk PDMS. The spontaneous formation of wrinkled patterns on
thermal cycling has been discussed in previous literature”**'. Furthermore, GO has a negative thermal expan-
sion coeflicient (TEC)*? while PDMS has positive TEC”. When this multilayer film with different TEC is subject
to thermal cycling, compressive thermal stress due to TEC mismatch builds up between the layers. The heating
cycle also involves removal of functional groups and expulsion of confined water layers?. The compressive stress
is released in the cooling cycle in the form of permanent deformations (wrinkles) with wavelengths ranging from
3 to 12pm”?!. These values for wrinkle wavelengths compare well with numerical estimates based on the elastic
mismatch between the rGO and oxide layer (4.5um), as well as between the oxide layer and PDMS (7.5 um).
Secondly, a large number of sub-micron wrinkles that branch out from individual long wrinkles can be seen in
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Figure 3. SEM images for (a) 1-coat (arrows indicate the position of cracks) (b) 3-coat (c) 6-coat rGO films
on PDMS substrate at 5% applied strain. (d) Schematic diagram to illustrate the thickness dependent crack
formation in rGO films under uniaxial strain.

the SEM image (Figure S1b) taken on a magnified scale. These have been attributed to the topological defects
created by the removal of epoxy groups during thermal reduction of GO, which is accompanied by the release
of CO, gas*. When a uniaxial strain is applied on rGO films, these wrinkles play a critical role in resisting the
deformations of films (Figure S2). It is further possible to tune the degree of buckling and wrinkling in the rGO
film by suitably pre-straining the substrate before the rGO deposition®. In our work, rGO films are coated on
unstrained substrates.

Figure 2a and b shows the SEM image of rGO film at 2.5% applied strain illustrating that cracks are formed,
but they do not cover the entire width of the sample. However, when a 5% strain is applied, quasi-periodic cracks
are formed as shown in Fig. 2¢, and the cracks are found to be propagating across the entire width of the sample.
These quasi-periodic cracks in case of 5% strain have an average width of 3 um (Fig. 2d). Figure 2e shows the SEM
image of rGO films relaxed from 5% to 0%. After relaxation, due to its layered morphology, rGO sheets drape the
crack partially in some areas and completely in other (Fig. 2f).

We next consider the formation of cracks in uniaxially strained rGO films as a function of thickness. Film
thickness plays a major role in defining the cracking process for thin films deposited on flexible substrates as sug-
gested by various reports on different materials****. Figure 3 shows the SEM images of 1-coat, 3-coat, and 6-coat
rGO-PDMS films respectively under 5% strain. The approximate thickness values for these films are mentioned in
Table 1. It is observed in Fig. 3a to c that as the number of coats increases, the crack width increases from 280 nm
to 3.5um. On the other hand, the crack density follows an opposite trend, with corresponding decrease of 4-5
times. This trend is schematically represented in Fig. 3d and quantified in Table (1).The crack density follows the
same tendency irrespective of the straining rate. An important observation to be made here is that the number
of cracks also depends on the strain rate. Larger strain rates generate more cracks (Table (1)). The strain rate
dependence is commonly observed in thin films* and also in polymer composite of which rGO is a component™.
In a recent study on GO?, it has been demonstrated experimentally and theoretically that as the strain rate is
lowered, interlayer interaction leads to stick-slip movement in GO layers. This stick-slip movement gives rise to
strain controlled plastic behavior. These studies overall indicate that as the strain rate is lowered, the hardness of
the film reduces® and therefore due to an increase in ductile mechanism of strain energy release, material failure
in the form of cracks is less prominent. This is reflected in our results indicating low density of cracks as the strain
rate is reduced. However, importantly, a consistent thickness-dependence is observed independent of strain rate
in our case. For example, the number of cracks per unit length for 1-coat is typically 4-5 times that for 6-coat,
both at fast and slow rates of strain.
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Figure 4. (a) Fractional change in resistance vs. strain for 1-coat, 3-coat and 6-coat films. (b) Resistance change
of rGO films at 5% strain normalized to the resistance at 0% strain value vs. number of coats. (¢) Strain response
of 1-coat sample for up to 10% strain. Resistance vs. strain behavior of 1-coat sample up to 10% strain under
cyclic loading test (100 cycles): (d) without meta-layer; (e) with PVA meta-layer.

