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ABSTRACT: The formation of delocalized excitonic states in organic semiconductors is highly desirable because it leads to efficient
energy transport in devices. We investigate the potential of uniaxial strain as a “tuning dial” for delocalized excitons (i.e., exciton−
polarons) in crystalline thin films of soluble octabutoxy phthalocyanine. Absorption and photoluminescence spectra confirm the
formation of delocalized excitonic states in the presence of tensile strain, accompanied by a red shift of low-frequency vibration
modes (<100 cm−1) in Raman spectroscopy, which are likely responsible for the delocalized exciton formation. Remarkably, an 80%
enhancement in photoluminescence intensity and a 30 nm red shift in peak wavelength are observed for a tensile strain of 4.9%,
which is equivalent to a temperature reduction approximately by 100 K below room temperature. These results show promise that
strain engineering can efficiently modify the exciton−phonon coupling in octabutoxy phthalocyanine crystalline thin films toward
enabling delocalization at room temperature.

■ INTRODUCTION

Organic semiconductors are well-known candidates for flexible,
wearable, and portable novel electronic and photonic
devices1−3 because of their tunable optoelectronic properties,
versatile synthetic pathways, and desirable mechanical proper-
ties.4,5 More recently, the advent of new thin-film fabrication
techniques6−8 in conjunction with sustained efforts to gain
more insight into the structure−property relationships of these
materials stimulated an increasing number of researchers to
explore small-molecule semiconductors as possible platforms
for robust coherent excitonic states,9−13 topological
states,14−17 and quantum applications.18,19

In this context, externally applied mechanical strain emerges
as an effective candidate for tuning organic semiconductor
device properties.20−24 Historically, electronic and excitonic
properties of inorganic semiconductor devices could be tuned
by applying a small strain.7,25−30 For example, it is well
established that in a 2D transition metal dichalcogenides
system, a strain of <1.6% can significantly affect exciton energy,
modify electron−phonon coupling, lift the degeneracy of
lattice vibration modes, and tune direct/indirect band
gap.30−33 In low-dimensional small-molecule semiconductors,

the nature of excitonic states is radically different from the 2D
chalcogenides or inorganic semiconductors in general;34,35

therefore, the possible effects of strain on the already complex
many-body picture of exciton formation are not fully
understood. Generally, the strain could affect the equilibrium
position of molecules in a crystal lattice,7 resulting in the
change of charge carrier mobilities and excitonic coupling due
to the change in average transfer integrals36 and wavefunction
overlap between nearest neighbors.37 Strain could also affect
inter-20 and intramolecular21,24 vibrations, which are respon-
sible for charge carrier band-like transport38−40 and exciton
coherence regime.37,41−43 In laboratories, strain is convention-
ally introduced to organic systems with a bending
approach,20,28,30,32 which would enable one to perform
compressive or tensile strain-dependent studies simultane-
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ously, with little defects introduced, and quantify the strain
value from the bending geometry and the thin-film thickness.
However, this method is less suited for optical and excitonic
properties quantitative measurements, especially if they involve
precise excitation beam size and position control. For example,
there are no reported observations of strain-induced enhance-
ment of photoluminescence intensity in previous stud-
ies.28,30,44 Alternatively, as proposed in the presented work,
uniaxial stretching would be a promising approach for
quantitative analysis of strain-dependent optical and excitonic
properties, provided defects introduced to the thin films are
carefully monitored and characterized.34,35 Furthermore, this
experimental approach can be easily adapted to a cryogenic
environment for temperature-dependent studies.
In the presented work, we explore the effects of uniaxial

strain on 1D exciton coherence in H2-OBPc thin films with
macroscopic grain sizes, deposited on flexible Kapton
substrates. Octabutoxy phthalocyanine (H2-OBPc) is a soluble
derivative of the phthalocyanines (Pc’s) that exhibits 1D
coherent excitons as previous experimental42,45−47 and
theoretical37,41 studies suggest, a result of the interplay
between three energy scales: short-range π−π stacking, long-
range Coulomb forces, exciton−lattice/molecular vibration
couplings. Our recent study of coherent exciton−polaron
formation in these molecules47 implies a possibility to tune
coherent exciton properties at room temperature with applied
strain. However, a direct relationship between the excitonic
property, the molecular vibrations, and external applied
mechanical strain has not been experimentally established yet.

