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S1. Samples and experimental methods
S1.1. Sample preparation
The samples fabricated herein, are similar to those used in Reference 1; the same
techniques and approaches were used. In brief, thin films of α-6T (Lumtec Corp.) were
thermally evaporated in a vacuum system with a base pressure of 10

mbar onto quartz

substrates. The evaporation rate was tracked by using quartz crystal microbalances connected
with a thickness monitor. The deposition rates were 0.1 − 0.3 Å/s for α-6T and ~0.3 Å/s for
C60. Based on the studies by Taima et al.2 and Moser et al.3, we prepared the films of lying and
standing molecular orientations as follows. For lying films, α-6T was deposited on a 2 nm CuI
(abcr Gute Chemie) interlayer with a deposition rate of 0.1 Å/s at room temperature. Standing
α-6T films were prepared by growing α-6T directly on quartz at 100 ℃ during the deposition.
An intermediate case of mixed-orientation α-6T films was fabricated by the deposition of α-6T
on an unheated quartz substrate (~24 ℃). The α-6T films were also deposited on other
substrates such as glass or indium tin oxide (ITO); they show similar PL decay times to those
on the quartz substrate (see Section S10).
For absorption measurements, several films with the thickness between 10 nm and 70 nm
for each α-6T orientation were prepared. For time-resolved PL measurements, α-6T films with
the thickness of 20, 40 and 70 nm were prepared for each α-6T orientation (see the sample list
in Table S1). In the lying α-6T film, maintaining the right molecular orientation becomes
impossible beyond 40 nm (see Section S11) which limits the sample variety.
To obtain heterojunction films, a 30-nm C60 layer was deposited on top of α-6T on a half
of the substrate area without heating the substrate during the deposition. This ensures that the
thickness and molecular orientation of α-6T are always identical for both neat α-6T and
heterojunction films. The molecular orientation of α-6T stays constant upon the deposition of
C60, as confirmed by x-ray reflectivity and grazing incidence x-ray diffraction4.
After deposition, all samples were encapsulated with an epoxy-glued glass cover in the
glovebox under nitrogen environment with very low oxygen and moisture contents (<1 ppm).
Without encapsulation, the samples quickly (in matter of hours) degrade due to environmental
factors such as oxygen and/or moisture (see Section S8).
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S1.2. Thin-film characterization
Steady-state absorption. Optical transmission and reflection spectra of α-6T thin-films with a
thickness between 10 nm and 70 nm were recorded with an UV-Vis spectrophotometer
(SolidSpec-3700, Shimadzu) using an integrating sphere. From the transmission (T) and
reflection (R) spectra, extinction coefficient ( ) and refractive index ( ) were computed using
internal software based on a transfer matrix method. The absorption coefficients ( ) of the α6T films were calculated from extinction coefficients using the following equation5:
=

(Eq. S1)

Time-resolved photoluminescence (PL) measurements. Time-resolved PL spectroscopy
measurements were carried out using a Hamamatsu C5680 streak camera equipped with a
Ti:sapphire laser (Mira 900, Coherent). The excitation wavelength at 400 nm was obtained by
second harmonic generation of the laser output at 800 nm with 76 MHz repetition rate. The
apparatus function of the setup was ~6 ps (the standard deviation of a Gaussian apparatus
function). In all experiments, α-6T film samples were measured at room temperature (~20 ℃)
with normal incidence of the excitation beam to the plane of the film. The excitation laser beam
illuminated the substrate side of the samples first and the PL signal was also collected from the
same side in the normal incidence geometry. A long-pass dichroic mirror with the cut-off
wavelength at 420 nm was used to remove the stray light of the excitation beam to the
monochromator entrance slit. PL of samples as a function of the wavelength and delay (PL map)
was measured at sufficiently low excitation intensities to avoid exciton-exciton annihilation
and/or photodegradation (see Section S9).

AFM measurements. AFM images of α-6T thin-films were obtained using a CombiScope
1000 Scanning Probe Microscope (AIST-NT, Inc.) in a tapping mode. A cantilever with a
resonance frequency at ~250 kHz and a stiffness of 40 N/m, attached to a Tap300Al-G silicon
tip (BudgetSensors), was used. AFM images of 1 µm x 1 µm and 5 µm x 5 µm areas were
recorded with pixel resolutions of 512 x 512 pixels and 1024 x 1024 pixels, respectively. All
measurements were performed at ambient conditions. Afterwards, AFM images were
processed using WSxM software6.
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S2. List of samples for PL spectroscopy measurements
The list of samples for PL spectroscopy measurements is presented in Table S1.

Table S1. Summary of the samples of α-6T films with different thicknesses and molecular
orientations. The thicknesses of the film are shown in parentheses in nm. CuI stands for copper
iodine.
Thicknesses

Standing α-6T

Lying α-6T

Mixed α-6T

20 nm

40 nm

70 nm

Figure S1. Image of a representative sample. A 20-nm lying α-6T layer with a half of the layer
covered with C60. The size of the sample is 5 × 20 mm (inside the encapsulation cap).
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S3. Absorption coefficients of α-6T films
Figure S2 shows absorption coefficient spectra of α-6T thin-films with standing, lying
and mixed molecular orientations. The absorption is the weakest in the standing α-6T film, the
strongest in the lying film; in the mixed-orientation α-6T film, the absorption coefficient lays
in between the two limiting cases. This difference is attributed to the change in direction of the
transition dipole moment of the molecules7,8 with respect to incoming light. The strongest
transition dipole moment of α-6T is directed along the long axis of the molecule9,10, and thus it
is coupled strongly (weakly) to the electric field polarized parallelly (perpendicularly) to the
molecular backbone9. Consequently, the film with lying molecules provides much stronger
absorption (~10 folds at 400 nm) as compared to the standing film.

-1

Abs. coefficient (x10 cm )

a

Standing -6T

b

Lying -6T

c

Mixed -6T
Mixed -6T
Linear combination
of standing and
lying -6T

-6T

5
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Figure S2. UV-Vis absorption of α-6T films with different molecular orientations. Absorption
coefficient spectra of standing (a), lying (b) and mixed (c) α-6T films. The insets show schematics of
sample architectures. The inset in a shows the chemical structure of α-6T. A linear combination of the
spectra of standing and lying α-6T films with a ratio of 0.47 and 0.53, respectively, is shown in c by the
black line. CuI stands for copper iodine with a 2-nm thickness. The absorption of the 2-nm CuI
templating interlayer is much weaker as compared to α-6T absorption (see Figure S3).