1 135 22 85 0.28+0.02
3 175 14 42 1.9440.48
6 300 4 17 3.4740.52

Table 1. Comparison of crack density and average crack width for 1, 3 and 6-coat rGO-PDMS films upon 5% of
applied strain.

To understand the cracking process in detail, we studied the progressive formation of cracks as a function of
applied strain for different thickness. Figure S3 show the optical images of a representative 6-coat sample under
the application of strain from 0 to 5%. The first notable feature about cracking is that there is a critical strain value
(~3.6%), after which the cracks begin to appear. Two modes of cracking have been described in the literature:
(i) sequential cracking and (ii) simultaneous cracking®. The former is observed in our samples, since the crack
density monotonically increasing with strain beyond the critical strain value. The optical images also reveal new
cracks forming between existing cracks, confirming the sequential cracking.

The thickness dependence of crack density can be understood in terms of the differences in the elastic moduli
of the films and the substrate. PDMS has a Young’s modulus of E; = 3 MPa and Poisson ratio of v,=0.45-0.5,
whereas, rGO is much stiffer with E=185 GPa and v=0. 149%. The large mismatch and further E>E, results in
the Dundur parameter®

E, —
()L_f—_s"’l

ff + E, (1)

where E = E/(1 — v/%). Therefore the reference length T which is related to Dundur parameters o and (3, as

E xh
_ f _ T
I= 1{ P zg(a, Bh @

This equation (2) gives the thickness dependence I(h), while the material parameters are contained in the
function, g(a, B). Sequential cracking can be described in terms of energy release rate ‘G, at each advancing
crack tip. The criteria G= I, sets the condition for propagation of crack across the brittle film, where I, is the
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Figure 5. (a) Cross-section SEM image of 3-coat sample under 5% strain. The image was obtained after
resolving the crack at extended depth of focus. The two arrows indicate the crack formation across the buckle
and in the planar region of the sample. (b) Variation in crack density (n) and fractional resistance as a function
of strain. (c,d and e) Optical images of 3-coat sample at 0, 3.6 and 5% applied strain, respectively. Blue labeled
circles in Fig. 5(b) correspond to the optical images shown in (c-e).

fracture toughness of the rGO film. The solution for this problem has been obtained numerically in terms of film
thickness ‘A, elastic mismatch between the film and the substrate (contained in /), and crack spacing H. A detailed
discussion in this regard is presented in S4, but it would suffice to note that the energy release rate in this prob-
lem, G, rapidly decreases as a function of g(«v, 5)h*/H. So, thicker films with larger value of ‘i’ are associated with
larger crack spacing ‘H’ to ensure that crack propagation can advance. In our samples, the term h? increases by a
factor ~4-5 (from 1-coat to 6-coat). At the same time, crack spacing H also increases by a factor of ~4-5, which
provides for the quantitative explanation. This factor is consistently observed for both slow and rapid ramp rates
(see Table 1).

So far we have discussed the morphology of crack formation at different values of uniaxial strain, and also the
dependence of this phenomenon on film thickness. These morphological changes can also be expected to strongly
influence the electrical response under strain. With this motivation, we prepared six kinds of samples ranging
from 1-coat to 6-coat to evaluate the strain response as a function of thickness of rGO on PDMS substrate. The
uniaxial strain was applied using a linear micro-manipulator stage. Figure 4a shows the variation of normalized
resistance for 1-coat, 3-coat and 6-coat samples as a function of strain. For 1-coat sample, the resistance takes-off
at an applied strain value of 3.5% and shows an eight fold increase in resistance for maximum strain value of 5%.

