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The electron affinity of pentacene thin films has been evaluated during the last decades, but it is still

under controversial due to varieties of film quality and radiation damages of the films introduced

during inverse photoemission spectroscopy (IPES) experiment together with insufficient energy

resolution of the instruments. We employed the near-ultraviolet IPES with a better energy resolution

0.27� 0.32 eV and using lower energy electron beams (0 eV�Ei� 4.9 eV) to study the unoccupied

states of pentacene thin film. Due to a large mean-free-path of the electron in this energy region, the

threshold electron affinity of the bulk of pentacene film was precisely determined to be

2.70 6 0.03 eV. Using the threshold ionization energy of 4.90 6 0.05 eV determined by ultraviolet

photoemission spectroscopy, the band-gap energy of the pentacene film is obtained to be

2.20 6 0.06 eV. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821445]

Organic electronic devices, such as organic field effect

transistor (OFET),1–4 organic light emitting diodes

(OLED),5–7 and organic photovoltaic cell (OPV),8–10 have

developed rapidly in recent years, which have clearly shown

their unique advantages in low cost, light weight, flexible

properties, and so on. To improve the performance of or-

ganic devices, mechanisms of charge transfer/transport and

charge separation have been widely investigated. These stud-

ies need accurate information on the electronic structure re-

sponsible to the processes. In general, however, it is not easy

to reveal the electronic structure not only at substrate-

molecule interfaces but also of the molecular film itself

because the ionization energy (IE) and electron affinity (EA)

of the film depend on the molecular orientation, crystal struc-

ture, and packing density.11,12

Pentacene is a typical organic material applied for

OFET because of its high hole mobility.1,3 The band-gap

energy between highest-occupied and lowest-unoccupied

molecular orbital (HOMO and LUMO) states of pentacene

has been studied extensively during the last decades, but it is

still under controversy. Different values have been reported

with various methods, for instance, 2.8 eV when considering

charge-transfer exction,13 2.2 eV14 and 2.25 eV15 by using

photoconductivity measurement, 1.82 eV16 from the optical

absorption, and 2.2 eV from theoretical calculation.17

However, there are very few reports on the band-gap energy

determined accurately by ultraviolet photoemission spectros-

copy (UPS) and inverse photoemission spectroscopy (IPES),

because of limited number of reports on the EA value deter-

mined with IPES experiments. IPES has drawbacks in inves-

tigating organic materials due to its poor energy resolution

and serious radiation damage of the target organic film intro-

duced by the electron impact.

Based on the above background, recently Yoshida18

developed the near-ultraviolet IPES (NUV-IPES) with which

the unoccupied states of organic materials can be precisely

examined at a higher energy resolution without damaging

the samples.18 In this study, we investigated the unoccupied

states of pentacene thin film to measure precisely the EA

with NUV-IPES and discussed the HOMO-LUMO band-gap

energy by using the IE determined with UPS.

The NUV-IPES instrument is a homemade isochromat

mode IPES. It consists of an Erdman-Zipf electron gun

(E-gun), a focus lens for effective collection of the emitted

photons, and a bandpass photon detector. The E-gun uses a

barium-oxide (BaO) coated disc cathode, which was chosen

for its low operating temperature of T¼ 1150 K aiming to min-

imize the thermal spread of electron velocities and avoid emis-

sion of excess stray light in the NUV region. The photon

detector consists of a changeable optical bandpass filter

(Semrock, Inc.) and a photomultiplier tube (R585, Hamamatsu

Photonics). The wavelength of the bandpass filter is in the

range of 254–335 nm with the corresponding photon energy h�
from 3.71 to 4.89 eV, which makes it possible to use lower ki-

netic energy electron beam for radiation-damage free IPES

measurements of organic thin films. The optical lens and pho-

ton detector with the changeable bandpass filter were placed

outside the vacuum chamber, while the E-gun was in the vac-

uum chamber. The details of the equipment were described

elsewhere.18

Indium tin oxide (ITO) substrates (10-nm ITO sputtered

on a quartz plate) were commercially purchased (Geomatec.