The absorption spectra of the three types of the α-6T films are also different in shape
because of different molecular orientations on the films. In the standing film, the absorption
spectrum shows a sharp peak at 355 nm. A very similar absorption spectrum was observed in
α-6T single crystals when measured under normal incidence of light onto the (100) face (i.e. an
angle of 65o between the molecular backbone and the electric field vector of light)11,12. When
α-6T molecules in lying and mixed-orientation films orient in parallel to the substrate, the
absorption band between 350 nm and 550 nm is broader because the strongest transition dipole
moment is excited13–15. The absorption coefficient spectrum of the mixed α-6T film matches
well a linear combination of the spectra of the standing and lying α-6T films, in a 0.47:0.53
proportion. This indicates that the mixed film consists of domains with standing and lying
6
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molecular orientations, not strongly coupled electronically. We note that calculating absorption
coefficients from both transmission and reflection spectra (as done here) is required for
obtaining the decomposition; doing so from absorption spectra as directly measured by a
transmission spectrometer does not yield a satisfactory result.
S4. Absorption spectrum of CuI
Figure S3 shows absorption spectra of a 2-nm CuI film and a 10-nm lying α-6T film (the
thinnest film). The 2-nm CuI film has a much weaker peak absorption (~5 folds) than the 10nm lying α-6T film. Moreover, the CuI film absorbs lights in the wavelength below 385 nm
(photon energy of ~3.2 eV), indicating that the optical bandgap of CuI is larger than that of α6T (~2.3 eV). Therefore, under the excitation at 400 nm (used in this work) CuI in lying α-6T
films is not excited.
0.15
-6T(10 nm)/CuI(2 nm)

Optical denisty

CuI(2 nm)
0.10

0.05

0.00
300

350

400

450

500

550

600

650

Wavelength (nm)
Figure S3. UV‒Vis absorption of a CuI thin film. Absorption spectra of a 2-nm CuI film (purple) and
a 10-nm lying α-6T (green) film (for comparison).
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S5. PL maps of α-6T films and C60 film

Figure S4. Time-resolved PL maps of α-6T films with different molecular orientations. PL maps
of standing (a, d, g), lying (b, e, h) and mixed (c, f, i) α-6T films with 20 nm (top panel), 40 nm (middle
panel) and 70 nm (bottom panel) thicknesses under 400 nm excitation. The upper and lower graphs show
the PL maps of the neat α-6T and α-6T/C60 films, respectively. The PL intensity in all maps was
normalized to its maximum value.

Figure S4 shows time-resolved PL maps of standing, lying and mixed α-6T films with
different thicknesses and with the presence or absence of the C60 exciton quenching layer. All
8
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neat α-6T films show a similar PL band between 520 nm and 680 nm, which is in a good
agreement with previous work.1 The α-6T/C60 films show PL spectra similar to those of the neat
α-6T films, indicating that PL of these films does not have contributions from an intermolecular
charge transfer state at the α-6T/C60 interface.

Figure S5. Time-resolved PL map of a 20-nm C60 film under 400 nm excitation. The PL intensity
was normalized to its maximum value. The integrated signal is more than a factor of 100 weaker than
that in Figure S4f.

S6. PL spectra of α-6T films
Figure S6 shows PL spectra of α-6T films in two types of the film structures, neat α-6T
and α-6T/C60 heterojunction, with different α-6T orientations. All α-6T films with different
molecular orientations and neat/heterojunction structures have similar PL spectra which exhibit
three peaks at ~540, ~590 and ~640 nm; this is also consistent with Reference 1. Similarities of
time-resolved spectra indicates that there are no structural effects such as molecular orientation
or packing on PL.
A PL spectrum of a neat C60 thin film is also shown in Figure S6 for comparison. C60 PL
is weak and red-shifted as compared to α-6T so that it does not interfere with the measurements
on α-6T PL, thereby simplifying the data analysis.

9

ESI of Chapter 2. Diffusion-Enhanced Exciton Dissociation in Single-Material Organic Solar Cells

Figure S6. PL spectra of α-6T films with different molecular orientations. PL spectra of neat α-6T
(dotted curves) and α-6T/C60 heterojunction (solid curves) films with various molecular orientations.
The thicknesses of α-6T and C60 are 40 nm and 30 nm, respectively. The orange dotted curve shows the
PL spectrum of a 20-nm neat C60 film multiplied by a factor of 100. The excitation wavelength for all
films is 400 nm. The PL spectra were obtained by integrating PL maps (Figures S4 and S5) in the time
domain between 0 and 2 ns.

S7. PL transients at different wavelengths
To confirm that the three PL peaks at ~540, ~590 and ~640 nm originate from the same
excited state, PL transients at the wavelengths of these peaks are compared and shown in
Figure S7. The PL at these peaks decays with a similar time of ~550 ps and therefore we are
attributed to vibronic 0′ → 0, 1′ → 0 and 2′ → 0 transitions from the S1 excited state16.
Therefore, we conclude that there is no spectral evolution in PL of the α-6T films.

10
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Figure S7. PL transients at different wavelengths. Time-resolved PL transients of a 40-nm standing
α-6T film at PL peaks of 540 nm (green), 590 nm (red) and 640 nm (blue). The transients were obtained
by integrating the PL maps in the 520‒560, 570‒610, and 620‒660 nm spectral windows, respectively.
The solid lines show the fits to a bi-exponential function convoluted with the Gaussian apparatus
function. The fitting parameters are summarized in Table S2.

The PL transients of α-6T films are fitted to a bi-exponential function convoluted to a
Gaussian distribution (presenting the apparatus function; Eq. S2):
=√

⊗(

+

)

where σ is the standard deviation of the Gaussian distribution,

(Eq. S2)
(

) and

( ) are the

amplitude and decay time of the first (second) exponent, respectively. The sum of all amplitudes
is normalized to unity. The average decay time (
=

) is calculated using Eq. S3:

+

(Eq. S3)

Table S2. Fitting parameters for PL transients at different wavelengths. Summary of the decay
times and their amplitudes (using Eq. S2) and average decay times (using Eq. S3) of the fits for transients
of the 40-nm standing α-6T film at different peaks. The sum of all amplitudes is normalized to unity.
Parameters

At 540 nm

At 590 nm

At 640 nm

10 ± 1 ps

10 ± 1 ps

13 ± 1 ps

0.28

0.37

0.35

135 ± 30 ps

250 ± 30 ps

130 ± 50 ps

0.72

0.63

0.65

675 ± 120 ps

765 ± 50 ps

750 ± 50 ps

520 ± 100 ps

570 ± 50 ps

530 ± 50 ps
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S8. PL transients of α-6T films with and without encapsulation
Figure S8 shows PL transients of 40-nm thick α-6T films of different molecular
orientations with and without sample encapsulation; the latter was obtained at the same films
outside the encapsulation cap. PL of the films without encapsulation systematically decays
faster as compared to their encapsulated counterparts. This is assigned to environmental factors
such as oxygen and/or moisture that create exciton traps in the films, thereby shortening PL
lifetime. The environmentally-induced traps have even more pronounced effects on exciton
quenching than the surface quencher layer of C60, for instance, the PL decay times for the
standing and lying samples become similar for neat and quenched samples, ~140 ps. This
indicates deep embedding of the traps into the bulk so that the exciton diffusion pathlengths are
strongly shortened. The difference is especially striking for the mixed-orientation
configuration, where the PL lifetime is reduced from 345 ps in the encapsulating sample to
75 ps in the unencapsulated one. Therefore, encapsulation of α-6T films is absolutely essential
for studying exciton diffusion, quenching and dissociation into charges at heterojunction or
domain boundaries.

