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The electronic structure of rubrene/pentacene and pentacene/rubrene bilayers has been investigated using
soft X-ray absorption spectroscopy, resonant X-ray emission spectroscopy, and density-functional theory
calculations. X-ray absorption and emission measurements reveal that it has been possible to alter the lowest
unoccupied and the highest occupied molecular orbital states of rubrene in rubrene/pentacene bilayer. In the
reverse case, one gets p* molecular orbital states originating from the pentacene layer. Resonant X-ray emission
spectra suggest a reduction in the hole-transition probabilities for the pentacene/rubrene bilayer in comparison
to reference pentacene layer. For the rubrenepentacene structure, the hole-transition probability shows an
increase in comparison to the rubrene reference. We also determined the energy level alignment of the
pentacenerubrene interface by using X-ray and ultraviolet photoelectron spectroscopy. From these
comparisons, it is found that the electronic structure of the pentacabeene interface has a strong dependence

on interface characteristics which depends on the order of the layers used.

1. Introduction rubrene crystalline films with an orthorhombic structure were
Thin-film transistors (TFTs) based on organic semiconductors obtained by depositing rubrene onto a pentacene buffer layer

have garnered strong interest due to their compatibility with (rubrenepentacene), while reversing the deposition order (pen-

plastic substrates, which makes them applicable in flexible tacene/rubrene) only resulted in an amorphous rubrene phase.

displays, smart cards, and printable electronic circuit$n the This .arnorphouhs phabse ?:] rubtr)e?ée @Olr;TiIS’]@I'Il?:ggEI? dls not
near future, one can expect to see pentacene, rubrene, and Oth&ur[f)nsmg, asz OWS y o %rs e/ re. e bil evice ¢
organic semiconductors, complementing traditional inorganic Pe’formance based on rubrene/pentacene bilayers was far
semiconductors in electronic applications. RubrengHg) has  SUPErior to the opposite arrangement of pentacene on rubrene.

especially shown promise for use as a doping layer for organic 'tl)'hesg '|E|e:f:l|15|t'|? reflec;fth?t(;rg)e tehleqtrtlca}l p_rolprTrtutes O.f rl:bretne-
light-emitting devices (OLEDs) and as a channel material in base b Sare adec ed by the interfacial electronic structure
organic field-effect transistors (OFETSE Since rubrene single- etween rubrene and pentacene.

crystal FETs demonstrate a higher field-effect mobility (up to In th'.s paper, we extgnswely investigate changes in the
20 cn? V-1 573 than those made from anthracene 480, electronic structure at the interface of the rubrene and pentacene

tetracene (@H12), and pentacene ¢@His) single crystals, layers using soft X-ray absorption and emission spectroscopy

enormous effort has gone into achieving a high carrier mobility in order to understand the mechanism of interface formatlon
in OTFTs based on rubrene thin films. However, the fabrication for both the rubrene/pentacene and pentacene/rubrene bilayers.

of rubrene-based thin-film FETs (TFFETSs) with the necessary _The nature of_the chemical b_onding and charg(_e tr_ansfer at the
electronic properties has been hampered by the fact that a thinInterface was investigated using X-ray photc_>em|SS|on Spectros-
layer of rubrene with high crystallinity is extremely difficult to copy (XPS). The valence band electronic structure, work

synthesize with organic molecular beam deposition (OMBD) function, and ionization potential were exami_ned via ultra_violet
techniqueg: photoelectron spectroscopy (UPS). Information concerning the

; ; interface dipole layer, band bending, and the offsets of the
Recently, Itaka et al. investigated the buffer-layer effect on n . .
growth characteristics of rubrene thin films and reported that HOMO and LUMO levels at the interface, was obtained from

when rubrene is deposited onto a pentacene buffer layer Whichvalen(_:e band spectra and C .15 core level _spé‘tDetermmlng .
resides on a sapphire substrate, the surface roughness of th e alignment between the h|gh(_ast occupied moI(_acuIar orbitals
rubrene thin film is clearly improvet.! On the other hand, HOMQ) and the lowest unoccupied molecular orbitals (LUMO)
our previous research has shown that the crystallinity and at the interface allows characterizing how effectlveliy the
electrical properties of rubrene-based TFFETs significantly TFFETS may operate. We therefore have also studied the
depend on the layer ordering of the pentackridigh-quality complete energy level diagram for the pentacene and rubrene

