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ABSTRACT

The energy band structure provides crucial information on charge transport behaviour in organic
semiconductors, such as effective mass, transfer integrals, and electron-phonon coupling. Despite the
discovery of the valence (the highest occupied molecular orbital (HOMO)) band structure in 1990s,
the conduction band (the lowest unoccupied molecular orbital (LUMO)) has not been experimentally
observed. In this work, we employ angle-resolved low-energy inverse photoelectron spectroscopy to
reveal the LUMO band structure of pentacene, a prototypical high-mobility organic semiconductor.
The derived transfer integrals and bandwidths from the LUMO are substantially smaller than those
predicted by density functional theory calculations. To reproduce this bandwidth reduction, we
propose an improved (partially dressed) polaron model that accounts for the electron-intramolecular
vibrational interaction with frequency-dependent coupling constants based on Debye relaxation. This
model quantitatively reproduces not only the transfer integrals, but also the temperature-dependent
HOMO and LUMO bandwidths, and the hole and electron mobilities. The present results demonstrate

that electron mobility in high mobility organic semiconductors is indeed limited by polaron formation.
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Semiconductor devices that use organic materials exhibit unique physical properties such as light
weight, printability, and flexibility. These properties originate in the fact that organic semiconductors
are composed of molecules bound by weak intermolecular interactions such as van der Waals forces.
The weak intermolecular interactions result in unique charge transport mechanisms. Generally, the
localized carriers travel incoherently by hopping from one molecule to another in organic
semiconductors. Conversely, some organic semiconductors with carrier mobility exceeding ca. 1 cm?
V-1s! show band-like transport as evidenced by the temperature-dependent mobility!, the Hall effect®”
4 electron spin resonance (ESR)>*, and ultraviolet photoelectron spectroscopy (UPS)®. However, the
standard band model developed for conventional semiconductors such as Si, Ge, or GaAs does not
adequately describe the charge transport in organic semiconductors because the electron-phonon
interaction (this term includes both the hole-phonon and electron-phonon interactions) plays a central

role in the charge transport mechanism’ 4,

The electron-phonon interaction affecting the charge transport in an organic semiconductor has been
discussed from two perspectives. One is the modulation of the intermolecular electronic coupling
(transfer integral) by the intermolecular vibration called the dynamic disorder!. The other is the
stabilization of the charge carrier by the deformation of the on-site molecule and lattice '*!7. Such a
quasi-particle dressed with the deformation of the molecule and lattice is called a polaron. In organic
semiconductors, the energies of the transfer integral, the intramolecular vibration, and the electron-
vibration (phonon) coupling constant are around 100 meV, which are comparable and compete with
each other. Any subtle changes of these key parameters would cause a drastic change in the appearance
of the physical properties. Furthermore, the similarity in magnitude of these energy parameters makes
theoretical analysis difficult. Thus, the polaron formation in high-mobility organic semiconductors has

been intensely debated!>!®. The experimental demonstration of the polaron formation is highly awaited.

Experimentally, the polaron formation can be observed as the narrowing of the bandwidth!”. The
temperature dependence of the width of the highest occupied molecular orbital (HOMO)-derived
occupied band (referred to as HOMO band, hereinafter) observed by angle-resolved ultraviolet
photoelectron spectroscopy (ARUPS) should provide evidence of the polaron formation 72!,
Unfortunately, an attempt to demonstrate the polaron formation on the basis of the temperature
dependence of the HOMO bandwidth 2° failed because the bandwidth is also affected by the thermal

expansion of the crystal®%. So far, the polaron formation has never been experimentally proved.



