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ABSTRACT: Nanoindentation is an optimal technique for the measurement of thin
film mechanical properties. Polymers present a unique problem in that their response to
loading is time-dependent. Due to this, many of the most common nanoindentation
methods are not suitable for probing polymer nanoscale properties. Despite this issue
being well-known for decades, poly(3-hexylthiophene) has been exclusively analyzed by
time-independent mechanical properties testing methods. Herein, we present a
nanoindentation technique that analyzes the materials’ time-dependent response
under both constant rate loading and step loading. By determining viscoelastic
functions, we are able to extract the Young’s relaxation modulus of poly(3-
hexylthiophene). The average Young’s modulus acquired from viscoelastic nano-
indentation is determined to be 260 ± 27 MPa. These results are in excellent agreement
with specialized mechanical tests for thin films and show promise for the analysis of
other organic semiconducting materials.
KEYWORDS: organic semiconductor, mechanical properties, nanoindentation, Young’s modulus, polymer film, viscoelasticity

1. INTRODUCTION
Organic semiconductors (OSCs) are a promising alternative to
silicon for use in optoelectronic devices, specifically for flexible
electronics such as transistors, solar cells, and light-emitting
diodes.1−4 Such devices are multilayered, and the mechanical
robustness of the layers within is directly related to their
stability and performance.5−7 Precise measurements of
mechanical properties must be taken such that materials may
be screened for a desired application. Considering the lower
efficiency and stability of organic electronics to the inorganic
counterparts, these materials are best suited for niche
applications such as stretchable and flexible electronics.5,6

Because of this, stretchability, elasticity, and adhesion are
important qualities to be screened in order to make an
optimized device. This presents a need for a characterization
technique for screening materials and routine quality control.
One difficulty that arises for mechanical testing is that organic
semiconductors require solution processing. This often makes
sample preparation impossible for traditional mechanical tests
such as tensile tests.8

In addition, the organic semiconductor layer is prepared as a
thin film, which behaves differently from the bulk material.9

Several alternative methods for probing nanoscale mechanical
properties have been presented, including specialized tensile
testing through the film-on-water (FoW) and film-on-
elastomer (FoE) techniques, continuous buckling, and nano-
indentation.5 The specialized tensile tests and continuous
buckling method involve a tedious sample preparation process
and require an operator to be present during testing.

Nanoindentation is a highly effective technique for the
characterization of the mechanical behavior of thin films
while also possessing simple sample preparation and the ability
for high throughput automation.
Nanoindentation has been largely utilized in determining

mechanical properties such as Young’s modulus, hardness,
yield strength, and adhesion of linearly elastic materials.10−13

The most commonly employed nanoindentation technique is
the Oliver−Pharr method, which operates on the assumption
of deformation lying within the linearly elastic range with the
unloading portion of the load−displacement curve.10

For a Berkovich indenter tip, the tip cross-sectional area,
A(h), as a function of indentation depth, h, in nanometers, is
given as,

= +A h h h( ) 24.66 1502 (1)

the unloading stiffness is given as

=S
P
h

d
d (2)

the reduced modulus, Er, is then calculated by
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Young’s modulus of the test specimen is determined by
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where Ei and νi are the indenter modulus and Poisson’s ratio,
respectively, and Es and νs are the sample’s modulus and
sample’s Poisson’s ratio.
Polymers exhibit a time-dependent response to loading due

to viscoelastic behavior.14 This is seen in a nanoindentation
experiment through continuous deformation at a constant load
or exhibition of a “nose” at the beginning of unloading. While
the Oliver−Pharr method is acceptable for the analysis of time-
independent materials, it does not adequately capture the time-
dependent response seen in polymers, which often leads to an
overestimation of Young’s modulus.15 Despite the lack of
suitability utilizing the Oliver−Pharr technique on polymers,
poly(3-hexylthiophene) (P3HT) (Figure 1), arguably the most
well-studied semiconducting polymer, has been exclusively
analyzed by this technique.