systems.
*To whom correspondence should be addressed. E-mails: .
gapsoo.chang@usask.ca; cnwhang@yonsei.ac.kr. 2. Experimental Methods
TYonsei University. .
* University of Saskatchewan. Pentacene and r_ubrene organic Iaygrs were evapora_lted onto
8 Kyungsung University. a heavily doped Si substrate possessing a 100 nm thick SiO
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gate-oxide layer synthesized in a dry oxidation process. The
two types of organic bilayers were prepared using thermal
evaporation at a base pressure of 1.0-8 Torr. The prepared -2.0x10°}
bilayers had the following structures: (a) 40 nm of rubrene

deposited on top of 10 nm of pentacene (referred to as rubrene/
pentacene) and (b) 40 nm of pentacene deposited on 10 nm of
rubrene (pentacene/rubrene). The deposition rate was 0.1 A/s
in all depositions. The evaporation temperature was set at -5.0x10°
160 °C for both pentacene and rubrene ensuring no thermal
dissociation of the organic molecules. The temperature was

25x10° | (a) ® Rubrene/pentacene
© Pentacene/rubrene

-1.5x10™

1, (A)

-1.0x10™

0.0

measured at the outer surface of the Knudsen cell. After the 0 0 V-Z(EV) 20 0

growth of the organic bilayers, a 35 nm thick gold layer was ds

thermally evaporated using a shadow mask to create the source 4.0x10°

and drain electrodes. The respective channel length and width o (b) ¢ Rubrene/Pentacene

for the electrodes were 50m and 100Q«m. Current-voltage 3.0x10° - % © Pentacene/Rubrene
. —~ 3.0x10 [

(I-V) characteristics of the prepared OTFFETs were measured g .

using a Keithley 4200-SCS source measurement unit. The N“v . *

unoccupied and occupied @ Ppartial density of states (PDOS) — 2.0x10°r ‘%

were probed using X-ray absorption spectroscopy (XAS) and z .0.

resonant X-ray emission spectroscopy (RXES), respectively. 1.0x10° Vo= 30V

Spectroscopic measurements were conducted at beamline 8.0.1 ® *

of the Advanced Light Source at the Lawrence Berkeley 0.0 RO fesesseesessessessssses -

National Laboratory. The excitation enerdy.{y) for resonant -40 20 0 20 40

C Ka. (2p— 1s transition) emission spectra was selected to be V(M)

285.3 eV. All mgasured spectra are norm_allzed to the n,umberFigure 1. (a) Plots of drain currentd) vs drain voltage\(ss) of rubrene

of photons falling on the sample monitored by a highly on pentaceneOTFT (rubrene/pentaceresolid circles) and pentacene

transparent gold mesh. on rubrene (pentacene/rubreneopen circles) OTFT for various gate
The XPS and UPS measurements were performed using avoltages Vg9 and (b) the plots of the square rootlefas a function of

PHI 5700 spectrometer equipped with an Al Ka (1486.6 eV) Vesfor Ves= —30 V. In the inset to (b) is plottedy vs Vg for our

tube and a He I (21.2 eV) discharge lamp. For XPS and Ups OTFTS WithVes = —30 V.

measurements, rubrene (or pentacene) was deposited on the

pentacene (or rubrene) film in a stepwise manner. The working

pressure was 2.8 107° Torr. The deposition rates for rubrene

and pentacene were kept at 0.1 A/s, and the nominal thicknes

was monitored with a calibrated quartz crystal monitor. After X .
q y gecke three-parameter Le¥ang—Parr (B3LYP) function with

each deposition of either rubrene or pentacene, the sample wa: basi £6-31G aft mizing th : f rub
transferred to a separate XPS and UPS analysis chamber Withoutthe asis set of 6- after optimizing the geometries of rubrene
and pentacene using the same method. More details can be found

breaking vacuum and the C 1s XPS and valence-band UPS | herds
spectra were immediately measured. The base pressure of th&'S€WNere-" _ o

analysis chamber was maintained at 1.071° Torr. A sample Rubrene is an aromatic molecule consisting of a tetracene
bias of—15V was used in order to separate the sample and thePackbone and four phenyl side groups. The geometry optimized
high-binding-energy cutoff for the analyzer. The energy scale rubrene molecule is structurally identical to the form rubrene

for each spectrum was calibrated using the Fermi level of a takes in its molecular crystalline phase. This means that the
freshly deposited clean Au filr. tetracene backbone of the rubrene molecule is planar and does

not exhibit chirality which is evident for the gas phase of the
rubrene moleculé? As seen in Figure 2a, the* character for
each of the films consists of two peaks located around 284 and
Figure 1 shows thé—V characteristics of both a rubrene/ 285.3 eV. The spectral intensity of the feature labeled A is the
pentacend FT (solid circles) and a pentacene/rubrene-TFT LUMO states for the rubrene molecule. The charge-density