Because the electron-phonon coupling constants are different between the hole (HOMO) and the
electron (lowest unoccupied molecular orbital; LUMO)?, we anticipate that the different behavior of
the HOMO and LUMO bandwidths will provide evidence of the polaron formation. Whereas the
HOMO band structure has been examined using energy-dependent UPS or ARUPS since the 1990s°,
the LUMO-derived unoccupied band (LUMO band) structure has never been observed. The
unoccupied states can be observed by inverse photoelectron spectroscopy (IPES). The unoccupied
LUMO energy of organic materials without momentum resolution has been measured by IPES for
more than three decades by several groups**?°. To observe the LUMO (conduction) band structure, a
set of IPES spectra are measured as a function of the electron incident angle. This experimental method
is called angle-resolved inverse photoelectron spectroscopy (ARIPES)*. For organic semiconductors,
however, even IPES measurements without angular resolution have been very difficult because of
serious sample damage owing to electron bombardment. The ARIPES measurement of organic
semiconductors is practically impossible because it requires measurements of several to a few tens
IPES spectra with varying electron incident angles. In 2012, we invented low-energy inverse
photoelectron spectroscopy (LEIPS) to examine the unoccupied levels of organic materials without
sample damage®'*. Since then, we have been making efforts to realize angular resolution with LEIPS.

Our hard work has led to the development of an angle-resolved LEIPS (AR-LEIPS), the schematic

diagram of which is shown in Figure S1.

In this work, we report the LUMO band structure of organic semiconductors using AR-LEIPS. We
choose the thin-film phase of pentacene™ as the sample for this study. Pentacene is a prototypical high-
mobility organic semiconductor. Among several polymorphs of pentacene, the thin-film phase is
extensively studied as an active layer of organic thin-film transistors. Furthermore, both the HOMO
and the LUMO of pentacene are composed of m-orbitals and have similar spatial extensions leading to
similar HOMO and LUMO band structures®*. Thus, pentacene is an ideal system to discuss polaron
formation from the difference/similarity between HOMO and LUMO. We find that the observed
LUMO bandwidth is appreciably narrowed compared with the HOMO bandwidth. To reproduce the
observed HOMO and LUMO bandwidths, we propose the “partially dressed” polaron model that

accounts for the coupling between the electron and the low-frequency intramolecular vibrational mode.

Conduction (LUMO) band structure

Figure 1(a) shows the AR-LEIPS spectra of a 20-nm-thick pentacene film on SiO2/Si measured from

60 = 0° to 25°(see Supplementary Information S2 for the film preparation conditions). At electron
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incident angle &= 0° (corresponding to the /-point), the spectrum has a peak at 3.02 eV and a shoulder
at 2.60 eV, which is clearly shown in the negative second derivative of the spectrum in Figure 1(b).
The crystal structures along the ab-plane in the real and reciprocal spaces examined in the present
work are shown in Figures 1(c) and (d), respectively. We assigned these two features to the two sub-
bands originating from the splitting of the LUMO band owing to the two inequivalent molecules in the
unit cell**. We then applied this analysis to determine the components indicated by the red bars in
Figure 1. From the obtained peak energies, we acquired the LUMO band structure (E-k/ dispersion

relation), as depicted in Figure 2(a). Electron incident angle € was transformed into the wavenumber
parallel to sample surface 4 using the relation hky = /2mE), sin 8, where Ex refers to the kinetic

energy of the incident electron.

The pentacene thin-film phase grown on an amorphous SiO: surface is polycrystalline with the
pentacene crystal uniaxially oriented along the c*-axis®®. Thus, the observed LUMO bands should be
a superposition of the bands measured at various azimuth angles in the ab-plane. However, the
observed band structure shows good agreement with the calculated band structure (Figure 2(b))*,
particularly with the band along the 7-Y direction. This finding seems similar to the ARUPS spectra
of azimuthally disordered layered materials where the signal from the high-symmetry point is

highlighted33¢,

We simulated the azimuth-angle integrated AR-LEIPS spectrum of the pentacene thin-film phase for
comparison with the experimental result. As the pentacene thin-film phase contains two inequivalent
molecules in the unit cell, band structure £(K) is described by the tight-binding model with the transfer

integrals between equivalent molecules # and those between inequivalent molecules ¢ expressed as**