■ METHODS

Thin-Film Preparation. 1,4,8,11,15,18,22,25-Octabutoxy-
29H,31H-phthalocyanine (H2-OBPc) from Sigma-Aldrich was
used to prepare thin films on a flexible Kapton substrate from
Dupont (75 μm in thickness, Poisson ratio p = 0.34, ultraviolet
ozone treated for 0.5 h) with a pen-writing technique6,8 with a
0.5% solution at a writing speed of 17 μm/s. More information
can be found in refs 42, 45, and 47.

Absorption Measurement. Absorption measurements
were conducted using the setup in ref 47 with the sample
mounted on a stretching device (Figure 1a). The location of
the quasi-monochromatic tunable incoherent light beam (∼50
μm in diameter) on the sample was monitored in situ using a
long-distance telescope. Linear dichroism (LD) was measured
with the same setup and is defined as the difference between
absorbance measured for two orthogonally polarized light
beams: LD = Ax − Ay.

Diffraction-Limited Photoluminescence (PL) Meas-
urement. Diffraction-limited PL spectra were recorded with a
2300 Princeton Instruments spectrometer coupled to a CCD
camera using a 735 nm narrow-band pulsed 200 ps laser
excitation. The 90 μW laser beam was focused to a 5 μm spot
on the sample, yielding a power density of 4.6 μW/μm2.
Substrates were mounted on a stretching device designed in-
house (Figure 1a). The location of the excitation beam onto
the sample was monitored in situ using a long-distance
telescope. The in-plane rotation angle of the emission φ is
computed from the photoluminescence polarization P using
the x- and y-polarized in-plane components of the PL (Ix and
Iy), P = (Ix − Iy)/(Ix + Iy) = cos 2φ.

Figure 1. H2-OBPc thin film on flexible Kapton substrates under strain. (a) Photograph of an H2-OBPc thin film deposited on a 5 cm × 1 cm
Kapton substrate, mounted on a home-built stretching device. (b) In situ polarized telescope image of the same H2-OBPc thin film subjected to
tensile strain. The bright green disk is the quasi-monochromatic focused beam used in the absorbance experiment. The orientation of the
longitudinal and transversal applied strain is shown in relation to the pen-writing direction. (c) SEM image of the thin-film surface remains smooth
for applied strains lower than 2.7%. (d) SEM image of the thin-film surface recorder for large, applied strain reveals the formation of cracks (e) H2-
OBPc molecular stacking in the crystalline phase rendered from X-ray diffraction measurements by Gao et al.48 (f) Evolution of the effective strain
experienced by the thin film as a function of the longitudinal applied strain experienced by the Kapton substrate. The procedure for obtaining the
effective strain values is described in detail in the SI.
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Confocal Raman and PL Measurements. Raman
measurements were conducted with a HORIBA LabRam HR
Evolution microscope with an incident laser of wavelength 532
nm, a grating of 1800, and an objective of 100×. An ultralow-
frequency filter was employed to allow accurate Raman
frequencies as low as 25 cm−1. Substrates were coated with a
Pt/Au (60/40) layer to block any luminescence and Raman
signal from Kapton. To avoid sample heating, each Raman
spectrum was acquired by averaging the Raman signal recorded
from 10 randomly selected locations within the same 5 μm × 5
μm area. Confocal PL spectra measurements were conducted
over an area of 5 μm × 5 μm (9 points by 9 points) with an
incident laser of wavelength 785 nm, a grating of 600 gr/mm,
and an objective of 100×. For both experiments, the incident
laser power was kept below 15 μW and the spatial resolution
was estimated to be 1 μm, yielding the power density of 19.1
μW/μm2. PL scanning measurements were conducted within a
single spectral acquisition window (874−922 nm) to further
avoid sample heating, resulting from long exposure to the laser
beam.
SEM Measurement.Morphology of a thin-film surface was

observed with a Zeiss Sigma 300 VP FE-SEM using an electron
beam of 1 keV with a secondary electron detector. To avoid
charge accumulation on a nonconductive thin-film surface, the
thin film was deposited on Kapton substrates coated with a Pt/
Au (60/40) layer. Figure 1c,d shows two examples of the SEM
images recorded for different values of the uniaxial strain
applied using the stretching device shown in Figure 1a.