The reason for such an abrupt increase in resistance of these samples after particular (or critical) strain value
can be attributed to the loss of inter-flake connectivity of rGO. This effect is evident from the 1-coat sample when
released back to 0% strain, AR/R, does not come back to its initial resistance, and it shows hysteresis behaviour.
This also indicates that for a 1-coat sample, there is a permanent change in the structure of the film upon cycling.
The strain response for 3-coat sample is characterised by low hysteresis nature and regains its initial resistance
value when relaxed. For 3-coat sample, it takes ~4.2% of strain to show an abrupt change, which is ~2.5 times the
initial value of 2.3kQ). It is evident that the 3-coat samples not only have the smallest size of the hysteresis loop,
but also the smallest fractional change in resistance and highest critical value of strain for the onset of change in
resistance. All these point toward the crack resistant nature of 3-coat films when compared to thicker or thinner
films. This observation gains significance when considered with the fact that flexible transistors with conventional
electrodes typically experience a strain with a maximum limit of 1.5 to 2%"". This suggests the scope of using
3-coat rGO films as electrodes for flexible devices with high scalability and ease of fabrication.

In order to explore if the increase in number of coats further enhances the stability towards applied strain,
6-coat sample was put under a similar straining/relaxation cycle as shown in Fig. 4a. It can be seen that resist-
ance does not change beyond 1.5 times of initial resistance for applied strain values up to 2.6%. However, as
the sample is strained beyond this value, a dramatic rise in the resistance is observed and it rapidly reaches to
~12 times the initial resistance value. As the thickness of the sample increases, strain energy required for crack
formation and propagation is considerably reduced. The progressively larger change in fractional resistance of
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Figure 6. (a) Frequency response of 1-coat rtGO-PDMS film under different strain values (red arrow marks the
onset frequency for 5% of applied strain and black arrow marks the onset frequency for all other lower strain
values). (b) Variation of onset frequency as a function of applied strain for rGO films with different number of
coats. (¢) Schematic to illustrate the dominant mode of frequency-dependent transport, before and after the
onset frequency.
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Figure 7. Optoelectronic response under strain for rtGO-TiO, hybrid system for (a) 1-coat and (b) 3-coat films.
The shaded regions indicate device operation windows where photodetection is possible even in the presence of
strain, without incorporating any strain-dependent corrections.

samples thicker than 3-coat, can be attributed to the progressive increase in crack width (Table 1). While both
1-coat and 6-coat samples show large changes in fractional resistance, release of strain in the latter restores the
resistance to pre-strain values. This process is consistent with the observation of relaxation of cracks that happens
upon release of applied strain, as discussed in the context of SEM images of strained and relaxed GO. Figure 4b
shows the variation in resistance for rGO films with different number of coats at an applied strain value of 5%.
As can be seen from the Fig. 4b, the value of AR/R, decreases and reaches a minimum value for 3-coat. Further,
increase in the number of coats leads to an increase in the value of AR/R,. For 3-coat sample there is an optimum
balance between the crack density and crack width, neither of which are too high (Table 1) and in our transport
experiments 3-coat films show the least change in the fractional resistance upon straining. To determine the strain
response of rGO at strains >5%, 1-coat sample was put under strain in steps of 0.4% and the response is recorded
as shown in Fig. 4c. It is observed that there is a steep rise in resistance after 5% strain and at 10% strain, resistance
increased to ~50 times of its original value. The gauge factor thus calculated for 1-coat at 10% strain is found as
466. The gauge factor is limited by the layer-by-layer structure of rGO film, such that even if a single layer has
lost its inter-flake connectivity, there is a relatively higher probability of existence of an alternate percolation path
for conduction via interlayer transport and this helps in retaining its conductance even after the application of
5% strain. The flake size of rGO is 2 £ 0.5 um. Upon sonication for 3 h, the size got reduced to an average value of
~250nm (Figure S5). When the 1-coat sample is prepared with GO having smaller flake sizes, a gauge factor of
~1500 is realized, albeit with poor resistance recovery (Figure S6). This suggests that when the flake size becomes
smaller, the inter-flake connectivity loss under strain results in larger change in resistance. Thus, a significantly
large change in resistance observed for 1-coat and higher number of coats (n > 3) indicates their potential for
strain sensing applications. In order to test the stability of the strain sensor, cyclic loading test for 1-coat sample
is conducted. Figure 4d shows the resistance change at 10% strain for 1-10 and 90-100 cycles. The gauge factor
obtained here is comparable with the recent report on a similar layered system*. A variation in fractional resist-
ance change is also observed during the 100-cyclic loading test. This suggests that some part of the cracking and
deformation of rGO is not reversible when the film is put through extended cycles of strain. In our work, we
considered introducing polyvinyl alcohol (PVA) as a meta-layer for the rGO strain sensor. A plot of the cyclic
loading test for 1-coat rtGO on PDMS substrate with an intervening layer of PVA meta-layer is shown in Fig. 4e.
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The introduction of the meta-layer prevents the permanent deformation of rGO layers by stress-redistribution
mechanism?>* between the meta-layer and rGO. This makes the strain sensor more robust when the substrate is
strained to high value of 10% over 100 cycles. With significantly diminished drift in the gauge factor across the
100 strain cycles, a gauge factor of ~270 is realized for the system when the PVA meta-layer is incorporated. When
compared to the reports on stretchable composites®® we obtain a higher gauge factor. Therefore, we find that our
work presents a strategy that can help to resolve the limitations of (i) low stretchability of layered films*>*> which
have material failure at low strain values, and (ii) low gauge factor offered by several composite architectures™®;
which are the two commonly adopted strategies for flexible strain sensor.