1/2

2

2

E(k)=E, +Ztl-cos(k-r,-)ir EZthcos(k-rj)] +(%) ’ (1)
i J

where ri and rj signify the positions of the equivalent and inequivalent sites, respectively. Eo is the
offset energy, and A accounts for the difference in energy between the two inequivalent sites. We
demonstrated that the band structure of the pentacene thin-film phase can precisely be reproduced by
Equation 1 with only the three transfer integrals #1, >, and #; in Figure 1(c)*. In this work, we first

optimized the crystal structure on the basis of density functional theory (DFT)?’ with the vdW-DF2
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functional®® (Supplementary Information S3). Then we calculated bare transfer integrals t? by the
maximally localized Wannier functions (MLWFs)*® for the crystal structure (Supplementary
Information S4). As listed in Table 1, the agreement between the transfer integrals reported in Ref. 3*
and the present values calculated by the state-of-the-art method means that the transfer integrals
obtained by DFT calculations are not dependent on the calculation method. Using calculated transfer
integrals #1, £2, and 3, we simulated the azimuth-angle integrated AR-LEIPS spectrum in Figure 2(b).

The band dispersions along the high-symmetry points /-X and 7-Y are indeed highlighted.

Overall, the features of the experimental band structure are well reproduced by this simulation.
However, the observed bandwidth is appreciably smaller than that calculated by the DFT. Thus, we
attempted to fit the band structure calculated by Equation 1 to the experimental one (see Supplementary
Information S5). We optimized the transfer integrals (Figure S5) and simulated azimuth-angle
integrated band structure E(k/,) in Figure 2(a), which excellently reproduced the experimental band
structure. From the best-fit result, we obtained the experimental transfer integrals #,** = 25 + 5 meV
and (7P + ) =110+ 10 meV. As £°* and 1°*P are mutually dependent, it was difficult to determine
their values. The obtained transfer integrals are a factor of 0.6 to 0.7 smaller than those calculated by
DFT (Table 1). From the Equation 1 and the transfer integrals, we estimated the effective mass for
electron m" to be 2.4 = 0.1 my along the ky direction, and 4.6 m for the direction averaged value, where

my refers to the electron rest mass (see Supplementary Information S6).
Partially dressed polaron model

The LUMO band structure splits into two sub-bands owing to the two inequivalent molecules in the
unit cell. Specifically, in the pentacene thin-film phase, the largest energy split emerges at the /-point
(Figure 2(b)). This means that the total bandwidth can be obtained as the energy split at the /-point
(Figure 2(a)). In this case, the bandwidth was found to be 440 meV which is a factor of 0.7 smaller
than the bandwidth of 620 meV obtained by DFT (Table 1). The inclusion of the GW correction only
slightly broadens the bandwidth***!, meaning that the DFT calculation accurately accounts for the
electronic parts of the intermolecular interactions. Note that the experimental HOMO bandwidth is a
factor of 0.8 smaller than that of DFT result (see Supplementary Information S7). As the DFT
calculation does not include the electron-phonon interaction, we anticipated that the bandwidth
narrowing is due to the electron-phonon interaction. The electron-phonon interaction has been

discussed from the stabilization of charge carrier by molecule/lattice deformation (the polaron
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model'”*?) and the modulation of the transfer integral by the intermolecular vibration (the dynamic
disorder model®!>!>1843) " The latter predicts not the bandwidth narrowing but the linewidth
broadening'®. Therefore, we calculated the bandwidth narrowing at first using the conventional polaron
model'”. Here we only consider the intramolecular vibrational mode because the intermolecular
vibration is too slow to form the polaron, as discussed later. The charge carrier dressed by the
intramolecular distortion cloud consequently leads to the renormalization of bare transfer integral £°!”.

The renormalized transfer integral is given by
7% = t?exp{—Zu + 2Nl>(gl)2}, 2)
!

where N; and g; represent the phonon number of the /-th intramolecular vibrational mode with
frequency w; and the coupling constant given by g, = \/4,/2hw;, respectively'’. Renormalization

factor tP°' /t? is proportional to the narrowing ratio of the polaron bandwidth to the bare bandwidth if

the tight-binding approximation is applicable, which is usually the case in organic semiconductors.