Figure S8. PL transients of α-6T films with and without encapsulation. Time-resolved PL transients
of standing (a), lying (b) and mixed (c) α-6T films with (green) and without (red) encapsulation under
400 nm excitation. The open and filled dot curves show neat α-6T and α-6T/C60 heterojunction films,
respectively. The thicknesses of α-6T and C60 in all films is 40 nm and 30 nm, respectively. The
transients were obtained by integrating the PL maps in the 520‒700 nm spectral window. The solid lines
show the best fits to bi-exponential decay functions convoluted to the apparatus function. The average
PL decay times are summarized in Table S3.

12

ESI of Chapter 2. Diffusion-Enhanced Exciton Dissociation in Single-Material Organic Solar Cells

Table S3. Fitting parameters for PL transients of α-6T films with and without encapsulation.
Summary average decay times (using Eq. S2 and S3) for PL transients of the 40-nm standing, lying and
mixed α-6T films with and without encapsulation.
Samples
Standing α-6T

Lying α-6T

Mixed α-6T

Film structure

With
encapsulation

Without
encapsulation

Neat

530 ± 10 ps

140 ± 10 ps

Heterojunction

250 ± 10 ps

140 ± 10 ps

Neat

560 ± 10 ps

150 ± 10 ps

Heterojunction

235 ± 10 ps

130 ± 10 ps

Neat

345 ± 10 ps

75 ± 10 ps

Heterojunction

145 ± 10 ps

65 ± 10 ps

S9. PL transients of α-6T films at different excitation energy densities
As α-6T films have a large difference in absorption, which depends on the film thickness
and molecular orientation, different excitation energy densities are required to observe PL
signals. If the excitation energy densities is too high, other processes such as exciton–exciton
annihilation17, photo-stability and degradation18,19 can affect the PL signals. In all experiments
such excitation energy densities were adjusted to be equivalent of an exciton density of
~10

nm , or 1 exciton per ~55 nm (at most) in any linear dimension (see Table S5).

Therefore, with the ~50 nm diffusion length, the exciton–exciton annihilation was safely
avoided. No photodegradation was detected either.
To verify the calculations, we performed experiments of the PL intensity dependence on
the excitation energy density for all films with different molecular orientations; the
representative data for the neat mixed α-6T film is shown in Figure S9. No changes in PL decay
time for the energy density up to 12 nJ/cm were observed, as the calculations predicted. We
note, however, that at higher energy densities we did observe exciton–exciton annihilation
(Figure S14).
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Figure S9. PL transients of the mixed α-6T film with various excitation energy densities. Timeresolved PL transients of a 20-nm thick mixed α-6T film measured with various excitation energy
densities under 400 nm excitation. The transients were obtained by integrating the PL maps in the 520700 nm spectral window. The solid lines show the fits to a bi-exponential decay function convoluted to
the apparatus function. The average PL decay times are summarized in Table S4. The inset shows the
average PL decay time as a function of the excitation energy density.
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Table S4. Fitting parameters for PL transients of the mixed α-6T film at different excitation energy densities. Summary of the average decay times (using Eq.
S2 and S3) for the PL transients of a 20-nm mixed α-6T film measured with various excitation energy densities under 400 nm excitation.
Energy density

Mixed α-6T

1.2 nJ/cm

240 ± 25 ps

2.3 nJ/cm

230 ± 10 ps

4.6 nJ/cm

252 ± 10 ps

7.0 nJ/cm

256 ± 10 ps

11.6 nJ/cm

230 ± 10 ps

Table S5. Exciton density in the samples. Excitation spot diameter is 60 µm; excitation wavelength is 400 nm. The first raw indicates molecular packing, the second
row shows the film thickness.

Parameters

Standing α-6T

Lying α-6T

Mixed α-6T

20 nm

40 nm

70 nm

20 nm

40 nm

70 nm

20 nm

40 nm

70 nm

Power [µW]

20

6

40

1

0.4

0.4

20

1.5

0.75

Repetition rate [MHz]

2

2

76

2

2

2

76

2

2

Energy density (nJ/cm )

350

100

20

20

7

7

10

27

13

Absorption

0.05

0.09

0.15

0.38

0.61

0.81

0.24

0.42

0.62

Exciton density [nm ]
Average distance between
excitons [nm]

17 × 10
55

5.0 × 10
70

0.8 × 10
130

6.8 × 10
85

2.2 × 10
105

1.5 × 10
90

2.3 × 10
150

5.8 × 10
65

2.8 × 10
75
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S10. PL transients of α-6T films on various substrates
In this work, α-6T films were deposited on various substrates for a different set of
measurements: atomic force microscopy (on glass and ITO), absorption spectroscopy (on ITO)
and time-resolved PL spectroscopy (on quartz). Therefore, it is important to check effects of
the α-6T/substrate interface on exciton diffusion and quenching. Figure S10 shows PL
transients of 20-nm thick α-6T films with different molecular orientations deposited on quartz,
ITO and glass substrates.
For each molecular orientation, PL of α-6T films at various substrates decays quite
similarly. The slight difference in decay time is attributed to the change in film surface
roughness and/or morphology such as sizes of domains with different molecular orientations,
resulting in a different share of domain boundaries to quench excitons. Therefore, the effect of
different substrates on exciton diffusion and quenching can be regarded negligibly small.