The first five rows in Table 1 present a compilation of
Young’s modulus values of P3HT determined through the

Oliver−Pharr method. These values are in contrast to the data
reported using film-on-water tensile testing as well as the
continuous buckling method, which are also given in Tables 1
and S3.21−26 Also listed in the last row is the Young’s modulus
obtained by viscoelastic nanoindentation in this paper; the
details on the analysis will be provided in the sequel.
While nanoindentation clearly lacks a consensus value to

assign to P3HT, the continuous buckling and film-on-water
technique are in good agreement with one another. The lack of
accuracy and precision between independent nanoindentation
tests demonstrates the need for a technique that can account
for the time-dependent response that will be exhibited by
semiconducting polymers. A method developed by Lu et al.15

in 2003 involves measuring a material’s creep compliance

through the load−depth relationship acquired during a
traditional nanoindentation test. The relaxation modulus is
then acquired from an interconversion of the compliance, from
which one may extract Young’s relaxation modulus. The
following sections give this procedure in detail.

1.1. Ramp Loading. First, we consider the nano-
indentation on a homogeneous, isotropic, linearly viscoelastic
half-space by a Berkovich indenter tip under constant rate
loading. The indentation load−depth relationship is given by
P(t) = ṖotH(t), where Ṗo is the loading rate and H(t) is the
Heaviside unit step function. Utilizing these parameters and
considering a Lee and Radok’s technique for time-dependent
indentation under a prescribed loading history, indentation
depth can be written as15
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where ν is Poisson’s ratio, which is assumed to be constant, α is
the angle generated between the cone generator of the
indenter tip and substrate plane, Jo and Ji (i = 1, 2, ···, N) are
shear creep coefficients, and τi (i = 1, 2, ···, N) are retardation
times27 eq 5 is then used to fit the experimental load−
displacement data to determine the shear creep coefficients
and retardation times for constructing the creep function based
on the generalized Maxwell model given by the below Prony
series.
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(6)

where J(t) is the shear creep compliance function.
Interconversion of the creep compliance to relaxation is
accomplished via a numerical approach to yield the following
shear relaxation function, G(t).
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where G(t) is the shear relaxation modulus, G∞ and Gi (i = 1,
2, ···, N) are relaxation coefficients, and λi (i = 1, 2, ···, N) are
relaxation times. The shear relaxation modulus is then
converted to Young’s relaxation modulus, E(t), by the
following relation

= +E t G t( ) 2 ( )(1 ) (8)

from E(t) to Young’s modulus, E, at a constant strain rate,
ε ̇28,29

= +
=

E E E e( ) (1 )
i

N

i
i

o1

/o i

(9)

where the steady-state value, E∞, is taken as Young’s modulus.
1.2. Step Loading. Next, we consider nanoindentation

under a step-loading history. A load is suddenly applied and
can be represented by P(t) = PoH(t), where Po is the holding
load. The load−depth to creep relationship is given by the
following formula

Figure 1. Head-to-tail coupled P3HT.

Table 1. P3HT Evaluated by the Oliver−Pharr Procedure

Young’s modulus (GPa) reference

42.2 Li et al. 16,
5.30−7.90 Nanayakkara et al. 17,
1.76 Pulliam et al. 18,
0.120 Gao et al. 19,
15.0−18.7 An et al. 20,
0.261−0.287a Kim et al. 21,; Rodriquez et al. 22,
0.220−0.252b O’Connor et al. 23,; Awartani et al. 24,
0.260c Mefferd et al.

aDetermined by the film-on-water tensile test. bDetermined by the
continuous buckling method. cThis study, details on obtaining the
data will be explained in Section 3.
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By fitting the experimental load−displacement curve to the
above equation, the shear creep function is obtained. The
remainder of this procedure is analogous to ramp loading. The
shear relaxation modulus is obtained from a numerical
interconversion using creep compliance. Young’s relaxation
modulus is then extracted from the shear relaxation modulus,
from which Young’s modulus at a given loading rate is
obtained.