■ RESULTS AND DISCUSSION
Challenges of Optical Probing in the Presence of

Mechanical Strain. Figure 1a shows the in-house built

stretching device employed for the application of an external
uniaxial strain εex. The crystalline thin film with large grain
sizes (∼mm range) enables the usage of multiple diffraction-
limited techniques to study the intrinsic material properties
within a single grain. Figure 1b shows an in situ real-time
photograph of the quasi-monochromatic focused beam spot
used in absorption measurements.
As previous research indicates, H2-OBPc molecules are

standing “edge-on” the substrate to form quasi one-dimension
chains along the [110] direction (Figure 1e) with molecular
stacking axes making a 34° angle with the writing
direction.42,45,47 While intermolecular interaction along the
stacking axis37,42 is quite strong, the interchain interaction is
negligible by comparison.42,48 Therefore, molecular chains can
be viewed as a one-dimensional system mainly experiencing
tensile strain (positive value)/compressive strain (negative
value) in the longitudinal/transversal geometry, as shown in
Figure 1b. The crack formation was only observed for applied
strain εex ≥ 2.7% in both longitudinal and transversal
geometries, as revealed in SEM microscopy images shown in
Figure 1c,d. Partial strain relaxation is expected as a result of
defect formation. For this reason, a protocol that includes SEM
measurements of crack defects was developed to obtain a
realistic estimate of the strain experienced by the organic thin
film. Figure 1f shows the relation between the strain along
molecular chain ε and εex after the strain correction was
performed, as discussed in Supporting Information S1 and S2.
For the rest of the paper, we will refer to these corrected ε
values as the applied strain. Moreover, the application of a
transversal tensile strain will generate compressive longitudinal
strain along the stacking molecular axis. This will be indicated
by negative values of ε.

Figure 2. PL measurement of H2-OBPc thin films. (a) Evolution of diffraction-limited PL spectra recorded for different applied longitudinal strain
values. (b) Longitudinal strain dependence of diffraction-limited PL intensity and peak energy. The angles indicate the polarization of the emission
with respect to the vertical direction. (c) Strain-dependent confocal PL spectra recorded for different values of applied strain. The positive values
correspond to the longitudinal tensile strain, while the negative values indicate compressive longitudinal (tensile transversal) strain. (d)
Temperature-dependent diffraction-limited PL spectra*. (e) Arrhenius plot of the PL emission intensity evolution with increasing temperature in
strain-free H2-OBPc thin films*.
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Figure 3. Strain-dependent absorption measurement of the H2-OBPc thin film. (a) and (b) Absorption and LD spectra measured for different
values of the applied tensile strain. (c) and (d) Absorption and LD spectra measured for different values of the compressive strain.

Figure 4. Confocal Raman spectra of the H2-OBPc thin film under strain. (a) Low-frequency region of Raman spectra with resolved peaks 1, 2, 4
and a broad peak 3. The instrument cutoff is at ≈25 cm−1. (b)−(d) Evolution of Raman peaks 1, 2, and 4 as a function of longitudinal strain,
respectively. The solid red line is a linear fit.
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Strain-Enhanced Formation of Delocalized Excitons.
Figure 2a shows that with increasing strain ε ≤ 4.7%, PL
intensity increases relative to the one measured in the nominal
strain-free film. At the same time, the peak energy red shifts
from 1.390 eV (892 nm) to 1.345 eV (922 nm). Figure 2b
summarizes these evolutions, indicating that the maximum PL
intensity enhancement (I/Iε=0%)|max of 1.8 corresponds to an
applied strain of ε = 4.9%. Confocal PL spectra recorded for
different values of the applied strain (Figure 2c) show that the
overall red shift is in fact due to the presence of an additional
emission peak at 920 nm (P2), which increases in intensity
with increasing strain, relative to the 890 nm emission peak
observed in the strain-free condition (P1). Previous temper-
ature studies42,47 on nominally strain-free H2-OBPc report
similar spectral evolution patterns with decreasing temper-
atures (Figure 2d) due to the delocalized exciton forma-
tion.37,41 This formation is typically accompanied by a 5°
rotation in the PL polarization, while a similar 2° rotation is
observed in presented work (Figure 2b). More importantly, the
spectroscopic signatures of delocalized excitons typically
disappear around 175 K. Therefore, we hypothesize that strain
enhances the formation of delocalized excitons at room
temperature, producing an effect equivalent to that of
decreasing sample temperature. We find that at T = 200 K,
(I/I300 K) yields a similar value (Figure 2e, 1.90) with (I/
Iε=0%)|max. That is, the effect of strain on the PL intensity is
equivalent to a temperature reduction by approximately 100 K
below room temperature. This is a remarkable observation that
opens an avenue to the practical use of 1D coherence in a
functional device.
Corresponding absorption spectra measured from the

strained films also develop an additional absorption peak at
900 nm (A2 in Figure 3a), polarized similarly to the 865 nm
band-gap absorption feature of the unstrained film (large linear
dichroism in Figure 3b). In contrast, for compressive strain
values of ε ≤ −0.7%, the P2 intensity decreases and P1 is,
therefore, better resolved. The relevant absorption spectra
show that A2 decreases (Figure 3c) and the LD spectra exhibit
a small blue shift of the main peak (Figure 3d).