In previous studies, only the high-frequency intramolecular vibrational modes (e.g., 1360 cm™!) were

taken into account!'®**

, and often one mode was calculated to represent these high-frequency modes.
This simplification may hold as far as the hole in the HOMO band is concerned. However, the electron
(LUMO band) couples with the low-frequency intramolecular vibrational mode at 254 cm™ as shown
in Figure 3(a). We reproduced the different HOMO/LUMO renormalization factors (see Table S5)
only when we included this low-frequency vibrational mode. We calculated the renormalization factors
to be 0.29 for the LUMO band and 0.70 for the HOMO band at 300 K. While the HOMO bandwidth
is reasonable, the predicted LUMO transfer integrals (Table 1) and bandwidth (174 meV, Figure 3(c))

are too small compared with the respective experimental values.

The conventional polaron model (Eq. 2) assumes that the vibrational period (1) is sufficiently
shorter than the movement of the charge carrier (Bloch-wave formation time //t°). Actually, the period
of high-frequency molecular-vibrational modes around 1360 cm™! is ca. 20 fs, which is shorter than
the Bloch-wave formation time of 50 to 100 fs. In contrast, the vibrational period of 130 fs for the low-
frequency mode at 254 cm™ is comparable to the Bloch-wave formation time. This means that the
molecular motion of the low-frequency mode is too slow to fully dress the charge carrier and should

only partially affect the polaron formation. We call this polaron where the charge carrier is interacting



with the molecule in the middle of deformation toward the stable ionic structure, the “partially dressed
polaron”. To account for the partially dressed polaron formation, we employed the formula generally
used to describe the frequency-dependent dielectric response (see Supplementary Information S8 for

details). Equation 2 is modified as,

7% = tfexp {—Z(l + 2N)F (L, hwlxgl)Z}, (32)
l
1
A 2
ha,
(%)

Function F accounts for the reduction of the renormalization owing to the partial polaron formation.

F(t), hw) =1— (3b)

As shown in Figure 3(b), F depends on intramolecular vibrational period (wi)' and Bloch-wave
formation time 4/¢°, which are obtained by the first-principles calculations, meaning that this model
contains no adjustable parameters. The high-frequency vibrational mode at 1370 cm™! almost entirely
contributes to the renormalization with F = 0.9, whereas the low-frequency vibrational mode @ of 254
cm’! contributes only with F = 0.3 when we assume t{ = 50 meV. Although we consider only the
electron-intramolecular vibration here, this concept can easily be extended to the intermolecular
vibration'”. The frequency of the intermolecular vibration is typically lower than 100 cm™. The
contribution of these vibrational modes to the polaron formation is negligible, e.g., F=0.06 at 100 cm"

!for t) = 50 meV.

Using the partially dressed polaron model expressed by Equation 3, we computed renormalized
transfer integrals #P°' at 300 K. The results listed in Table 1 show excellent agreement with the
experimental values. Then, assuming the tight-binding approximation (Eq. 1), we calculated the
polaron band structures (Figure 3(c)). The polaron transfer integrals of HOMO and LUMO at different
temperatures are given in Supplementary Information S9. The bare bandwidths are narrowed by the
factors of 0.68 for the LUMO band and 0.78 for the HOMO band. These values are in excellent

agreement with the experimental results (Table S5).



Temperature dependence of HOMO and LUMO bandwidths

In order to confirm the validity of our partially dressed polaron model, we examined the temperature
dependence of the HOMO and LUMO bandwidths by cooling the sample from the room temperature
to approximately 100 K. As we have seen above (Figure 3(a)), the electron (anion) couples with the
low-frequency vibrational mode of 254 cm™ (=30 meV), which is comparable to the thermal energy
(26 meV at 300 K) leading to the temperature dependence of the LUMO bandwidth. Conversely, as
the hole (cation) only couples with the high-frequency vibrational modes (mostly above 1200 cm™ =
150 meV, much higher than the thermal energy), the HOMO bandwidth is not expected to be affected

by the cooling from room temperature.