To get more insight into this change in resistance upon straining, a detailed study was conducted which is dis-
cussed as follows. Figure 5a shows the cross-section SEM of 3-coat sample under 5% strain. Arrows point towards
the crack formation in both buckled and planar region of the sample. To further investigate the effect of cracks on
fractional resistance change as the strain is varied for 3-coat sample, variation in crack density (n) was studied as
a function of applied strain shown in Fig. 5b. Both the fractional resistance and crack density vary exponentially
after a critical strain value (~3.6%) is breached. The similar response of both parameters arises since crack density
determines the fractional resistance change. The variation in crack density as a function of strain is shown in the
representative optical images in Fig. 5¢c,d and e at 0, 3.6 and 5% strain, respectively.

We next discuss the frequency-dependent ac conduction of these films as a function of strain. Figure 6a illus-
trates the Bode plot of resistance change in a representative 1-coat rGO-PDMS sample as a function of frequency
(plotted on a logarithmic scale), for different values of applied strain. Consistent with the dc transport behaviour,
it is observed that the ac resistance increases with applied strain. Further, after a particular frequency value the
resistance starts decreasing from its dc value, which defines the onset frequency of ac conduction. This onset
frequency is found to vary as a function of strain. Similar experiments to study frequency response as a function
of thickness are conducted for 3-coat and 6-coat; from these plots, the values of the onset frequency are deduced.

Comparison of the variation in onset frequency for 1, 3 and 6 coat is shown in Fig. 6b. For 3-coat sample, ac
conduction marked by onset frequency starts at 200 kHz at 0% strain and it is found to be 40kHz and 7 kHz for
6-coat and 1-coat respectively. It can be seen in general for the three samples that onset frequency shifts to lower
values at a critical strain value of 4-5%, which coincides with the emergence of quasi-periodic cracks in the film.
The onset frequency for ac conduction is an important figure of merit for disordered conducting films*. Figure 6¢
shows the schematic representation of the variation in the dominant mode of transport before and after the onset
frequency. In a granular conducting media, ac conduction is contributed by both inter-grain and intra-grain
transport and varies as a function of frequency*. Before the onset frequency, the conduction is dominated by
inter-grain transport, while after the onset frequency intra-grain is the major contributing process which leads
to a decrease in resistance. The onset frequency in ac transport is related to the size of conducting islands in the
granular medium?®. Consistent with the DC measurements shown Fig. 4, there is a major increase in resistance
value for an applied strain value >4% strain. This rapid increase in resistance is also reflected in the onset fre-
quency variation with applied strain which suggests that after 4% strain there is a high disruption in the percola-
tion paths between the conducting portions of different rGO grains. The value of critical strain for 3-coat sample
as per the linear elastic fracture mechanics model® is found to be ~4.7% which is very close to the experimental
data observed.