2. EXPERIMENTAL ASPECTS
2.1. Materials. Hexylmagnesium bromide (Sigma-Aldrich, 2 M),

dichloro(1,3-bis(diphenylphosphino)propane)nickel (TCI America,
>98%), 3-bromothiophene (Fisher Chemical, >97%), N-bromosucci-
nimide (99%, Thermo Scientific Chemicals), Isopropylmagnesium
chloride (Sigma-Aldrich, 2 M), and anhydrous diethyl ether (Fisher
Chemical, laboratory grade) were all used as received. Tetrahydrofur-
an (Fisher Chemical, >99.7%) was dried using 3 Å molecular sieves
for two days prior to use. Undoped silicon wafers were obtained from
University Wafer. Chloroform (Sigma-Aldrich, >99%), toluene (Alfa
Aesar, >99%), and dichlorobenzene (Sigma-Aldrich, >99%), con-
centrated sulfuric acid (Fisher Chemical, 96.5 wt %), and hydrogen
peroxide (Sigma-Aldrich, 30 wt %) were all used as received. P3HT
was synthesized via the Grignard metathesis method, which is detailed
in the Supporting Information (SI).30,31

2.2. Material Characterization. A 500 MHz Bruker AVANCE
III spectrometer was used in order to obtain 1H NMR spectra for
confirmation of molecular structure and degree of regioregularity. The
polymer’s molecular weight was determined by size exclusion
chromatography on a Viscotec VE 3580 chromatograph with a
CLM3009 column paired with a UV detector with a 254 nm laser
source. The detector was calibrated to a polystyrene standard, and all
experiments utilized THF as the mobile phase (1.0 mL/min flow
rate). Digital scanning calorimetry was performed on a TA
Instruments digital scanning calorimeter. Three cycles were
conducted from 0 to 260 °C at a rate of 10 °C/min. The melting
(Tm) and crystallizing temperatures (Tc) of P3HT were reported from
cycle two. Atomic force microscopy (AFM) images were recorded on
an Oxford Asylum Research Jupiter XR atomic force microscope in
order to determine the surface roughness of films. The AFM was
operated in tapping mode with a spring constant of 40 N/m and a
scanning frequency of 0.75 MHz over a 10 × 10 μm2 area. Film
thickness was measured using an XP-1 Ambios Technology
mechanical profilometer at a stylus force of 0.05 mg over a scan
length of 2.0 mm at a scan rate of 0.05 mm/s. Scanning electron
microscopy (SEM) images of the nanoindenter tip were acquired on a
Zeiss Sigma 500VP scanning electron microscope with a secondary
electron detector. Images were captured at an acceleration voltage of
7.00 kV at a working distance of 15.8 mm.
2.3. Sample Preparation. A detailed synthetic procedure for

P3HT is given within the Supporting Information. The initial
challenge for getting reliable nanoindentation data included ensuring
sample preparation yielded films of suitable thickness and minimal
surface roughness. Nanoindentation data can be unreliable at small
penetration depths (≤100 nm), which can arise from surface
roughness, sink-in effects, and pile-up effects.15,32−34 In addition, it
has been demonstrated that indentation depths that exceed 10% of
the film thickness may observe the substrate effect, which would lead
to an overestimation of the material’s modulus.35 In order to avoid
these issues, films should be on the order of several microns thick. In
this study, two casting methods and three solvents were screened for
the preparation of thin films. All solutions were prepared by dissolving
P3HT at a concentration of 25 mg/mL in chloroform, toluene, and
dichlorobenzene. The P3HT solution was either drop cast or spin-
coated onto silicon wafers previously treated with Piranha solution,
followed by washes of deionized water, acetone, and isopropyl

alcohol. All films were allowed to dry overnight before taking
thickness and roughness measurements. The only films with sufficient
quality for nanoindentation were cast from dichlorobenzene. These
films were measured to be 7.9 μm thick with a root mean square
surface roughness of 14.0 nm. The results of the thin film
optimization are compiled in the Supporting Information.