Figure 4(a) shows the temperature-dependent UPS and LEIPS spectra of the HOMO and LUMO
regions at the I point. As we have discussed above, the energy difference of the two split components
coincides with the (total) bandwidth in the case of the pentacene thin-film phase. The bandwidths of
HOMO and LUMO as a function of temperature are shown in Figure 4(b). The LUMO bandwidth
increases at low temperatures with the slope of -0.14 £ 0.12 meV K-!, whereas the HOMO bandwidth
is independent of the temperature (0.053 = 0.054 meV K™!). The observed values are in quantitative
agreement with the respective calculated results on the basis of our partially dressed polaron model
(Eq. 3) for LUMO of -0.139 meV K™! and HOMO of -0.014 meV K'! in the temperature range of 75
and 340 K (Figure 3(d)).

The experimental bandwidth may also be affected by the thermal expansion of the crystalline film.
The thermal expansion changes the intermolecular distance, and this change in intermolecular distance
affects the magnitude of the intermolecular electronic coupling (i.e., the transfer integrals). However,
the calculated bare bandwidths (i.e., without including the polaron effect) based on the thermal
expansion coefficients of the 200-nm-thick film* predict a large temperature-dependent broadening
of approximately -0.2 meV K (Figure S8). This is likely because the thermal expansion of the
pentacene thin film (10 nm) is restricted by the small thermal expansion of the SiO,/Si substrate
(approximately 2 x 10 K) #. To confirm this hypothesis, we performed another set of temperature-
dependent experiments on pentacene film prepared on a Cu(110) substrate*® whose thermal coefficient
(16 x 108 K!) is one order of magnitude larger than that of SiO2/Si, but is still smaller than that of
thick pentacene film (31 x 10 and 55 x 10°° K'! along the a and b axes, respectively*’). From the UPS

and LEIPS spectra of pentacene/Cu(110) (Figure 4(c)), we determined the temperature dependence of



the bandwidths of HOMO and LUMO (Figure 4(d)) to be -0.24 + 0.11 meV K! for LUMO and -0.07
+ 0.04 meV K for HOMO. The slightly larger broadening of the HOMO and LUMO bandwidths
reflects the larger thermal coefficients of Cu(110) than SiO2/Si. We conclude that the bandwidths of

the present case are little affected by the thermal expansion.
Charge transport and mobility

The polaron formation has direct relevance to the charge transport. It has been reported that the
observed electron mobility is one order of magnitude smaller than the hole mobility in the pentacene
thin-film phase*’* (e.g., electron mobility of 0.01 cm?/Vs and hole mobility of 0.11 cm?/Vs at room
temperature®®). However, the band model predicts the similar hole and electron mobilities from the
effective masses m" of the hole (-3.31 mo) and the electron (3.16 mo) **. This means that the electron-

phonon interaction plays a central role in the difference in the hole and electron mobilities.

In previous studies of the charge transport, the modulation of the transfer integral by thermally

d'>1531 whereas the

excited intermolecular vibrations (dynamic disorder) has mainly been discusse
effect of the polaron on the charge transport seems to be ignored. Here, we calculated the electron and
hole mobilities of the pentacene thin-film phase, taking the effect of intramolecular vibrations on both
the partially dressed polaron and the dynamic disorder in on-site energies into consideration. For this
purpose, we used the time-dependent wave packet diffusion (TD-WPD) method!*? and evaluated the

mobilities in terms of a time-dependent expression in the Kubo formula using wave packet dynamics

(see Supplementary Information S12).

Figure 5 shows the calculated electron and hole mobilities along the a-axis (see Fig. 1(c)) as a
function of temperature. Both the hole and electron mobilities decrease as the temperature is increased,
and this tendency is usually regarded as an indication of band-like transport. When we include only

12155153 " the mobilities at

the effect of dynamic disorder on the transfer integrals as in previous studies
300 K are 7.83 cm?/Vs for the bare electron and 22.1 cm?/Vs for the bare hole. The ratio of bare hole
and electron mobilities is only 2.8, which is too small compared with the experimental values. When
we take the intramolecular vibration effects including the partially dressed polaron formation and the
dynamic disorder of the on-site energies into account based on Equation 3, the electron mobility is
reduced to 1.4 cm?/Vs whereas the hole mobility is moderately decreased to 15.6 cm?/Vs at 300 K.