Figure S10. PL transients of α-6T films on various substrates. Time-resolved PL transients of neat
standing (a), lying (b) and mixed (c) α-6T films on quartz (red), ITO (green) and glass (blue) substrates
under 400 nm excitation. The film thickness in all films is 20 nm. Note that a 2-nm CuI templating
interlayer is used in the lying α-6T films. The solid lines show the best fits to a bi-exponential decay
function convoluted to the apparatus function. The PL decay times are summarized in Table S6.
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Table S6. Fitting parameters for PL transients of α-6T films on various substrates. Summary of
decay times and amplitudes of the fits (using Eq. S2) for the PL transients of 20-nm standing, lying and
mixed α-6T films on different substrates. The average decay time is calculated using Eq. S3:
Molecular orientation

Standing α-6T

Lying α-6T

Mixed α-6T

Parameters

On Quartz

On ITO

On Glass

11 ± 1 ps

10 ± 1 ps

10 ± 1 ps

0.63

0.53

0.34

135 ± 10 ps

190 ± 20 ps

100 ± 15 ps

0.37

0.47

0.66

615 ± 15 ps

430 ± 30 ps

390 ± 20 ps

310 ± 15 ps

300 ± 30 ps

290 ± 20 ps

11 ± 1 ps

8 ± 1 ps

−

0.40

0.32

−

110 ± 10 ps

110 ± 10 ps

−

0.60

0.68

−

610 ± 10 ps

510 ± 10 ps

−

410 ± 10 ps

380 ± 10 ps

−

5 ± 1 ps

3 ± 1 ps

5 ± 1 ps

0.77

0.49

0.63

55 ± 10 ps

77 ± 10 ps

80 ± 10 ps

0.23

0.51

0.37

425 ± 10 ps

340 ± 15 ps

325 ± 10 ps

140 ± 10 ps

210 ± 15 ps

170 ± 10 ps
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S11. Exciton lifetime in standing and lying α-6T films
To obtain the intrinsic exciton lifetime in organic films, exciton quenching at the film
interfaces should be minimized. This is typically done, for instance, by measuring PL of the
thick films at which most excitons decay before reaching the film interfaces20. The indication
of this is that the PL decay time no longer increases upon increasing the film thicknesses and
therefore might be assigned to the exciton lifetime.
Figure S11a shows decay times of PL transients of neat standing and lying α-6T films
with the thickness between 20 and 70 nm. With the increase of the film thickness, the PL decay
time becomes longer, up to 0.95 ns for the 70-nm standing film. It seems that an even longer
PL time can be obtained with the films thicker than 70 nm. However, to maintain the right
molecular orientation the film thickness was limited to 70 nm in the standing films. Apparently,
70 nm is not sufficiently thick to obtain the intrinsic exciton lifetime directly; the only
conclusion, we can make, is that the exciton lifetime should be longer than 0.95 ns.

Average PL decay time (ns)

a

1.5
Standing -6T
Lying -6T

1.0

0.5

0.0
0

20

40

60

80

100

-6T thickness (nm)

Figure S11. Exciton lifetime in standing and lying α-6T films. a Average PL decay times of standing
(blue) and lying (green) α-6T films as a function of the thickness. b Time-resolved PL transients of lying
α-6T films with 20 nm (blue), 40 nm (green) and 70 nm (red) thicknesses. The solid lines show the best
fits to a bi-exponential decay function convoluted to the apparatus. The PL decay times are summarized
in Table S7. The inset shows a sketch of proposed molecular stacking in the 70-nm lying film, indicating
the presence of a mixed-orientation film on the top of the underneath lying film.
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Table S7. Fitting parameters for PL transients of lying α-6T films with different thicknesses.
Summary of decay times and amplitudes of the fits (using Eq. S2) for the PL transients of lying α-6T
films with the 20-nm, 40-nm and 70-nm thicknesses. The average decay time is calculated using Eq. S3:
Parameters

20 nm

40 nm

70 nm

15 ± 1 ps

11 ± 1 ps

11 ± 1 ps

0.51

0.42

0.58

85 ± 10 ps

160 ± 10 ps

80 ± 5 ps

0.49

0.58

0.42

510 ± 20 ps

845 ± 20 ps

390 ± 20 ps

290 ± 20 ps

560 ± 20 ps

210 ± 20 ps

Figure S11b shows PL transients of lying α-6T films with 20-nm, 40-nm and 70-nm
thicknesses. PL of the 70-nm lying film decays faster than that of the thinner films. This
indicates that, besides exciton quenching at film interfaces, excitons are strongly quenched in
the bulk of the film, leading to a significant decrease in the PL decay time in 70-nm lying film.
As discussed in the main text (See Chapter 2, Figure 2.1), PL of mixed-orientation films decays
faster than that of lying or standing films with the same thickness. Therefore, the lying
architecture should become disrupted by the standing domains thereby forming the mixed
phase. Indeed, the effect of the 2-nm CuI templating interlayer at the bottom weakens for thicker
films, leading to a formation of the layer with the mixed molecular orientation (the inset in
Figure S11b).
Therefore, we conclude that the molecular orientation for the lying film with a thickness
higher than 40 nm is no longer preserved. However, for the 20 and 40 nm lying films the exciton
lifetime follows that for the standing film. Therefore, we assume that the intrinsic exciton
lifetime does not depend on the molecular orientation, and a single value can be used for all
orientations. This value, however, still need to be deduced from modelling exciton quenching
at the α-6T/substrate interface.
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S12. PL transients of mixed α-6T films with different thicknesses
Figure S12 shows time-resolved PL transients of the mixed α-6T films with different
thicknesses. Dong et al.1 attributed the decrease in PL decay time to the exciton quenching at
boundaries of polycrystalline domains with different molecular orientations. This exciton
dissociation results in the faster PL decay in mixed films as compared to that of the films with
standing or lying molecular orientation.
Similarity of the transients with 40 nm and 70 nm thicknesses suggests that exciton
quenching at the α-6T/substrate interface is balanced by exciton dissociation at domain
boundaries more pronounced in the thicker film. This leads to a more favorable charge yield as
shown in Figure 2.3 of the main text (Chapter 2). Somewhat deteriorated quality of the fit at
20 nm thickness is attributed to the surface roughness with the RMS value of ~8 nm (Figure
S21), which is slightly higher than that of the lying and standing α-6T films. Therefore, the PL
of the mixed α-6T films displays more distinct bi-exponential decay than that of the lying and
standing α-6T films.

Figure S12. PL transients of mixed α-6T films with different thicknesses. a Time-resolved PL
transients (dots) of neat mixed α-6T films with 20-nm (blue), 40-nm (green) and 70-nm (red)
thicknesses. The solid lines show the results of KMC simulations, convoluted with the Gaussian
apparatus function with standard deviation

= 6 ps. b Sketches of molecular stacking in the mixed α-

6T film.
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S13. Are excitons trapped at domain boundaries?
From the KMC simulations (Section S16), we found that exciton quenched at domain
boundaries with an extremely small probability of 0.6% (for a 20-nm domain size) but they
cross the boundaries many times before dissociating (e.g., inter-domain charge transfer
excitons). However, there is another possible scenario that excitons are quenched at domain
boundaries with a probability closed to unity, but these quenched states are emissive and thus
contribute to PL of the mixed α-6T films. After some time, the excitons dissociate into charges
and therefore stop being emissive. To examine whether this is the case in the mixed α-6T films,
we compared PL transients of the neat α-6T and the heterojunction film with a 30-nm quenching
layer of C60 at the top.
Figure S13a shows time-resolved PL transients of neat 40-nm thick α-6T and α-6T/C60
heterojunction films, both with mixed α-6T orientation. If all excitons are quenched at the
domain boundaries, PL transients of both films should be similar because the trapped excitons
become immobile that therefore cannot reach the C60 layer. Clearly, this is not the case: the PL
transient of the mixed α-6T/C60 heterojunction film decays faster than that of the neat α-6T film
(150 ps vs. 350 ps). This result indicates that excitons are not quenched at domain boundaries
in mixed α-6T films but keep on travelling through domain interfaces.
To support this conclusion, we run KMC simulations (see Section S16 below) where the
excitons were allowed to be quenched (with the probability of unity) at the domain boundaries
and produced PL for a time