Co. Ltd), ultrasonically cleaned by acetone and ultra-pure

water, and then treated in UV ozone. 10-nm-thick pentacene

films were prepared by vacuum evaporation on the ITO sub-

strates at the deposition rate of 0.5 nm/min in a separated

UHV chamber and then introduced to the UHV measurement

chamber of NUV-IPES. Note that exposing the film to 1

ATM air (nitrogen and oxygen) during the sample transfer to

the measurement chamber results in only a shift of the Fermi

level (EF) in the band gap giving the IE of HOMO

unchanged.19,20 The same result can be expected for LUMO

and EA.
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The Fermi level (EF) of the IPES spectrum was deter-

mined by measuring a clean Ag substrate. The vacuum level

(Evac) was determined from the inflection point of the low-

kinetic-energy cutoff of the electron transmission current

spectrum for each IPES experiment. The energy resolution21

of the spectra was measured as 0.29, 0.30, 0.32, and 0.27 eV

for the bandpass filters with the center wavelength of 254,

280, 285, and 335 nm from the first derivative of the Fermi

edge in the Ag IPES spectra.

The data acquisition time that is necessary to obtain

radiation-damage free spectra was evaluated in advance by

using typical organic molecules copper phthalocyanine

(CuPc)18 and diindenoperylene (DIP). No spectral change

was found after 5 eV electron beam irradiation for 1 h at the

electron-beam current around 1.0 lA. The present NUV-

IPES measurement of the pentacene was carried out with the

electron kinetic energy below 5 eV at the beam current of

about 1.0 lA and each spectrum was recorded in an acquisi-

tion time less than 1 h. Actually, no remarkable change was

observed for the spectra of the pentacene film at the present

measurement conditions. We here mention that spectral

changes due to radiation damage of the film were detected

when 10 eV electron beam was used, which is in the typical

electron beam energy range in the conventional IPES

experiments.

Pentacene thin films prepared on ITO substrates consist

of well-ordered molecules with standing orientation, and the

IE of 10-nm thick thin film was measured with He I UPS as

described in the supplementary material.43

NUV-IPES spectra of pentacene films on ITO are shown

in Fig. 1, where spectra measured with four bandpass filters

with the center wavelength of 254 nm (4.89 eV), 280 nm

(4.46 eV), 285 nm (4.38 eV), and 335 nm (3.71 eV) are dis-

played after the intensity is normalized by the incidence

electron current and subtracting a constant background. The

measurement was repeated for two times with each filter to

make sure that there are negligible effects of radiation dam-

ages in the spectra. We observed no spectral change in the

final spectrum with h�¼ 335 nm (highest energy resolution).

Evac and EF positions in each spectrum are indicated by verti-

cal bars, and the onset and peak positions of LUMO features

are by arrows. Each of the four spectra shows essentially

similar features as reported in the previous study.22 The

spectral features, including onsets and peaks of the unoccu-

pied states, shift rigidly with the photon energy of the band-

pass filter.

Note that there is a weak intensity (tail) below the

LUMO onset. It is not from the ITO substrate since the con-

duction band of the substrate begins to appear at 1.7 eV

above EF.23 We assume that this weak feature is due to light

emission from high-density molecular excitons created by

the intense electron beam. It is known that there are conduc-

tion band features in pentacene films (standing orientation)

at �1.7 eV above Evac,
12 but the similarity of IPES features

in Fig. 1 independent of the kinetic energy regions of

FIG. 1. NUV-IPES spectra of pentacene using four bandpass filters with dif-

ferent center energies. The vacuum level (Evac) and Fermi levels (EF) are

shown by vertical bars. The work function is 4.63 eV for each spectrum. The

onset and peak positions of LUMO are indicated by arrows. The energy re-

solution of the spectra was measured as 0.29, 0.30, 0.32, and 0.27 eV for the

bandpass filters with the center wavelength of 254, 280, 285, and 335 nm.

FIG. 2. NUV-IPES (green, 10-nm film on ITO) of pentacene compared with

the reported conventional IPES result22 (black, 7.5-nm film on Au). The Evac

is shown by vertical bar in each spectrum. The onset of LUMO is indicated

by solid arrow, and peak positions of LUMO and 2nd unoccupied level are

by dashed arrows. The values in brackets are estimated by the present

authors.
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incidence electron beams indicates that the initial state effect

in the spectra due to the conduction band features can be

negligible.