So far we have demonstrated that very thin (1-coat) or thick (6-coat) films can be adapted for strain sensing.
The intermediate thickness (3-coat) shows the least response to applied strain and is therefore suited in applica-
tions like flexible optoelectronics, where strain-related effects are not a desirable feature. To discuss the role of
thickness-dependent crack propagation in a strained optoelectronic device, we prepared a hybrid of a standard
UV active material - TiO, nanoparticles with rGO on flexible PDMS substrate.

Figure 7a illustrates the UV response of TiO,-rGO system with 1-coat rGO as electrode. As can be seen from
figure, the resistance under dark and light conditions continues to increases as a function of applied strain and
does not show a stable response. For example, the strain dependence of dark current implies that the change in
resistance of a flexible photodetector can be attributed either to the strain and its associated crack propagation or
to the generation of photocarriers. The device, when used in the flexible configuration, is not capable of distin-
guishing these two factors since both influence the resistance. Figure 7b shows the response of TiO,-rGO system
with 3-coat rGO as electrode. Both the dark resistance and resistance under illumination have a much weaker
dependence on strain. For this case, a change of resistance of the device can directly be attributed to photodetec-
tion. Thus optimization of rGO thickness is crucial for applications which require resistance to strain.

Conclusions

In summary, we present a systematic study on the strong thickness-dependence of crack propagation in
sub-micron thick rGO films under uniaxial strain. Morphological investigations reveal the formation of
quasi-periodic cracks with crack density decreasing with thickness, while the crack width shows an increase with
thickness. Varying the thickness of the films, therefore, provides a knob to tune the strain response of the films,
which is important for tailor-made strain-sensing applications. The same material can be made strain-resistant by
optimizing the thickness, and the effects of this are also seen in strain-dependent electrical conductivity studies
and further in rGO-TiO, hybrid optoelectronic devices strained on flexible substrates. The concepts explored here
can be generalized to a wide variety of layered 2D systems, their derivatives and hybrids towards the design of a
variety of applications ranging from strain sensors to flexible optoelectronic devices.

Materials and Methods

Graphene Oxide (GO, 6 mg/ml aqueous dispersion from Graphene Laboratories) was further diluted by
adding equal amounts (vol/vol %) of ethanol to obtain 3 mg/ml GO dispersions in ethanol-water mixture.
GO on flexible substrate was prepared by spin coating GO dispersions in ethanol-water mixture on PDMS
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(Polydimethylsiloxane) thin films. PDMS film (~0.5 mm) was moulded on a glass substrate by spin coating and
then baked at 80 °C for 1 h. PDMS surface was made hydrophilic by oxygen plasma treatment. Solution of GO
(3 mg/ml) in ethanol-water mixture, was then spin coated using a three-step process at varying speeds: 500 rpm
—30s; 800 rpm —60s and 1500 rpm —60s. GO films were annealed at 180 °C for 30 minutes in Ar atmosphere for
reduction. rtGO-PDMS films were peeled off from the substrate after cool-down to get flexible free standing films.
rGO-PDMS films with different thickness were prepared by successive spin coating of GO dispersion and further
annealing. The samples were named upon the number of times spin coating is performed over them, for example
1-coat samples implies spin coating was performed only once. To prepare PVA meta-layer based rGO-PDMS
films, 1% PVA aqueous solution was spin coated onto O, plasma treated PDMS films. Thereafter, GO solution was
spin coated, followed by annealing procedure as discussed earlier. Structural characterization of GO and rGO was
done using Raman spectroscopy, XRD and XPS. Optical Characterization was performed using Leica Stereozoom
microscope (M205 C). The thickness measured using Optical Surface profilometry (Bruker, Non-contact) was
found to be ~135, 150, 175, 200, 300 and 300 nm for 1-, 2-, 3-, 4-, 5- and 6-coat samples, respectively. Addition of
an extra coat beyond 5-coats using successive spin-coating technique did not increase the thickness, and hence
experiments with additional coats of GO beyond 6-coat films were not considered. Morphology of rGO film
is characterized by TEM (Joel 2100) and SEM (FEI Quanta FEG 200). Flake size of GO is determined by spin
coating 0.1 mg/ml on SiO,/Si substrate and dried sample is imaged by Raith 150" system electron beam lithog-
raphy. For electrical measurements, 4-terminal in-line contacts were used. Signal generation and voltage sensing
was done with SR830 DSP lock-in amplifier at low frequency (13.5Hz). For frequency-dependent ac conduc-
tion, two-terminal samples were used. Frequency-dependent electrical measurements were performed using an
Agilent E4980A LCR meter. Standard compensations for open and short circuit corrections were included, while
the geometry of contacts was two probes. Strain measurements were performed by mounting the as-prepared
rGO-PDMS sample on a linear manipulator stage and uniaxial tensile strain in steps of 0.2% was applied. For
optoelectronic studies under strain, a hybrid of TiO,-rGO on PDMS was prepared, as described below. TiO,
nanoparticles (NPs) were dispersed in rGO (3 mg/ml) and then the solution was sonicated for 1h. The resulting
solution of rGO-TiO, NPs was then spin coated on the oxygen plasma treated PDMS films once to make 1-coat
sample and thrice to make 3-coat sample. The samples were then exposed to UV lamp (365 nm) of 5mW power
and strain was applied in steps of 0.5% using the micromanipulator. Response was recorded for each strain value
under both dark and light conditions.