2.4. Nanoindentation Experiments. An Agilent G200 Nano
Indenter system was used for all nanoindentation tests. The G200 can
reach a maximum load of 500 mN and a maximum depth >500 μm,
with resolutions of ±50 nN and <0.01 nm, respectively. All
nanoindentation experiments were performed at room temperature.
Prior to each experiment, the instrument was allowed to equilibrate in
an effort to minimize thermal drift. The allowable drift rate for these
experiments was set to 0.05 nm/s. Over the course of a 100-second
test, as in the step-loading experiment, this would equate to a
maximum drift of ±5 nm, which is less than 1% of the indentation
depth in all tests.

The Berkovich nanoindenter tip used in this study was made of
diamond, and its geometry is shown in the supporting information,
Figure S6. Calibration using fused silica is given in the Supporting
Information. The Berkovich nanoindenter tip is modeled as an
axisymmetric conical indenter that possesses a cone angle such that
the area-to-depth relationship is the same as the actual pyramidal tip.
The modeled conical indenter possesses a half-cone angle of 70.3°,
which corresponds to α = 19.7°. For ramp-loading experiments, five
loading rates were selected, spanning over an order of magnitude,
from 0.05 to 1.0 mN/s. The step-loading experiments were carried
out such that the holding load and resulting total penetration depth
did not exceed 10% of the film thickness.

3. RESULTS AND DISCUSSION
3.1. P3HT Characterization. In the analysis of semi-

conducting polymers, it has been shown that mechanical
properties have a dependency on molecular weight, regior-
egularity (RR%), degree of crystallinity, and morphol-
ogy.21,23,24,36 Due to this, it is imperative to match the
chemical properties of the previous mechanical property
studies conducted on P3HT. A detailed comparison of
molecular weights, regioregularity, PDI, casting solvent, and
strain rate (FoW only) is given in Table S3 of the supporting
information. It should be noted that even amongst the
continuous buckling and FoW techniques, there is not a
perfect agreement for the elastic modulus of P3HT. This is
likely due to large variations in the molecular weight and PDI.
It has been shown that the elastic modulus of P3HT saturates
at a value of about 250 MPa when possessing a molecular
weight greater than 35 kg/mol. This has been deemed the
point at which the polymer chains begin to entangle and has
been shown to decrease the stiffness of the material.22,23,25

This effect is also important regarding the thickness of films
due to the confinement of polymer chains. Films possessing
thickness >20 nm do not experience the confinement effect as
the chains do not self-entangle, leading to measured elastic
modulus values that are independent of the film thickness
above this critical value.25 It has been demonstrated that
polymers with broad a PDI experience a plasticizing effect
caused by the shorter length chains interacting with the longer
chains that causes an increase in free volume, thus enhancing
the chain mobility.37,38 Due to these factors, careful
consideration has been undertaken to compare the results of
this work to those reported in the literature.

1H NMR was performed on P3HT to determine the extent
of head-to-tail linkages as well as absolute molecular weight,
both of which are summarized in Table S1 and Figure S4 in the
supporting information.39 Size exclusion chromatography was
used to determine the molecular weight and polydispersity
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index of P3HT, which were found to be 59 kg/mol and 1.54,
respectively. These results are summarized in Table S1 and
demonstrate great chemical similarity to the P3HT used in
previous works.22−24

A differential thermogram was obtained from DSC analysis
and is given in Figure S5. The crystallization temperature and
melting temperature were determined to be 209 °C (Tc = 209
°C) and 240 °C (Tm = 240 °C), respectively. The melting
enthalpy of the P3HT used in this study was calculated as 15.3
J/g (ΔHm = 15.3 J/g), and an ideal P3HT crystallite possesses
a melting enthalpy of 37.0 J/g (ΔHm = 37.0 J/g).33 By taking
the ratio of these values, the degree of crystallinity was found
to be 41.3%, which is also in a good agreement with previous
studies.21,40,41