In Fig. 2, the present NUV-IPES spectrum (with

h�¼ 3.71 eV) is compared with the IPES spectrum meas-

ured by Amy et al. for a 7.5-nm-thick pentacene film on a

polycrystalline Au at an energy resolution of 0.45 eV.22

Amy et al. carried out IPES measurements for pentacene

films of different thicknesses, 2.5, 5, 7.5, and 10 nm,22

where they found that the EA (as at the LUMO peak)

decreases slightly with the thickness due to an decrease in

the polarization energy, showing thickness dependent

changes in the packing structure in the Au film. As clearly

seen in Fig. 2, the NUV-IPES peak shape is much clearer

and sharper. In Fig. 2, we estimated energies of the onset

and peak positions of the features in Amy’s IPES using

their original figure,22 since they did not report the exact

values in Ref. 22. The work function estimated with Amy’s

IPES is 4.49 eV, which is smaller by 0.14 eV than the present

value (4.63 eV). Furthermore, it is seen that Amy’s spectral

features are shifted by �0.3 eV to the EF in comparison with

the NUV-IPES. The difference of the energy positions

between the NUV-IPES and Amy’s spectrum may be caused

by difference of the packing structure of the films, the density

of band gap states (DOGS),19 and the different energy resolu-

tion of the two measurement systems. Exposure of the film to

air, in the present NUV-IPES experiments, leads to only a

shift of the EF to the HOMO due to a tiny increase in the

TABLE I. The present EA and related reported energies [ionization energy (IEonset), electron affinity (EAonset), threshold HOMO-LUMO band-gap energy

(DEHL), transport gap (DEtrans), and optical band-gap (DEopt)] of pentacene (values in eV).

Sample Substrate/comment IEonset EAonset DEHL DEtrans DEopt References

10 nm film ITO … 2.70 2.20 … … This work

7.5 nm film Polycrystalline Au 5.1a 2.9a 2.2a … … 22

0.2 nm film SnS2 5.41 … … … … 25

0.2 nm film Au(111) 5.07 … … … … 25

1 nm film HOPG 4.74 … … … … 26

1 nm film ITO 4.74 … … … … 26

10 nm film ITO 4.90 … … … … 43

20 nm film ITO 4.90 … … … … 27

3 nm film HOPG 5.15 … … … … 12

10 nm film PEDT/PSSe 5.0 … … … … 28

12 nm film C60 5.00 … … … … 29

40 nm film Au(111) 5.25 … … … … 19

15 nm film SiO2 4.90 … … … … 19

20 nm film SiO2 4.90 … … … … 30

Single crystal … 4.95 … … … … 27

ML crystalline filmb Bi(001) 4.76 … … … … 31

8 nm crystalline filmc Cu(110) 4.77 … … … … 32

12 nm crystalline filmd HOPG 5.5 … … … … 33

Gas phase … 6.54–6.58 … … … … 34,35

300 nm film Ag/glass … … … 2.8 … 13

0.6–3 lm film Au film, photoconductivity 5.07 2.70–2.87 2.2 … … 14

Single crystal Photoconductivity … … 2.25 … … 15

200 nm film Al film … … … … 1.82 16

50–150 nm films ITO and glass … … … … 1.80 36

Solution … … … … … 2.13 37

Calculation … 5.03 2.64 … 2.4 1.85 24

Calculation … 4.8 2.6 2.2 … … 17

aThe values were estimated by the present authors from the original figure in Ref. 22.
bMonolayer crystalline film of standing molecules.
cSingle crystalline multilayer film.
dOriented polycrystalline thin film (long molecule axis parallel to the surface).
epoly(3,4-ethylenedioxythiophene) poly(styrenesulfonate).

FIG. 3. The kinetic energies (Ek) of LUMO onset (blue) and peak (red) in

Fig. 1 plotted as a function of the photon energy (h�). The energy resolution

is shown with error bars. Fitting the LUMO onset energies to a linear func-

tion with unity slope (Ek¼ h�þ a) gives the electron affinity (EA¼ 2.70 eV)

of the pentacene film from the intercept (a in the inset table).
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DOGS,19 thus giving a larger LUMO onset energy in Fig. 2,

while the EA keeps the value unchanged.