References
1. Docampo, P, Ball, J. M., Darwich, M., Eperon, G. E. & Snaith, H. J. Efficient organometal trihalide perovskite planar-heterojunction
solar cells on flexible polymer substrates. Nat. Commun. 4, 2761 (2013).
2. Takenobu, T. et al. High-performance transparent flexible transistors using carbon nanotube films. Appl. Phys. Lett. 88, 033511

(2006).

3. Han, T. H. et al. Extremely efficient flexible organic light-emitting diodes with modified graphene anode. Nat. Photonics 6, 105
(2012).

4. Hu, P. et al. Highly Responsive Ultrathin GaS Nanosheet Photodetectors on Rigid and Flexible Substrates. Nano Lett. 13, 1649
(2013).

5. Amjadi, M., Pichitpajongkit, A., Lee, S., Ryu, S. & Park, I. Highly Stretchable and Sensitive Strain Sensor Based on Silver
Nanowire-Elastomer Nanocomposite. ACS Nano 8, 5154 (2014).
6. Jeong, Y. R. et al. Highly Stretchable and Sensitive Strain Sensors Using Fragmentized Graphene Foam. Advanced Functional
Materials 25, 4228 (2015).
7. Bowden, N., Huck, W. T. S., Paul, K. E. & Whitesides, G. M. The controlled formation of ordered, sinusoidal structures by plasma
oxidation of an elastomeric polymer. App. Phys. Lett. 75, 2557 (1999).
8. Hendricks, T. R. & Lee, I. Wrinkle-Free Nanomechanical Film: Control and Prevention of Polymer Film Buckling. Nano Lett. 7, 372
(2007).
9. Shao, Y. & Brook, M. A. Structured metal films on silicone elastomers. J. Mater. Chem. 20, 8548 (2010).
10. Petrone, N., Meric, I, Hone, ]. & Shepard, K. L. Graphene Field-Effect Transistors with Gigahertz-Frequency Power Gain on Flexible
Substrates. Nano Lett. 13,121 (2013).
11. Lee, G.-H. et al. Flexible and Transparent MoS2 Field-Effect Transistors on Hexagonal Boron Nitride-Graphene Heterostructures.
ACS Nano 7,7931 (2013).
12. Chen, Z., Cotterell, B. & Wang, W. The fracture of brittle thin films on compliant substrates in flexible displays. Eng. Fract. Mech. 69,
597 (2002).
13. Seghir, R. & Arscott, S. Controlled mud-crack patterning and self-organized cracking of polydimethylsiloxane elastomer surfaces.
Sci. Rep. 5, 14787 (2015).
14. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183 (2007).
15. Eda, G., Fanchini, G. & Chhowalla, M. Large-area ultrathin films of reduced graphene oxide as a transparent and flexible electronic
material. Nat Nano 3, 270 (2008).
16. Yin, Z. et al. Organic Photovoltaic Devices Using Highly Flexible Reduced Graphene Oxide Films as Transparent Electrodes. ACS
Nano 4, 5263 (2010).
17. Bae, S. et al. Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat Nano 5, 574 (2010).
18. Lépez-Polin, G., Gémez-Herrero, J. & Gémez-Navarro, C. Confining Crack Propagation in Defective Graphene. Nano Lett. 15, 2050
(2015).
19. Cao, C., Daly, M., Singh, C. V., Sun, Y. & Filleter, T. High strength measurement of monolayer graphene oxide. Carbon 81, 497
(2015).
20. Soler-Crespo, R. A. et al. Engineering the Mechanical Properties of Monolayer Graphene Oxide at the Atomic Level. J. Phys. Chem.
Lett. 7,2702 (2016).
21. Chua, C. K. & Pumera, M. Chemical reduction of graphene oxide: a synthetic chemistry viewpoint. Chem. Soc. Rev. 43,291 (2014).
22. Acik, M. et al. The Role of Oxygen during Thermal Reduction of Graphene Oxide Studied by Infrared Absorption Spectroscopy. J.
Phys. Chem. C115, 19761 (2011).
23. Cetinkaya, T., Ozcan, S., Uysal, M., Guler, M. O. & Akbulut, H. Free-standing flexible graphene oxide paper electrode for
rechargeable Li-O2 batteries. J. Power Sources 267, 140 (2014).
24. Wang, . et al. Highly stable perovskite solar cells with an all-carbon hole transport layer. Nanoscale 8, 11882 (2016).