; all other parameters such as the exciton lifetime, exciton

hopping time, quenching probabilities at film interfaces and domain size were kept intact. First,
we determined

≅ 400 ps from the best fit to the neat 40-nm thick α-6T sample

(Figure S13a, light green line). Here, the excitons remain within one domain in which they were
initially placed (Figure S13b), Secondly, we calculated the PL transient for the heterojunction
film (Figure S13a, dark green line). As expected, there is a little difference between the two
transients which clearly contradicts the experimental results.
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Figure S13. Exciton mobility in the mixed-orientation films. a Time-resolved PL transients of 40nm thick mixed α-6T (open dots) and α-6T/C60 heterojunction (filled dots) films. The transients were
obtained by integrating the PL maps (see Figure S4) in the 520-700 nm spectral range. The red lines
show the results of KMC simulations with a low quenching probability of 0.6% at 20-nm domain
boundaries. The green lines show the results of KMC simulations of the neat mixed α-6T (light green)
and α-6T/C60 heterojunction (dark green) films, respectively, in the case of immobile excitons trapped
at the domain boundary. All results of KMC simulations are convoluted with the Gaussian apparatus
function. b Histogram of the exciton displacement in the mixed α-6T film for the model of immobile
excitons immediately trapped at the domain boundary. The red line indicates the mean value of the
exciton displacement.

As a complementary to PL transients, the high diffusivity of excitons in the mixed films
can be also demonstrated by exciton–exciton annihilation experiments21–23. With increasing the
exciton density, the distance between two individual excitons shortens. When this distance is
comparable to LD, excitons are likely to meet and annihilate, resulting in the acceleration of the
PL transient. The average inter-exciton distance ( ) in mixed α-6T films under laser
illumination with different powers can be calculated from Eq. S4 as follows:

=

where
power,

∙

∙

(Eq. S4)

1 − 10

is the area of the illumination spot,

is the laser repetition rate,

is the photon energy of the laser source, and

is the used excitation

is the optical density at the

excitation wavelength.
22

ESI of Chapter 2. Diffusion-Enhanced Exciton Dissociation in Single-Material Organic Solar Cells

Table S8. Summary of the parameters for the calculation of the average distance between two
excitons.

Parameters

Values
5.28 ∙ 10 nm
76 MHz
4.97 ∙ 10

J

8 − 8000 µW
0.42
6 – 200 nm
Figure S14 shows a dependence of the average PL decay time of the mixed α-6T film on
the average inter-exciton distance. The average decay time remains constant with the average
inter-exciton distance between 70 nm and 200 nm. However, when the average exciton distance
is reduced to below 70 nm, the decay time begins to decrease. The average inter-exciton
distance of 70 nm is equal to the sum of the diffusion lengths of two closest excitons in mixed
α-6T films (〈

〉 = 35 nm). Therefore, this result clearly demonstrates that the excitons retain

their diffusivity after passing domain boundaries in mixed films. If excitons had been quenched
and immobile at the domain boundaries, the decay time would not have been changed until the
threshold of photodegradation.
Finally, we note that the lowest energy density of ~5 µJ/cm used in transient absorption
spectroscopy in Reference 1, clearly falls into the exciton–exciton annihilation regime which
might explain the short decay/build-on times of ~70 ps obtained therein.
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Figure S14. Exciton–exciton annihilation in the mixed orientation film. Dependence of the average
PL decay time on the average exciton distance. The average PL decay times were obtained from the fits
of the PL transients of a 70-nm thick mixed α-6T film with different excitation energy densities. The
average exciton distance ( ) was calculated from Eq. S4 with parameters summarized in Table S8. The
red and green dashed lines depict the onsets for the excitation energy density of photodegradation and
exciton–exciton annihilation, respectively. The threshold for photodegradation was assigned to the
excitation energy density at which the initial PL decay is no longer recovered after having experienced
illumination.

S14. Mean PL energy of neat α-6T films
Figure S15 shows the mean PL energies of 40-nm thick α-6T films with different
molecular orientations. PL of all films maintains similar mean PL energy of ~2.085 eV with
standard deviation of 4 meV in the 0 − 0.5 ns range. This corroborates the value of 6 meV
derived from the temperature-dependent PL measurements16 and also indicates that energetic
disorder is negligibly low at room temperature. Therefore, there are no effects of exciton
cooling due to relaxation to lower energetic states24,25 in the samples used.
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Figure S15. Mean PL energies of 40-nm neat α-6T films with various molecular orientations. The
mean energies were calculated as ∫

( , )

⁄∫ ( , )

of spectral slices ( , ) at a particular

time (from the PL maps).

S15. Calculations of energy of dipole-dipole coupling in different molecular stackings
The transition dipole moment in isolated α-6T molecules consists of two components with
directions along to the molecular axis (L) and orthogonal to molecular axis (M)26,27 (as sketched
in Figure S16a). However, the component along the molecular axis is much stronger than the
orthogonal one10, and therefore the transition dipole moment of an isolated α-6T molecule can
be simplified as directed along to the molecular axis.

a

b

Figure S16. Transition dipole moments and the crystallographic unit cell of α-6T. a Representation
of the transition dipole moments (colorful arrows) of the isolated α-6T. b Sketch of the α-6T unit cell.
Reproduced from Reference 27 with permission. Copyright (2021) American Chemical Society.

25

ESI of Chapter 2. Diffusion-Enhanced Exciton Dissociation in Single-Material Organic Solar Cells

The dipole-dipole interaction energy E between two dipoles of a donor (D) and (A)
depends (among other parameters) on their distance r and orientation factor Ƙ between the
transition dipole moments of D and A as the following relation:28
~

Ƙ

(Eq. S5)

The orientation factor Ƙ is calculated as follows:
Ƙ = (cos
where

− 3cos

cos

)

(Eq. S6)

is the angle between the transition dipole moments of D and A;

and

are the

angles of the transition dipole moments of D and A with respect to the line joining them,
respectively. The transition dipole moments of α-6T molecules in the unit cell are parallel to
one another29, resulting in

= 0. Therefore, only

and

affect the calculation of the

orientation factor and subsequently the energy coupling.
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a

b

c

Figure S17. Schematics of molecular orientations. (a and b columns) Sketches of molecular stacking
in a-axis (top panel), b-axis (middle panel) and c-axis (bottom panel) dimensions from the side view
(sketched on the basis of data in Reference 27). The open and filled rectangles represent the molecule
and its adjacent molecules in lateral dimensions, respectively. The green and blue arrows represent the
molecular stacking direction and hopping steps of excitons (red dots), respectively. (c column)
Orientations of the two adjacent transition dipole moments (colorful arrows) in a-axis (top panel), baxis (middle panel) and c-axis (bottom panel) dimensions.