The kinetic energies (Ek) of four onsets and peaks of the

LUMO observed in Fig. 1 are plotted against the detected

photon energy (h�) in Fig. 3 to evaluate the EA and the

LUMO position from the Evac by the least-squares fitting of

the relation Ek¼ h�þ a (a is constant, giving EA, etc.),

where the peak positions of the LUMO are obtained by fit-

ting the spectra with Gaussian curves. This procedure can

effectively depress the systematic error existing in determin-

ing the threshold EA and the peak energy of the LUMO due

to unexpected change in the electron kinetic energy at very

low energy region. The resultant energy from Evac to the

LUMO onset (threshold EA) is 2.70 6 0.03 eV, and to the

peak position is 1.93 6 0.05 eV. Bussolotti et al.19 obtained

the electron mean-free-path of pentacene thin films (kpen) to

be 9 nm< kpen< 27 nm for electron kinetic energy region

3.8–4.4 eV, indicating that the present EA and the LUMO

position are not those for the surface region but for the bulk

region of the pentacene films.

In Table I, the present EA and related reported values of

pentacene are summarized, including threshold EA by

IPES,22 photoconductivity and internal photoemission

yield,14 threshold IEs by UPS,12,19,22,25–35,43 band-gap ener-

gies obtained by photoconduction15 and estimated by optical

absorption,16,36,37 and calculated results.17,24

It is known that pentacene has 3 major different phases

in solid state, thin film phase, bulk phase, and singly crystal

phase.38–41 Bulk and single crystal phases have a similar

packing density, but thin film phase has a smaller density.41

Although quantitative contributions of preparation condi-

tions of the film on the packing structure, e.g., thin film and

bulk phases, are still open questions, the phases can be

judged from both the HOMO peak shape of UPS41 and peak

position of X-ray diffraction spectra.42 For the present films,

the bulk phase is estimated from the UPS data of pentacene

films on ITO as discussed in supplementary meterial.43 The

IE of 10–20-nm pentacene films (bulk-phase structure) on

ITO was determined as 4.90 6 0.05 eV,43 and 4.90 eV was

also reported for 15-nm pentacene thin film (thin-film-phase

structure) on SiO2,19 while 4.95 eV for the single crystal.27

The IEs for the thin film phase19 and the bulk phase43 are

thus considered to be the same in experimental accuracy.

In order to obtain the HOMO-LUMO gap, we use the

threshold IE (4.90 6 0.05 eV) determined by the present UPS

experiment.43 Hence, the band-gap energy of pentacene films

is obtained to be 2.20 6 0.06 eV, which is considered to be

the value for the bulk region of the film (both of thin-film

and bulk phases) within the experimental error.

In conclusion, the unoccupied states of pentacene were

studied by NUV-IPES, which provides the electron affinity

at higher energy resolution, without introducing radiation

damages into the pentacene films. The threshold electron af-

finity was precisely measured to be 2.70 6 0.03 eV. Using

the threshold IE of 4.90 6 0.05 eV determined by UPS, the

band gap energy is obtained to be 2.20 6 0.06 eV for the thin

film. The accurate band gap energy will allow precise discus-

sion on the energy level alignment and exciton binding

energy, hence to reveal fundamental properties regarding

charge injection, transport, and separation mechanisms.

The authors would like to thank Dr. Hirohiko Fukagawa

for his assistance of the UPS experiment. They also thank

Dr. Fabio Bussolotti, Mr. Jinpeng Yang, and Mr. Yuan Liu

for helpful discussion and Mr. Ryo Shiraishi for sample

preparation. This work was financially supported by Global

COE program (G03, MEXT), KAKENHI (23360005),

(24245034), and JST PRESTO (Precursory Research for

Embryonic Science and Technology).

1C. D. Dimitrakopoulos, S. Purushothaman, J. Kymissis, A. Callegari, and

J. M. Shaw, Science 283, 822 (1999).
2D. Braga and G. Horowitz, Adv. Mater. 21, 1473 (2009).
3T. W. Kelley, L. D. Boardman, T. D. Dunbar, D. V. Muyres, M. J.

Pellerite, and T. P. Smith, J. Phys. Chem. B 107, 5877 (2003).
4C. Melzer and H. V. Seggern, Nature Mater. 9, 470 (2010).
5H. Sirringhaus, N. Tessler, and R. H. Friend, Science 280, 1741 (1998).
6Y. Sun, N. C. Giebink, H. Kanno, B. Ma, M. E. Thompson, and S. R.

Forrest, Nature 440, 908 (2006).
7S. Reineke, F. Lindner, G. Schwartz, N. Seidler, K. Walzer, B. Lussem,

and K. Leo, Nature 459, 234 (2009).
8J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T. Q. Nguyen, M. Dante, and

A. J. Heeger, Science 317, 222 (2007).
9C. P. Chen, Y. D. Chen, and S. C. Chuang, Adv. Mater. 23, 3859 (2011).

10Y. Sun, G. C. Welch, W. L. Leong, C. J. Takacs, G. C. Bazan, and A. J.