3.2. Nanoindentation by the Oliver−Pharr Method.
To further elucidate the inability of the Oliver−Pharr method
to analyze time-dependent materials accurately, we subjected
our load−displacement curves to eqs 1−4. Figure 2 shows a

load−displacement curve of P3HT, which exhibits a time-
dependent response. This is seen through continued
deformation at a constant load and the “nose” or negative
slope observed during the initial unloading phase.42 The
nanoindenter tip’s modulus and Poisson’s ratio were input as
1141 GPa and 0.07, respectively.43 P3HT’s Poisson’s ratio was
assumed to be 0.35, in accordance with values reported in the
literature.44 The Young’s modulus determined from this
analysis was 1.0 GPa, which is overestimated from the
consensus by a factor of roughly four.
3.3. Nanoindentation by Viscoelastic Analysis. In

contrast to the Oliver−Pharr technique, which utilizes the
unloading portion of a load−displacement curve, the
viscoelastic method analyzes the loading portion of the curve
under a ramp-loading history. For a step-loading history, only
the constant load section is considered. In accordance, Figure 3
shows the load−displacement curves of ramp-loading experi-
ments. The material’s response to loading at rates between
0.05 and 0.20 mN/s is essentially identical. Upon reaching an
order of magnitude of difference, the response begins to
change, which is common for viscoelastic materials. Strain rate
dependence arises from the material possessing both viscous
and elastic components, leading to higher strain rates yielding a
stiffer material. As previously mentioned, nanoindentation data
at very small depths are generally inaccurate, and thus, creep
compliance is not calculated for penetration depths of less than
125 nm. Additionally, to avoid the substrate effect, analysis is
limited to less than 10% of the film thickness. The load−
displacement curves are fit to eq 5 by a nonlinear least squares

fitting technique (R2 > 0.9999) by selecting values for the
retardation times, τi (i = 1,2,3,4).
From this, shear creep compliance functions in the Prony

series form in eq 6 are formed. Figure 4 depicts the shear creep
compliance as a function of time, and Table 2 summarizes the
compliance coefficients.

As the loading rate increases, the long-term values of the
creep compliance functions decrease. In time-dependent
materials, this is viewed as a loss of ductility accompanied by
a lessened ability to absorb energy prior to a mechanical
failure.45,46 This may result in the material being more prone
to permanent deformations like fractures under high-stress
loading conditions.
The creep functions are next converted to relaxation

functions in the form of eq 7 through a numerical
interconversion in which the same approach and MATLAB
code were used as reported by Luk-Cyr et al.47 The parameters
listed in Tables 1 and 2 stem from using the curve fitting
approach to generate a Prony series and are associated with the

Figure 2. Nanoindentation load−displacement curve for the P3HT
film subjected to the Oliver−Pharr method.

Figure 3. Nanoindentation load−displacement curves at different
loading rates. Curves for loading rates 0.05, 0.10, and 0.20 mN/s are
nearly overlapping with each other.

Figure 4. Shear creep compliance as a function of time.

Table 2. Compliance Coefficients

loading rate Jo (GPa−1) J1 (GPa−1) J2 (GPa−1) J3 (GPa−1)

0.05 mN/s 0.536 6.35 3.77 0.195
0.10 mN/s 1.30 × 10−8 7.77 2.58 0.220
0.20 mN/s 0.965 8.30 0.174 6.80 × 10−19

0.50 mN/s 0.128 5.65 2.06 0.642
1.0 mN/s 0.0907 6.33 0.113 4.60 × 10−11

0.20 mN hold 0.968 1.52 1.88 6.61
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time-dependent response of a specific polymer. When a
desirable fit is achieved, the magnitudes are assumed to
correspond to a physical relaxation and/or time-dependent
response based on the corresponding time that was selected.
Figure 5 gives a plot of the shear relaxation modulus over time.