The calculated result including the partially dressed polaron excellently explains the one order of



magnitude difference between the hole and electron mobilities measured for the pentacene thin-film

field-effect transistors.
Outlook

In this study, we directly observed the LUMO-derived conduction band of organic semiconductors
by means of AR-LEIPS. We adopted a uniaxially oriented thin film of pentacene as the sample because
of the large band dispersion, the similarity between the calculated HOMO and LUMO band structures
and the relevance to field effect transistor application. By comparing the experimental and simulated
band structures for the azimuthally disordered crystal, we determined the experimental transfer
integrals to be #1*P =25 meV and (P + P) = 110 meV in the framework of the tight-binding model.

We also determined that electron effective mass m'/mo was 2.4 + 0.1.

We observed appreciable narrowing of the LUMO bandwidth compared with the HOMO bandwidth,
which was analyzed by the renormalization of the transfer integrals owing to the polaron formation.
We found that the coupling between the electron (LUMO) and the low-frequency vibrational mode of
254 cm is crucial to understanding the LUMO bandwidth narrowing. To take into account the “partial
coupling” between a charge and a low-frequency vibrational mode due to the slow molecular motion
relative to the charge motion, we proposed a “partially dressed” polaron model with the frequency-
dependent reducing factor (Eq. 3b) based on the Debye relaxation. This model is able to quantitatively
explain not only the observed HOMO and LUMO bandwidth narrowing but also the temperature
dependence of the HOMO and LUMO bandwidths. In addition, our calculated hole and electron
mobilities excellently reproduce the difference of one order of magnitude between the experimental
hole and electron mobilities. We would like to stress that our partially dressed polaron model has no

adjustable parameters; all the parameters are taken from the first-principles calculations.

The present results establish the polaron formation in high-mobility organic semiconductors. The
fact that only the electron couples with the low-frequency vibrational mode seems to be common
nature in polyacene molecules®®. Further study is under way to elucidate the origin of the inferiority of

the electron mobility to the hole mobility based on our partially dressed polaron model.
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Table 1. Summary of transfer integrals for the LUMO band (meV).

Calculation
Experiment DFT.PBE bare 10 conventional partially
- 1 0l
(Ref. ()) (present 36 ¢ (Eq.2) polaron £ at
bare £ work)

300 K (Eq. 3)
A 25 +5 44 46.8 13.1 26.1
1) - 73 73.7 20.7 49.7
13 - 80 81.3 22.8 56.6
h+t3 110 £10 153 155.0 43.5 106.3

total

bandwidth 440 613 620 174 425
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Figure 3. Results of theoretical calculations. (a) Reorganization energies A; as a function of
intramolecular vibrational frequencies w; for the electron (LUMO) and the hole (HOMO). (b)
Vibrational frequency dependence of reduction factor F calculated by Equation 3b for different bare
transfer integrals #°. (¢) Polaron band structures at 300 K calculated on the basis of the conventional
polaron model shown by Equation 2 (dotted lines) and the partially dressed polaron model shown by
Equation 3 (dark lines). The bare band structures are also shown (light lines). The origin of the energy
axis is set to the LUMO band bottom and the HOMO band top, respectively. (d) Temperature
dependence of the HOMO and LUMO polaron bandwidths.
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the temperature range of 72 to 295 K. (b) Temperature dependence of experimental HOMO and LUMO
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results shown in Figure 3(d). Panels (c) and (d) show respective data for pentacene/Cu(110). Triangles
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calculating the 2nd derivatives (see Supplementary Information S11).
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Figure 5. Calculated temperature dependence of electron (red) and hole (blue) mobilities for the
pentacene thin-film phase.
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FIGURE CAPTIONS

Figure 1. AR-LEIPS spectra of pentacene thin-film phase on SiO,. (a) Observed AR-LEIPS spectra
and (b) negative second derivatives to distinguish the spectral components as the minima. The peaks
are indicated by red bars. (c¢) Unit cell and molecular arrangement along the ab-plane. The three
dominant intermolecular interactions are indicated by red arrows with transfer integral #. Equivalent
and inequivalent molecules are distinguished by gray and blue colors. (d) Brillouin zone along the ab-

plane examined in this work.