Heeger, Nature Mater. 11, 44 (2012).
11G. Heimel, I. Salzmann, S. Duhm, and N. Koch, Chem. Mater. 23, 359

(2011).
12H. Fukagawa, H. Yamane, T. Kataoka, S. Kera, M. Nakamura, K. Kudo,

and N. Ueno, Phys. Rev. B 73, 245310 (2006).
13L. Sebastian, G. Weiser, and H. Bassler, Chem. Phys. 61, 125 (1981).
14E. A. Silinshi, A. I. Belkind, D. R. Balode, A. J. Brseniece, V. V. Grechov,

L. F. Taure, M. V. Kurik, J. I. Vertzymacha, and I. Bok, Phys. Status

Solidi A 25, 339 (1974).
15D. V. Lang, X. Chi, T. Siegrist, A. M. Sergent, and A. P. Ramirez, Phys.

Rev. Lett. 93, 086802 (2004).
16J. Lee, S. S. Kim, K. Kim, J. H. Kim, and S. Im, Appl. Phys. Lett. 84,

1701 (2004).
17P. E. Schwenn, P. L. Burn, and B. J. Powell, Org. Electron. 12, 394 (2011).
18H. Yoshida, Chem. Phys. Lett. 539–540, 180 (2012).
19F. Bussolotti, S. Kera, K. Kudo, A. Kahn, and N. Ueno, Phys. Rev. Lett.

110, 267602 (2013).
20T. Sueyoshi, H. Kakuta, M. Ono, K. Sakamoto, S. Kera, and N. Ueno,

Appl. Phys. Lett. 96, 093303 (2010).
21M. Budke, V. Renken, H. Liebl, G. Rangelov, and M. Donath, Rev. Sci.

Instrum. 78, 083903 (2007).
22F. Amy, C. Chan, and A. Kahn, Org. Electron. 6, 85 (2005).
23E. Gina, Master’s thesis, University of South Florida, Tampa, 2012.
24P. K. Nayak and N. Periasamy, Org. Electron. 10, 1396 (2009).
25P. G. Schroeder, C. B. France, J. B. Park, and B. A. Parkinson, J. Appl.

Phys. 91, 3010 (2002).
26H. Fukagawa, S. Kera, T. Kataoka, S. Hosoumi, Y. Watanabe, K. Kudo,

and N. Ueno, Adv. Mater. 19, 665 (2007).
27Y. Uragami, S. Machida, M. Yamamoto, K. R. Koswattage, Y. Nakayama,

and H. Ishii, in paper presented at the 60th JSAP Spring Meeting,

Kanagawa, Japan, 2013.
28J. Ghijsen, R. L. Johnson, A. Elschner, and N. Koch, J. Alloys Compd.

382, 179 (2004).
29S. Duhm, I. Salzmann, R. Johnson, and N. Koch, J. Electron Spectrosc.

Relat. Phenom. 174, 40 (2009).
30I. Salzmann, G. Heimel, S. Duhm, M. Oehzelt, P. Pingel, B. M. George,

A. Schnegg, K. Lips, R. Blum, A. Vollmer, and N. Koch, Phys. Rev. Lett.

108, 035502 (2012).
31H. Kakuta, T. Hirahara, I. Matsuda, T. Nagao, S. Hasegawa, N. Ueno, and

K. Sakamoto, Phys. Rev. Lett. 98, 247601 (2007).
32F. Bussolotti, S. Kera, and N. Ueno, Phys. Rev. B 86, 155120 (2012).
33N. Koch, A. Vollmer, I. Salzmann, B. Nickel, H. Weiss, and J. P. Rabe,

Phys. Rev. Lett. 96, 156803 (2006).
34O. L. Griffith, J. E. Anthony, A. G. Jones, and D. L. Lichtenberger, J. Am.

Chem. Soc. 132, 580 (2010).
35V. Coropceanu, M. Malagoli, D. A da Silva Filho, N. E. Gruhn, T. G. Bill,

and J. L. Br�edas, Phys. Rev. Lett. 89, 275503 (2002).
36M. Girtan, S. Dabos-Seignon, and A. Stanculescu, Vacuum 83, 1159

(2009).