Table 3 lists the relaxation coefficients and relaxation times.
There is a large discrepancy of the initial shear relaxation
modulus at loading rates above 0.10 mN/s. At faster loading
rates, there is less time for the material to relax and dissipate
energy in response to the applied load, which elicits a response
to loading that is more stiff.46 In general, P3HT exhibits rapid
relaxation within the first half second before converging to an
equilibrium value. The shear relaxation modulus converges to
its equilibrium value for almost all indentations within 5 s. This
equilibrium is mainly consistent for loading rates between 0.05
and 0.20 mN/s. Upon reaching faster loading rates, i.e., 0.50
and 1.00 mN/s, the relaxation modulus rapidly increases. The
increase in the relaxation modulus is representative of the
material experiencing an escalation in rigidity and greater
resistance toward shear deformation at higher loading
rates.48,49

Utilizing the shear relaxation modulus obtained in eq 7, we
convert to Young’s relaxation modulus through eq 8 for each
loading rate and the step-loading test. Upon obtaining Young’s
relaxation modulus, a conversion was employed to obtain
Young’s modulus through eq 9. The average relaxation
modulus over time in a load-controlled test for a given strain
rate is equivalent to Young’s modulus, which is determined by
tensile testing or the buckling method. The results for Young’s
modulus at different loading rates as well as the average value
from literature are plotted in Figure 6.21−25 Overall, we obtain
an average Young’s modulus of 260 ± 27 MPa for loading rates
below 0.50 mN/s. As the loading rate increases, there is an
increase in the modulus, signifying an increase in material
stiffness during fast loading cycles. This is also evident in the
load−displacement curves, where the total penetration depth
decreases at higher loading rates, despite the maximum load

being consistent between experiments. These observations are
consistent with those made in time-dependent materials due to
the viscous component of their constitution. At lower strain
rates, deformation occurs in a slow enough manner that there
is an internal rearrangement of polymer chains that allow for
the dissipation of energy. When the strain rate increases, a
more rapid deformation occurs, and the material’s rearrange-
ment is not as effective.45,50,51 This leads to energy being
stored in an elastic manner, which is seen by an increase in
stiffness.

4. CONCLUSIONS
The nanoscale mechanical properties of P3HT were
determined through a viscoelastic nanoindentation technique
utilizing a Berkovich indenter. This method is necessary for
accurate mechanical property characterization as polymers
exhibit time-dependent responses to loading. Through the
determination of viscoelastic properties such as the shear creep
compliance and shear relaxation modulus and Young’s
relaxation modulus, Young’s modulus was obtained at various
loading rates. The data collected are in excellent agreement
with values reported from specialized mechanical tests
performed on P3HT thin films (20−200 nm thick). This is
in stark contrast to those values reported in previous
nanoindentation studies of P3HT, where the modulus values
span over two orders of magnitude of difference. This
viscoelastic analysis technique is more appropriate than the
Oliver−Pharr method for the characterization of organic
semiconductors as it accounts for time dependency in regard
to applied stress. Oliver−Pharr is a simpler model with faster
data analysis but leads to an overestimation of Young’s
modulus as the technique’s governing model does not account
for a polymer’s time-dependent response. By considering
viscoelastic effects, the error in the determination of Young’s

Figure 5. Shear relaxation modulus as a function of time.

Table 3. Relaxation Coefficients and Relaxation Times

loading rate G∞ (GPa) G1 (GPa) G2 (GPa) G3 (GPa) λ1 (s) λ2 (s) λ3 (s)
0.05 mN/s 0.0888 0.588 0.0348 3.70 × 10−3 10.11 0.274 0.0201
0.10 mN/s 0.0871 0.570 0.0259 2.3 × 10−3 20.6 0.473 0.0367
0.20 mN/s 0.0848 8.35 3.00 × 10−3 0.0241 104 0.164 0.0241
0.50 mN/s 0.118 7.65 0.0350 8.90 × 10−3 208 0.584 0.0350
1.00 mN/s 0.153 10.9 2.20 × 10−3 1.43 × 10−11 109 0.156 0.0154
0.20 mN hold 0.0905 6.54 0.233 2.08 1.44 × 10−3 25.6 2.08

Figure 6. Young’s modulus at different loading rates.
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modulus is minimized. This method shows promise in the
determination of mechanical properties of other organic
semiconducting materials.
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