Figure S17 sketches of molecular stacking and orientation of the transition dipole
moments in three different axes (a, b, c) of the unit cell. Values of

(or

) in a, b and c
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dimensions are determined as 23.5, 60 and 90o, respectively17. The geometrical factors in
energy coupling between two adjacent molecules in a, b and c axes are summarized in Table S9.
The results indicate that the energy coupling between two adjacent molecules in the long-axis
molecular stacking (a axis) is much weaker than that in the herringbone molecular stacking (b
and c axes). Meanwhile, the energy coupling in the b axis is similar to that in the c-axis
dimension. Therefore, for KMC simulations, the unknown hopping time (or rate) of excitons
between molecules in the c-axis dimension can be set similar to that in the b-axis dimension.
Table S9. Summary of the parameters for different dimensions of the unit cell.

Parameters
Unit cell parameter

Ƙ
r
Geometrical factor
in |E|

Molecular stacking directions

References

a

b

c

44.708 Å

7.851 Å

6.029 Å

27

0

0

0

-

23.5o

65o

90o

-

23.5o

65o

90o

-

-1.52

0.46

1

27,30

2.24 nm

0.495 nm

0.6 nm

0.14

4.0

4.6

-

S16. Details of kinetic Monte-Carlo (KMC) simulations
S16.1. General information of KMC simulations
KMC simulations were based on a stochastic random walk model. The α-6T film was
approximated as a three-dimensional (X, Y, Z) grid, consisting of periodic cubic unit cells. For
the simulation of the mixed films, the alternated cubic domains of identical sizes of “lying” and
“standing” molecular orientations were introduced. As the mean PL energy for neat α-6T films
with various molecular orientations remains constant in time (see Figure S15), energetic
disorder24,25 is weak and therefore is not included in KMC simulations.
When the simulation run started, excitons were created in the grid with a probability
proportional to the intensity of the optical electric field in the layer, which was obtained from
transfer matrix calculations (see Section S16.4). The excitons might either randomly hop to one
of the six closest neighboring sites within a certain hopping time, or decay according to the
exciton lifetime

. Excitons were reflected back to the grid from the interface facing the air.

Excitons are quenched (i). with a probability

when reaching the α-6T interface facing

the substrate, (ii). with a 100% probability when they reached the top C60 layer (if any), or (iii).
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with a probability

when they cross the domain boundary. If the exciton decayed or was

quenched, it was removed from the grid. The simulation run continued until the last surviving
exciton. By tracking the total number of excitons present in the grid at the given time, a KMC
simulated PL transient was calculated.
The KMC simulation was performed first in the standing and lying films with input
parameters of

,

, site-to-site hopping time

and the film thickness d. Simulated

transients of samples with different film thicknesses were obtained and used to fit the
corresponding experimental PL transients. When all experimental PL transients were fitted,
and

,

in two prime directions were extracted. Then, the KMC simulation was

performed in the mixed α-6T films where

,

and

kept intact. Finally, when all

experimental PL transients of the mixed films were fitted with

as the only fitting

parameter.
S16.2. One-dimensional exciton diffusion
To extract exciton diffusion parameters in α-6T films with standing and lying molecular
orientations we used a surface PL quenching method31–33. The method requires a set of samples
of different film thicknesses with an exciton quenching layer at the film interface20,31,34. In this
way, the exciton diffusion process probed is a one-dimensional one. Therefore, films with
standing and lying orientations will independently provide diffusion coefficients along different
directions of molecular packing. We fabricated α-6T films with various thicknesses on quartz
substrates; as an exciton quencher, a C60 layer was deposited at the top.
Figures S18c,d show time-resolved PL transients of the standing and lying α-6T films
with different thicknesses. The transients from the films of equal thicknesses are quite similar
for either molecular packing. Increased bi-exponentiality of the transients as the thickness
decreased is attributed to the surface roughness of the films (see Section S17) which becomes
more important for the thinner films. For the lying α-6T films with the thickness above 40 nm,
the molecular orientation and packing is no longer preserved, which leads to a drop of the PL
decay time (see Section S11).
In general, the PL decay time is not expected to be dependent on film thickness, unless
there is exciton quenching at interfaces which results in the decrease of the decay time with the
decrease of the thickness. As Figures S18c,d evidence, this is exactly the case so that exciton
quenching occurs at the α-6T/air or α-6T/substrate interface (or both). As all samples were
encapsulated in nitrogen environment, the exciton quenching at the α-6T/air interface due to
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oxygen and/or moisture35 in ambient environment is negligibly low31,36,37. Therefore, we
assumed that in neat α-6T films excitons are mainly quenched at the α-6T/substrate interface.

a

b

Figure S18. Exciton diffusion and dissociation in standing and lying α-6T films. a, b Sketches of
molecular stacking of standing (a) and lying (b) α-6T films. The curved arrows represent hopping steps
of the exciton (red) between two adjacent molecules toward the quenching layer. c, d Time-resolved PL
transients of the standing (c) and lying (d) α-6T films of 20-nm (square dots) and 40-nm (circle dots)
thicknesses. The open and filled dots shows the transients of the neat α-6T and α-6T/C60 heterojunction
films, respectively. The solid lines show the results of KMC simulations, convoluted with the Gaussian
apparatus function with standard deviation

= 6 ps. For the sake of clarity, the transients of 40-nm

thick α-6T films are multiplied by 10.