SCIENTIFICREPORTS|7:2598 | DOI:10.1038/541598-017-02703-2 9



www.nature.com/scientificreports/

25. Thomas, A. V. et al. Controlled Crumpling of Graphene Oxide Films for Tunable Optical Transmittance. Adv. Mater. (Weinheim,
Ger.) 27, 3256 (2015).

26. Won, S. et al. A graphene meta-interface for enhancing the stretchability of brittle oxide layers. Nanoscale 8, 4961 (2016).

27. Rai, V., Kavitha, M. K. & Jaiswal, M. Correlating Chemical Structure and Charge Transport in Reduced Graphene Oxide for
Transparent Conductor and Interconnect Applications. 2015 IEEE International Symposium on Nanoelectronic and Information
Systems. 164 (2015).

28. Ghosh, M. et al. Confined water layers in graphene oxide probed with spectroscopic ellipsometry. App. Phys. Lett. 106, 241902
(2015).

29. Yang, D. et al. Chemical analysis of graphene oxide films after heat and chemical treatments by X-ray photoelectron and Micro-
Raman spectroscopy. Carbon 47, 145 (2009).

30. Ganguly, A., Sharma, S., Papakonstantinou, P. & Hamilton, J. Probing the Thermal Deoxygenation of Graphene Oxide Using High-
Resolution In Situ X-ray-Based Spectroscopies. J. Phys. Chem. C 115, 17009 (2011).

31. Bowden, N., Brittain, S., Evans, A. G., Hutchinson, J. W. & Whitesides, G. M. Spontaneous formation of ordered structures in thin
films of metals supported on an elastomeric polymer. Nature 393, 146 (1998).

32. Su, Y. et al. Exceptional negative thermal expansion and viscoelastic properties of graphene oxide paper. Carbon 50, 2804 (2012).

33. Schniepp, H. C. et al. Functionalized Single Graphene Sheets Derived from Splitting Graphite Oxide. J. Phys. Chem. B 110, 8535
(2006).

34. Jen, S.-H., Bertrand, J. A. & George, S. M. Critical tensile and compressive strains for cracking of A1203 films grown by atomic layer
deposition. J. App. Phys. 109, 084305 (2011).

35. McGuigan, A. P, Briggs, G. A. D, Burlakov, V. M., Yanaka, M. & Tsukahara, Y. An elastic-plastic shear lag model for fracture of
layered coatings. Thin Solid Films 424,219 (2003).