The PL intensity, peak energy, and absorbance spectra trend
with increasing strain change significantly for tensile strain
values of ε > 4.7%. They exhibit an overall intensity decrease
and no changes in the peak energies (Figure 2b). A similar
pattern is also observed with increasing compressive ε (Figure
3c,d). Such a decrease is most likely associated with the fact
that less material is being excited by the focused beam as larger
densities of cracks develop with large strain, in agreement with
Figure 1c. Therefore, the excitonic states are no longer affected
by the applied strain for ε > 4.7%.

Effect of Strain on Vibration Modes. A previous
theoretical study37 on H2-OBPc suggests that the low-energy
vibration modes (below 100 cm−1 and approx. 300 cm−1)
control the intermolecular excitonic coupling and are thus
critical ingredients for the formation of delocalized exciton−
polaron states. The similarity between the end results of
lowering temperature and applying strain demands further
exploration of the vibration modes and their coupling to
excitons. To this end, we performed measurements of low-
frequency Raman spectra of flexible crystalline H2-OBPc thin
films as a function of the applied uniaxial strain. Figure 4a
shows the typical Raman spectra with/without strain,
exhibiting three clearly resolved peaks (labeled as peaks 1, 2,
and 4) and a broader peak 3. Previous Raman studies49−52

suggest that the 265.5 cm−1 vibration mode (peak 4) is
associated with the isoindole molecular breathing mode. Low-
energy vibration modes below 200 cm−1 are rarely reported
and are generally considered to be determined by crystal
symmetry and correspond to the lattice vibrations49 (i.e.,
phonon modes). The strain-dependent evolution of the Raman
peaks 1, 2, and 4 is shown in Figure 4b−d. Measurement
results show that 39 and 83.5 cm−1 low-energy vibration
modes (peak 1 and 2, respectively) shift to lower frequencies
for a tensile strain of ε ≤ 1.7%. Previous studies indicate that
the interaction between the molecules strengthens as the
nearest neighbor (NN) spacing decreases with compressive
strain.53 Therefore, these red-shifted low-energy Raman peaks
are indicative of the softening of the corresponding phonon
modes of the crystal with tensile strain (larger vibration

Figure 5. Confocal PL scanning microscopy of the H2-OBPc thin film. (a, b), (c, d), (e, f), and (g, h) In situ microscopy images and the
corresponding contour plot of IP2/IP1 of a 5 × 5 μm2 area, under strain ε = 0, −0.7, 8, and 4.9%, respectively. (i) PL spectra recorded at specific
positions (marked S1 through S4) with ε = 0%. Spectra were normalized to P1 intensity IP1. (j) Plot of IP2

/IP1 as a function of strain ε, each data
point represents a different location within the 5 × 5 μm2 areas, similar to those in (a, c, e, g). A total of 80 locations were sampled for each value of
ε.
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amplitude).20 For ε > 1.7%, the vibration modes shift back to
higher frequencies and stabilize at frequencies smaller than the
unstrained ones, which implies strain relaxation due to crack
defects in thin films. Note that the strain relaxation occurs at a
lower applied strain level in confocal Raman measurement
(1.7%) than that in diffraction-limited PL measurement
(4.7%). Most likely, this is the result of a higher energy
density of the confocal laser beam on the sample compared
with that in diffraction-limited PL, which leads to local sample
heating and consequently to strain relaxation.
The effect of strain on the frequency of Raman modes can

be quantified by the Grüneisen parameter G, which is the
fractional change of vibration frequency (∂f/f) per fractional
change of sample volume (∂V/V).54 In present work with
uniaxial strain, the ∂V/V is equivalent to the fractional change
in linear dimension (i.e., ∂l/l) (negligible interchain
interaction). Therefore, the parameter G for a given Raman
mode could be expressed in terms of ε, as Choi et al.20 suggest:

≡ − ·
ε

∂
∂Gi f

f1

i

i . Calculation results show that the low-energy

vibration modes are sensitive to strain, and the 39 cm−1

vibration mode is more affected by strain than the 83.5 cm−1

vibration mode (G1 being larger than G2, as shown in Figure
4b,c). In contrast, the 265.5 cm−1 vibration mode exhibits no
clear trend versus strain ε. For Raman modes with a greater
frequency than 265.5 cm−1, no obvious frequency shift is
observed with/without strain (Supporting Information S3), a
behavior expected for localized molecular vibrations. By
analyzing the relation between PL intensity and Raman
frequency with the same temperature variation (Supporting
Information S4), we find that to achieve the same fractional
change of PL intensity, tuning the low-energy Raman vibration
frequency is twice more effective than tuning the sample
temperature. As mentioned earlier, the enhancement in PL
intensity is due to the formation of delocalized exciton−
polaron states. Therefore, tuning strain can be an effective and
more practical means to enhance the exciton delocalization
when compared to lowering film temperature.
Effect of Residual Strain on the Formation of

Delocalized Excitons. Previous studies indicated7,55 that
residual stress could be generated in the thin film during the
crystallization process, which could, in turn, affect the lattice
spacing. We investigated whether the apparent thin-film
nonuniformities observed with an optical microscope (Figure
5a) are related to the presence of residual strain inhomoge-
neities, which could impact the excitonic properties of a
nominally strain-free film. A confocal PL scanning measure-
ment was performed over a 5 μm × 5 μm area that exhibits
some color contrast in the unstretched thin film (Figure 5a),
imaging the intensity ratio between the two excitonic peaks
IP2/IP1 (Figure 5b). A corresponding mapping relationship was
obtained between the image acquired under a confocal optical
microscope and the scanning plot, with a clear color contrast
for the regions where we observe apparent nonuniformities.
Similar results are observed with compressive strain (Figure
5c,d for −0.7%) and tensile strain (Figure 5e,f for 2.8% and
Figure 5g,h for 4.9%); however, the range of the IP2/IP1 values
over the scanned areas decreases significantly with increasing
strain as reflected by the decreasing contrast in the figures. To
better quantify this effect, the photoluminescence spectrum
was sampled at 80 randomly selected locations across the film.
Four of these spectra, recorded at locations labeled S1 through
S4, are presented in Figure 5i. The intensity is normalized with

respect to the value recorded for the peak P1. By comparing
the four spectra, we can clearly see that the coherent excitons
(peak P2) dominate the spectrum recorded from certain
locations such as S1, indicating there is some residual amount
of strain prior to stretching. The statistics of the intensity ratio
IP2/IP1, presented in Figure 5j, indicated that the range of
values for this ratio decreases significantly in the presence of
externally applied uniaxial strain. This result implies that the
introduction of the external uniaxial strain minimizes strain
fluctuations that lead to fluctuations in the relative intensity of
the two peaks prior to stretching. That is, randomly distributed
built-in residual strain exists in the thin film, favoring the
delocalized exciton state formation at random locations; the
strain distribution in the thin film becomes more uniform with
increasing external applied strain and the formation of
delocalized excitons extends over the entire film. These results
could further explain the large standard deviation of the
vibration frequency observed in the confocal Raman measure-
ment (Figure 4). Also, they imply that introducing and
controlling built-in strain during the deposition process could
be beneficial for delocalized exciton formation. For example, it
opens a new avenue to tune the electronic and excitonic
properties of phthalocyanine-based and solution-processable
semiconductor devices with a well-defined molecular crystal
structure.56−58

■ CONCLUSIONS
In conclusion, strain-enhanced delocalized exciton states were
observed in crystalline H2-OBPc thin films at room temper-
ature. We find that the uniaxial tensile strain can soften the
lattice vibration modes and increase PL intensity up to 1.8-fold
with delocalized band-gap transitions at longer wavelengths.
The tensile strain strengthens the delocalized states, its effect
being equivalent to the lowering of temperature by 100 K.
We also find that the built-in strain that develops in the thin

films during deposition can be sufficient to impact the
excitonic properties. These observations support a view of
the large tunability of excitonic states under tensile strain as a
promising tool to overcome the fundamental limits of the
carrier and exciton mobility imposed by the molecular
architecture and thermal fluctuations. Our results also inform
future evolution of solution-based deposition methods and
efforts to improve thin-film uniformity. Last but not least, the
strain-dependent experiments can point synthetic and
quantum chemists toward the ideal stacking geometry required
for a room temperature coherent excitons device.
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