As expected, depositing a C60 quenching layer at the top accelerates the PL transients
because the excitons which have diffused to this layer are quenched and therefore lost for PL.
Interestingly, the effect of exciton quenching in standing and lying α-6T films is quite similar
despite the fact that in the former case the exciton should pass fewer molecular layers because
of the large aspect ratio of the α-6T molecule. This suggests a balance between the distance
along the molecular stacking and the exciton hopping rate which depends on the dipole-dipole
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coupling (see Section S15). Similar results have also been previously reported for zinc
phthalocyanine38 and rubrene39.
To obtain exciton hopping times (rates) in different dimensions of α-6T packing, KMC
simulations of exciton diffusion and quenching were applied to the standing and lying α-6T
films. The KMC simulations of exciton diffusion in organic semiconductor materials40–42
require the intrinsic exciton lifetime ( ) as an input parameter43–45. It is however impossible to
accurately measure

due to morphological instabilities at large film thicknesses (see

Section S17); nevertheless, a lower estimate of

> 0.95 ns was obtained directly from the

experimental data (see Figure S11a). In the simulations, we use
together with the site-to-site hopping time
6T/substrate interface

as a fitting parameter,

and the quenching probability at the α-

. The probability of the exciton quenching at the α-6T/C60

interface in the heterojunction films was set to unity.
The KMC simulations for PL transients of thicker α-6T films using the parameters as
determined above, yield quite satisfactory results (Figure S18c,d) proving the adequateness of
the simple diffusion model applied. The correspondence of KMC simulations and experimental
data somehow deteriorates for the thinnest films. This can be explained by effects related to
film morphology, including molecular orientation and sizes of crystalline grains, which differ
at the very thin film thicknesses. At the lowest thickness (20 nm films), α-6T films grow as
crystalline grains with various sizes with possible defects such as lattice mismatches and voids
between the grains.3,46 These defects might act as exciton quenchers, which reduce the PL decay
time and thereby leads to bi-exponential PL transients. With increasing film thickness, the
grains expand in lateral dimensions filling up voids and re-arranging molecules to form the
well-ordered film. As the KMC model does not take such defects into account, the simulations
of the PL transients of thinner α-6T films do not describe experimental data as good as for the
thicker films.
From the best global fits of all PL transients available (Figure S18c,d and Figures 2.1d,e
in the main text), we obtained

= 1.2 ± 0.2 ns and

in the a-axis dimension was determined as
longer than that in the b-axis dimension (

= 5 ± 2%. The hopping time

= 1.25 ± 0.1 ps, which is a factor of ~14 times
= 0.09 ± 0.02 ps). This result is in good

agreement with the coupling energy between two adjacent molecules in the a- and b-axis
dimensions (see Section S15).
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S16.3. Diffusion parameters for mixed molecular orientations
To obtain the probability of exciton dissociation at a domain boundary, we performed the
KMC simulations for the mixed α-6T films. The grid size in the X and Y dimensions was set at
200 points with a periodic boundary condition (i.e., if the exciton leaves one side of the grid, it
will appear from the opposite side). The number of the grid point in the Z dimension was
directly proportional to the film thickness, 1 point = 1 nm. The total number of excitons created
was smaller than 10

of the total number of grid points (i.e., 1 exciton in ~50 linear grid points)

to avoid exciton–exciton annihilation (which was not introduced into the simulations). To
account for the molecular aspect ratio, at the end of the simulation run the hopping times were
rescaled according to the relation47:
1

= 2D

2

(Eq. S7)

where D is the one-dimensional exciton diffusion coefficient and

is the exciton hopping

distance (i.e., the distance between the molecules).
The potential problem in simulation of the mixed-orientation films is that the hopping
distance between two adjacent molecules in the standing molecular packing direction is much
larger (~4.5 folds) than that in the lying molecular packing direction. This leads to an issue of
the lattice mismatch at boundaries between domains with different molecular orientations.
However, as the diffusion coefficients in the two directions are quite similar (see Section S15),
the lattice mismatch issue can be circumvented by considering the same cubic grid divided into
the regions assigned to “lying” and “standing” molecular packing. Of course, one should keep
in mind that the unit cell does not any longer represent a molecule.
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Table S10. Parameters of KMC simulations for lying, standing and mixed-orientation α-6T films.

Parameters

Film thickness (nm)
Constant
input

Hopping distance (nm)
Domain size (nm)

α-6T samples
Standing

Hopping time in the
molecular stacking
direction (ps per site)

Mixed

Sources

Quartz crystal microbalance
(sample preparation,
20 , 40, 70
Sections S1.1 and S2)

20 , 40, 70

20 , 40

2.24

0.495

1(a)

Crystallographic unit cell
(Section S15)

−

−

20

X-ray diffraction
data1,46,48

1.2 ± 0.2

Exciton lifetime (ns)
Input for
iterative
fitting

Lying

Fitting parameter

1.25 ± 0.1

0.09
± 0.02

0.3 ± 0.02

Fitting parameter

5 ± 2%

5 ± 2%

5 ± 2%

Fitting parameter

−

−

0.6 ± 0.2%

Fitting parameter

Diffusion coefficient
(nm ps )

2 ± 0.2

1.4 ± 0.4

1.6(b)

Eq. S7

1D diffusion length (nm)

28 ± 2

23 ± 2

−

Histogram of 1D exciton
displacements (Figure S20)

3D diffusion length (nm)

48.5

40

35 ± 5(c)

Histogram of 3D exciton
displacements
(Figure S21)

−

−

60 (130(d))

Histogram of boundary
crossings (Section S16.6)

Output

Number of boundary
crossings
(a)

Note that that the unit cell does not any longer represent a molecule (see above text).

(b)

Mean value of diffusion coefficients into three dimensions.

(c)

The value is lower than that for the standing and lying molecular orientations because the exciton lifetime is
reduced due to exciton dissociation at the domain boundaries.

(d)

The number in parentheses shows the value obtained from the simulation with the domain size of 10 nm.
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S16.4. Longitudinal excitation intensity distribution
Figure S19 shows a representative optical field distribution at 400 nm, which is obtained
from a transfer matrix calculation, and the distribution of 70,000 initial excitons in a 70-nm
standing α-6T film. The distribution of the initial excitons matches well with the optical
distribution in the α-6T film, indicating that reflection and interference effects are taken into
account in the KMC simulations. We calculated similar distribution for each sample and used
them in the corresponding KMC simulations. We note however that using a flat intensity profile
(as opposed to the one shown in Figure S19), did not result in any substantial changes in the
simulated PL transients. A similar observation in regard to the excitation intensity profile was
also made previously20.

Optical field distribution
Distribution of initial excitons
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0
0
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Distance from substrate (nm)
Figure S19. Longitudinal excitation intensity distribution. A representative optical field distribution
at the 400 nm excitation wavelength (blue curve) and a KMC distribution of 70,000 initial excitons (red
dots) in a standing α-6T film with a 70-nm thickness. The optical field distribution at 400 nm was
obtained from the transfer-matrix calculation.
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S16.5. Histograms of exciton displacements
To extract the mean diffusion length 〈

〉, the grid size in the Z dimension was increased

until the effect of surface quenching became negligibly small (typically, 400 nm) so that the
excitons decayed with their intrinsic lifetime. The coordinates of initial and final positions of
an exciton were used to calculate the root-mean-square displacement. With a sufficiently large
number of excitons (>150,000 excitons), a histogram of the distribution of the exciton
displacement was obtained and the 〈

〉 is extracted as the mean value of the root-mean-square

displacement.
Figure S20 shows histograms of displacements of the exciton decaying with

= 1.2 ns

in the standing and lying molecular orientations. The one-dimensional (1D) exciton diffusion
lengths 〈

〉 in standing and lying molecular packings are extracted as the mean values of the

displacement in a- and b-dimensions, respectively.