123303-4 Han et al. Appl. Phys. Lett. 103, 123303 (2013)

http://dx.doi.org/10.1126/science.283.5403.822
http://dx.doi.org/10.1002/adma.200802733
http://dx.doi.org/10.1021/jp034352e
http://dx.doi.org/10.1038/nmat2775
http://dx.doi.org/10.1126/science.280.5370.1741
http://dx.doi.org/10.1038/nature04645
http://dx.doi.org/10.1038/nature08003
http://dx.doi.org/10.1126/science.1141711
http://dx.doi.org/10.1002/adma.201102142
http://dx.doi.org/10.1038/nmat3160
http://dx.doi.org/10.1021/cm1021257
http://dx.doi.org/10.1103/PhysRevB.73.245310
http://dx.doi.org/10.1016/0301-0104(81)85055-0
http://dx.doi.org/10.1002/pssa.2210250133
http://dx.doi.org/10.1002/pssa.2210250133
http://dx.doi.org/10.1103/PhysRevLett.93.086802
http://dx.doi.org/10.1103/PhysRevLett.93.086802
http://dx.doi.org/10.1063/1.1668328
http://dx.doi.org/10.1016/j.orgel.2010.11.025
http://dx.doi.org/10.1016/j.cplett.2012.04.058
http://dx.doi.org/10.1103/PhysRevLett.110.267602
http://dx.doi.org/10.1063/1.3332577
http://dx.doi.org/10.1063/1.2771096
http://dx.doi.org/10.1063/1.2771096
http://dx.doi.org/10.1016/j.orgel.2005.03.003
http://dx.doi.org/10.1016/j.orgel.2009.06.011
http://dx.doi.org/10.1063/1.1445286
http://dx.doi.org/10.1063/1.1445286
http://dx.doi.org/10.1002/adma.200601678
http://dx.doi.org/10.1016/j.jallcom.2004.05.050
http://dx.doi.org/10.1016/j.elspec.2009.04.008
http://dx.doi.org/10.1016/j.elspec.2009.04.008
http://dx.doi.org/10.1103/PhysRevLett.108.035502
http://dx.doi.org/10.1103/PhysRevLett.98.247601
http://dx.doi.org/10.1103/PhysRevB.86.155120
http://dx.doi.org/10.1103/PhysRevLett.96.156803
http://dx.doi.org/10.1021/ja906917r
http://dx.doi.org/10.1021/ja906917r
http://dx.doi.org/10.1103/PhysRevLett.89.275503
http://dx.doi.org/10.1016/j.vacuum.2009.03.001


37J. Schwaben, N. M€unster, T. Breuer, M. Klues, K. Harms, G. Witte, and

U. Koert, Eur. J. Org. Chem. 2013, 1639 (2013).
38C. C. Mattheus, A. B. Dros, J. Baas, G. T. Oostergetel, A. Meetsma, J. L.

Boer, and T. T. M. Palstra, Synth. Met. 138, 475 (2003).
39H. Yoshida, K. Inaba, and N. Sato, Appl. Phy. Lett. 90, 181930 (2007).
40D. Nabok, P. Puschnig, C. Ambrosch-Draxl, O. Werzer, R. Resel, and D.

M Smilgies, Phys. Rev. B 76, 235322 (2007).

41H. Yoshida and N. Sato, Phys. Rev. B 77, 235205 (2008).
42R. Srnanek, J. Jakabovic, E. Dobrocka, G. Irmer, U. Heinemeyer, K.

Broch, F. Schreiber, A. Vincze, V. Machovic, J. Kovac, and D. Donoval,

Chem. Phys. Lett. 484, 299 (2010).
43See supplementary material at http://dx.doi.org/10.1063/1.4821445 for

ionization energy of pentacene on ITO studied by ultraviolet photoemis-

sion spectroscopy.

123303-5 Han et al. Appl. Phys. Lett. 103, 123303 (2013)

http://dx.doi.org/10.1002/ejoc.201201714
http://dx.doi.org/10.1016/S0379-6779(02)00467-8
http://dx.doi.org/10.1063/1.2736193
http://dx.doi.org/10.1103/PhysRevB.76.235322
http://dx.doi.org/10.1103/PhysRevB.77.235205
http://dx.doi.org/10.1016/j.cplett.2009.11.069
http://dx.doi.org/10.1063/1.4821445

	n1
	n2
	f1
	f2
	t1
	a
	b
	c
	d
	e
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43