36. Chasiotis, L. et al. Strain rate effects on the mechanical behavior of nanocrystalline Au films. Thin Solid Films 515, 3183 (2007).

37. Flores, A. et al. The overlooked role of reduced graphene oxide in the reinforcement of hydrophilic polymers. J. Mater. Chem. C 3,
1177 (2015).

38. Vinod, S. et al. Strain Rate Dependent Shear Plasticity in Graphite Oxide. Nano Lett. 16, 1127 (2016).

39. Xia, Z. C. & Hutchinson, J. W. Crack patterns in thin films. ] Mech. Phys. Solids 48, 1107 (2000).

40. Johnston, L. D., McCluskey, D. K., Tan, C. K. L. & Tracey, M. C. Mechanical characterization of bulk Sylgard 184 for microfluidics
and microengineering. J. Micromech. Microeng. 24, 035017 (2014).

41. Robinson, J. T. et al. Wafer-scale Reduced Graphene Oxide Films for Nanomechanical Devices. Nano Lett. 8, 3441 (2008).

42. Li, X. et al. Large-Area Ultrathin Graphene Films by Single-Step Marangoni Self-Assembly for Highly Sensitive Strain Sensing
Application. Advanced Functional Materials 26, 1322 (2016).

43. Kang, D. et al. Ultrasensitive mechanical crack-based sensor inspired by the spider sensory system. Nature 516, 222 (2014).

44. Sangeeth, C. S. S., Jaiswal, M. & Menon, R. Charge transport in transparent conductors: A comparison. J. App. Phys. 105, 063713
(2009).

45. Thouless, M. D., Li, Z., Douville, N. J. & Takayama, S. Periodic cracking of films supported on compliant substrates. ] Mech. Phys.
Solids 59, 1927 (2011).

Acknowledgements

The work was financially supported by the Department of Science and Technology, Government of India, project
no. INT/SIN/P-01. The authors thank SAIF, IIT Madras for SEM, CECRI Karaikudi for XPS, MG University
Kottayam for TEM and CNNP (IIT Madras) funded by DeitY for support. The authors also thank Prof. K. Ramesh
for useful discussion on fracture mechanics. P.V. thank the Department of Science and Technology, Government
of India for the offer of INSPIRE Faculty award (DST/INSPIRE faculty Award/2012/ENG-22).

Author Contributions
The experiments were performed by T.S. and M.K.K. The manuscript was written through contributions of all
authors. All authors have given approval to the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02703-2

Competing Interests: The authors declare that they have no competing interests.

Change History: A correction to this article has been published and is linked from the HTML version of this
paper. The error has been fixed in the paper.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:2598 | DOI:10.1038/541598-017-02703-2 10


http://dx.doi.org/10.1038/s41598-017-02703-2
http://creativecommons.org/licenses/by/4.0/

	Thickness-dependent Crack Propagation in Uniaxially Strained Conducting Graphene Oxide Films on Flexible Substrates

	Results and Discussions

	Conclusions

	Materials and Methods

	Acknowledgements

	Figure 1 (a) Raman spectra of unstrained GO before and after annealing.
	Figure 2 SEM images of 3-coat rGO-PDMS films under (a) 2.
	Figure 3 SEM images for (a) 1-coat (arrows indicate the position of cracks) (b) 3-coat (c) 6-coat rGO films on PDMS substrate at 5% applied strain.
	Figure 4 (a) Fractional change in resistance vs.
	Figure 5 (a) Cross-section SEM image of 3-coat sample under 5% strain.
	Figure 6 (a) Frequency response of 1-coat rGO-PDMS film under different strain values (red arrow marks the onset frequency for 5% of applied strain and black arrow marks the onset frequency for all other lower strain values).
	Figure 7 Optoelectronic response under strain for rGO-TiO2 hybrid system for (a) 1-coat and (b) 3-coat films.
	Table 1 Comparison of crack density and average crack width for 1, 3 and 6-coat rGO-PDMS films upon 5% of applied strain.