Figure 2. LUMO band structures of pentacene. (a) Experimentally observed LUMO band structure
by AR-LEIPS (red open circles). The heatmap in green shows the best-fit results of the simulated
azimuth-angle integrated band structure based on Eq. 1. (b) Calculated band structures by DFT (GGA-
PBE)*. Red lines show the bands along /=X (dashed lines), /=Y (solid lines), 7-M (dotted lines), and
IM (dashed-dotted lines) directions, and the blue shaded area shows the azimuth-angle integrated
band structure.

Figure 3. Results of theoretical calculations. (a) Reorganization energies A; as a function of
intramolecular vibrational frequencies w; for the electron (LUMO) and the hole (HOMO). (b)
Vibrational frequency dependence of reduction factor F calculated by Equation 3b for different bare
transfer integrals #. (c) Polaron band structures at 300 K calculated on the basis of the conventional
polaron model shown by Equation 2 (dotted lines) and the partially dressed polaron model shown by
Equation 3 (dark lines). The bare band structures are also shown (light lines). The origin of the energy
axis is set to the LUMO band bottom and the HOMO band top, respectively. (d) Temperature
dependence of the HOMO and LUMO polaron bandwidths.

Figure 4. Temperature-dependent UPS and LEIPS spectra. (a) UPS and LEIPS spectra measured in
the temperature range of 72 to 295 K. (b) Temperature dependence of experimental HOMO and LUMO
bandwidths for pentacene/Si0O;. The temperature dependence is in good agreement with the calculated
results shown in Figure 3(d). Panels (c) and (d) show respective data for pentacene/Cu(110). Triangles
in panels (a) and (c) indicate the positions of the sub-bands derived from the negative peaks of the
second derivatives. The uncertainties are derived from the dependence of the data points used for

calculating the 2nd derivatives (see Supplementary Information S11).

Figure 5. Calculated temperature dependence of electron (red) and hole (blue) mobilities for the

pentacene thin-film phase.
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Methods

Sample Preparation Pentacene purchased from Sigma-Aldrich was purified by four cycles of gradient
sublimation. We used naturally oxidized silicon wafer (SiO2) and Cu(110) single crystal as the
substrate. SiO2 was ultrasonically cleaned in acetone and isopropanol followed by 30 minutes of
ultraviolet (UV)-ozone treatment. The clean surface of Cu(110) was obtained by repeating Ar-ion
sputtering and annealing cycles. Subsequently, pentacene was vacuum-deposited on the substrate at
room temperature. The deposition rate and the film thickness were monitored by a quartz microbalance.
During the deposition, the pressure was lower than 4.3 x 10® Pa. AR-LEIPS, LEIPS, and UPS
measurements were performed without exposing the sample to air (in situ measurement) at room
temperature and pressure lower than 4 x 10" Pa. For the temperature-dependent experiments, the

sample was cooled by liquid nitrogen.

AR-LEIPS In AR-LEIPS measurements, the photon emitted from the sample was reflected by a
concave mirror and focused on a photon detector (Figure S1). The photon detector was composed of a
bandpass filter (Semrock, Inc.) and a photomultiplier tube (Hamamatsu Photonics K.K., R821). The
center energy (bandwidth) of the photon detection was 4.825 eV (0.282 eV). The overall energy
resolution estimated from the width of the Fermi edge of a polycrystalline Ag surface was 0.37 eV. In
the angle-resolved measurements, the electron incident angle was changed between 0° and 25° by
rotating the sample. As the signal accumulation took approximately four hours for each AR-LEIPS
spectrum, measurement of the entire AR-LEIPS spectra required 24 hours. Meanwhile, we observed
no discernible changes of the spectra due to sample damage. The sample current was 350 nA. The
sample current was measured as a function of the kinetic energy of electron with the bias voltage of
—5 V applied to the sample and shown as low-energy electron transmission (LEET) spectra. We
smoothed the raw spectrum and computed the second derivative using the Savitzky-Golay method (the