Figure S20. One-dimensional exciton diffusion. Histograms of one-dimensional (along the z-axis)
displacements of the excitons for standing (a) and lying (b) molecular orientations. The 1D exciton
diffusion length 〈

〉 (indicated next to the histograms) is calculated as the mean value of the

displacements. The insets show representations of the KMC simulation grids for corresponding films.
The bin sizes in the horizontal axis of a and b are set equal to the hopping distances of 2.24 nm and
0.495 nm, respectively.
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Figure S21 shows histograms of displacements of the exciton decaying with
in films with standing and lying orientation. The 3D exciton diffusion length 〈

= 1.2 ns

〉 is extracted

as the mean value of the displacement in 3 dimensions. It was determined as of 50 ± 5 nm for
both standing and lying α-6T films. Due to exciton quenching at the domain boundaries in the
mixed film, the 〈

〉 of α-6T is shortened to 35 ± 5 nm.

Figure S21. Three-dimensional exciton diffusion. Histograms of the exciton displacement in the
mixed α-6T film (a) and in the α-6T film without quenching at the domain (b). The 3D exciton diffusion
length 〈

〉 is calculated as the mean value of the displacements (as indicated next to the histogram).

The insets show schematics of the KMC simulation grid. The domain size is set at 20 nm. The bin sizes
in the horizontal axes are set to 1 nm.

S16.6. Number of domain boundary crossings
To calculate the number of domain boundary crossings, we planted 8000 excitons into
the grid and calculated the share of excitons which crossed the boundaries N times
(Figure S22a). The resulting histograms are shown in Figure S22b, for two domain sizes of
10 nm and 20 nm in a 40-nm thick film. The histograms were fitted to an exponential
distribution,

=

/

, where

is the mean number of domain boundary crossings.
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Figure S22. Domain boundary crossings. a 3D diffusion pathway of a representative exciton in mixed
α-6T films (domain size 20 nm). The green, orange and blue marks indicate the projections of the
crossing points of the domain boundaries at XZ, YX and ZY planes, respectively. Times from exciton
creation (red dot) are shown along the exciton trajectory in the rectangular boxes. b Histogram of the
share of domain boundaries where an exciton crosses with the domain sizes of 10 nm (green dots) and
=

20 nm (blue dots) in a 40-nm thick film. The solid lines show the fits to an exponential function,
/

with

= 130 and

= 60 for the histograms for 10 nm and 20 nm domain sizes, respectively.

S17. AFM images of α-6T films
Figure S23 shows topographic profiles (AFM images) of standing and lying α-6T films
which have quite a similar roughness of 3‒6 nm. However, the AFM image exhibits grains with
dendritic-like textures in the standing films and ribbon-like textures (~100 nm in width and
~200 nm in length) in the lying film. The difference in texture of the films can be attributed to
different molecular orientations while growing α-6T films. Indeed, it has been reported that
needle-like (dendritic-like) structures of α-6T thin-films on mica mostly contain lying
(standing) α-6T molecules, whereas island-like structures consist of both standing and lying α6T molecules49,50. The ribbon-like textures in the lying film are quite similar to the needle-like
structures of α-6T films on mica but shorter in length. This is likely due to weaker templating
effects of the 2-nm CuI interlayer as compared to mica. Therefore, we can conclude that the
surface topography profiles such dendritic-like and ribbon-like textures in standing and lying
films, respectively, confirm the desired molecular orientation of α-6T in the films.
From height histograms and cross-sections of AFM images, an average height and lateral
size, respectively, of grains can be estimated. The average grain height for standing and lying
films is quite similar at ~5 nm (from the standard deviation of the Gaussian distribution).
However, the lateral size of grains in the standing films is estimated between about 200 and
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300 nm, which is larger than that in the lying film (~50‒100 nm). This can be explained as
follows: when growing the standing film, molecules gaining thermal energy (from the heated
substrate) become mobile and have more freedom to form densely packed films as compared
to those in the lying film, which is deposited at room temperature. This results in a strong lateral
growth and in filling underneath layers before growing a new monolayer.
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Figure S23. AFM analysis of the standing and lying α-6T films. AFM images (top panel), height
histograms (middle panel) and cross-sections (bottom panel) of 20-nm (a) and 70-nm (b) standing and
70-nm lying (c) α-6T films on ITO substrates. The size of all AFM images is 5 µm x 5 µm. The rootmean-square (RMS) roughness is shown in the top-right corner of each image. In the histograms, the
zero position of the height is set at the average height of the image. The black curves show the fits to
the Gaussian function of the height histograms for corresponding films with the standard deviation σ.
The cross-sections were taken in lateral directions at the positions indicated as colored solid lines.
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Figure S24 shows surface topographic profiles of mixed α-6T films with 20 nm, 40 nm
and 70 nm thicknesses. AFM images exhibit rounded-shape grains with a roughness of ~68 nm. This texture is in a good agreement with the α-6T films on mica at which the film’s
surface exhibits island-like structures due to coexistence of both standing and lying molecular
orientations49,50. Hence, the surface topography profiles further confirm the molecular
orientation in the mixed α-6T films. The average grain height slightly increases from the 20 nm
film to the 40 nm film and maintains a similar value (σ ≈ 7 nm) for the 70-nm film. The lateral
size of grains in mixed films is similar to that of the lying film (~50‒100 nm).
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Figure S24. AFM analysis of the mixed α-6T films. AFM images (top panel), height histograms
(middle panel) and cross-sections (bottom panel) of mixed α-6T films with 20 nm (a), 40 nm (b) and 70
nm (c) thicknesses on glass substrates. The size of all AFM images is 1 µm x 1 µm. The root-meansquare (RMS) roughness is shown in the top-right corner of each image. In the histograms, the zero
position of the height is set at the average height of the image. The black curves show the fits to the
Gaussian function of the height histograms for corresponding films with the standard deviation σ. The
cross-sections were taken in lateral directions at the positions indicated as colored solid lines.

The surface roughness accounts for bi-exponentiality of the PL transient as follows. The
early (later) time component causes exciton diffusion toward the α-6T/air interface with a
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shorter (longer) distance, for example, towards a valley (peak) of the surface. The ratio of the
RMS roughness and the film thickness is ~2 times higher for the 20-nm film than for the 70nm film; and therefore, the rough α-6T/air interface of the 20-nm film has more impact on
exciton quenching than that of the 70-nm film. Therefore, the PL decays become more biexponential for the thinner films. The bi-exponential PL decays are even more pronounced for
the α-6T/C60 heterojunction films. This is due to a higher quenching probability at the α-6T/C60
interface than at the α-6T/air interface, magnifying the exciton quenching at the α-6T/C60
interface.
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