least-square fitting to 2nd order polynomial to the 15-50 data points).
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Temperature-dependent LEIPS and UPS The temperature-dependent LEIPS spectra at the I"-point
were obtained in a separate LEIPS/UPS apparatus. The thickness of the film was 10 nm. Details of the
experimental setup were reported elsewhere®*. The center energy (bandwidth) of the detected photon
was 4.825 eV (0.282 eV), and the overall energy resolution was 0.32 eV. Using the same apparatus,
we performed UPS measurements. UPS spectra were measured with He I light (photon energy hv =
21.22 eV). The vacuum level was determined from the cutoff energy of the secondary electrons. The
photoelectron energy was analyzed using a PHOIBOS-100 analyzer (SPECS). The energy resolution
was approximately 100 meV, which was estimated from the Fermi edge and the secondary electron
cutoff of the polycrystalline Ag film spectrum. The detection angle of the electron beam was set normal
to the sample surface. The acceptance angle of the energy analyzer was set to £3°. The second

derivative were computed using the Savitzky-Golay method.

Crystal structure optimization To take the effect of van der Waal interactions on crystal structure
into account, the internal atomic coordinates of the pentacene thin-film phase obtained by Yoshida et
al.¥ were re-optimized within the framework of DFT based on the vdW-DF2 functional’’*® The
comparison of the lattice constants measured by different groups is discussed in Supplementary
Information S3. For the calculation, the cutoff energies for the plane wave and the charge density were
80 and 800 Ry, respectively. The total energy convergence tolerance was set to 10~ Ry. Brillouin zone
integration was performed with the 4 X 4 X 4 k-point set. The optimized crystal structures (the lattice
constants and atomic positions) are available in Yoshida TF-PEN vdW-DF2 300K.cif and

Nabok TF-PEN.cif as Supplementary Information.

Calculations of bare transfer integrals We evaluated bare transfer integrals ty,, by calculating
MLWFs*° based on DFT? with vdW-DF2 functional*® The MLWFs |WaR N) centered on site Ry were
generated from the LUMO or HOMO band states, and ty,, was given by (WaRN|ﬁ K5|WaRM>, where
o and Hgs represent the band index and the Kohn-Sham Hamiltonian, respectively. The cutoff energies

for the plane wave and the charge density were 50 and 400 Ry, respectively. Note that the obtained
26



bare transfer integrals t; are good agreement with the respective transfer integrals that best fit the band
structure calculated by the density functional theory (DFT) with the Perdew—Burke—Ernzerhof (PBE)

exchange-correlation functional®*,

Calculation of frequency-dependent polaron coupling constant Reorganization energies A of 129
meV for electron and 92 meV for hole were obtained by the adiabatic potential energy surface method?
using the B3LYP/6-31G+(d,p) level derived by GAMESS>>. The calculation was done for an isolated
pentacene. In the crystal, the intermolecular interaction may have caused the increase of the
reorganization energy by a factor of 1.3, as demonstrated by a high-resolution UPS experiment>.
However, in the partially dressed polaron model, the intermolecular interaction will not affect the
discussion and thus can be included as a minor correction. The reorganization energy can be
decomposed into each intramolecular vibrational mode A; by projecting the displacement of the
optimized ionic geometry (anion and cation for electron and hole, respectively) on the normal
coordinates®, as shown in Figure 3(a). The frequency of the intramolecular vibrational mode is

multiplied by the scaling factor of 0.964 to better reproduce the experimental value®’. The coupling

constant is given by g; = +/4;/2hw;.

Calculation of hole and electron mobilities We evaluated the electron and hole mobilities of the
pentacene thin-film phase using our order-N quantum dynamics simulation technique called TD-
WPD?!5238 The charge transport properties were characterized by the interactions between the charge
carriers and the molecular vibrations. The small polaron formation effect was included through the
renormalization of the transfer integrals defined by Equation 3. The magnitudes of the dynamic
disorder were evaluated from the changes in the transfer integrals due to the atomic displacements
along the normal modes of the lattice phonons. The normal modes were obtained from the
diagonalization of a dynamical matrix using force-field calculations with low computational cost>.

We employed a monolayer consisting of 200 X 200 unit cells to obtain a trajectory of wave packets.
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The wave packet dynamics were computed up to 500 fs with the time step of 0.5 fs. Details of the

computational procedure and conditions are described in Supplementary Information S12.
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