Figure 2a shows the C 1s XAS spectra of (i) the rubrene/
pentacene bilayer, (ii) the rubrene reference sample, and (iii)
sthe calculated carbon PDOS of the reference rubrene structure.
The DFT calculations were carried out using the nonlocal hybrid

3. Results and Discussion

(open circles}®> One can see that the rubrenepentacER€ isosurfaces for the corresponding molecular states of rubrene
exhibits superior electrical properties to the pentacene/rubrene-are presented in Figure 2b. According to DFT calculations, the
TFT. The drain current of the rubrene/pentac@ikd (atVys = charge-density of LUMO states predominantly arises from the

—40 V andVy = —40 V) is orders of magnitude larger than tetracene backbone in the rubrene molecule. On the other hand,
that of the pentacene/rubrene sample [Figure 1a]. From plotsthe spectral weight from the peak labeled B in Figure 2a
of transfer characteristics shown in Figure 1b and its inset, the originates mainly from the four phenyl groups while that from
on/off ratio and carrier mobilitiesu) at Vgs—= —30 V are the peak labeled C is caused by charge-density that is delocalized
determined to be B&nd 0.6 crV-s for the rubrene/pentacene-  throughout the entire molecule. The different spectral contribu-
TFT and 10 and 0.4 1073 c?/V s for the pentacene/rubrene- tions from the tetracene backbone and four phenyl side-groups
TFT, respectively. The observed output and transfer character-are in good agreement with the measured spectra of rubrene
istics of OTFTs with differently ordered rubrene and pentacene using near-edge X-ray absorption fine structure (NEXAFS)
layers suggest that the chemical interaction at the interface spectroscopy. Comparing the XAS spectra of rubrene and
between rubrene and pentacene is significantly influenced by rubrene/pentacene films, the rubrene/pentacene bilayer exhibits
the deposition order. This leads us to further investigate changesa lower intensity for peald than the rubrene single layer. This

in the electronic structure at the interface of the rubrene and can be explained by considering the different molecular ordering
pentacene layers. of rubrene in the samples. During the XAS experiments the



Rubrene/Pentacene and Pentacene/Rubrene Bilayers J. Phys. Chem. B, Vol. 111, No. 32, 2009515

(a@)Cisxas @

(i) Pentacene/rubrene

(i) Rubrene/pentacene

(i) Rubrene (ii) Pentacene

Intensity (Arbitrary units)
Intensity (Arbitrary units)

(iii) DFT

PR [T T T TR S T

N E—— o3 200 280 285 290 295 300 305

Excitation energy (eV) Excitation energy (eV)
A mw B . :‘U‘::
35 195e3Ce 33708

A B
202

. .'.J ‘.J 2 9 o 9

6 (b) D

(b)

Figure 2. (a) C 1s XAS spectra of (i) rubrene/pentacene, (ii) rubrene
reference, and (iii) calculated carbon partial density of states of rubrene
using DFT. (b) Charge-density isosurfaces for the relevant molecular (C)

states of the rubrene molecule. . . .
Figure 3. (a) C 1s XAS spectra of (i) pentacene/rubrene, (ii) pentacene

- . . _ reference, and (iii) calculated carbon partial density of states of
incident angle of linearly polarized X-rays was set G @fith pentacene using DFT. (b) Charge-density isosurfaces for the relevant

respect to the sample’s normal direction and thus the XAS p5jecyiar states of the pentacene molecule. (c) Schematic structure of
measurements mostly propecharacter of the molecule parallel  the pentacene molecule optimized using DFT.
to the sample surface. This means that if the rubrene molecules
are lying flat on the substrate in an ordered phase (rubrenepenstates. Generallyr* molecular orbital states are known to play
tacene bilayer),7* orbitals perpendicular to the plane of a significant role in the conduction of charge carriers in organic
tetracene are hardly probed by the incident X-rays. In the casematerials due to their delocalized natdf&he spectral weight
of the rubrene reference sample, peAlendB are both intense,  of the features labeled andB in Figure 3a originate from the
suggesting that an amorphous phase is present in that samplecarbon atoms denoted A and 1B-8B in the pentacene
This is in accordance with our previous results from X-ray structure shown in Figure 3c, respectively. Likewise, the spectral
diffraction measurements. weight from the peak labeled C originates from the@bonds

In comparison, Figure 3a shows the measured C 1s XAS denoted by 1B-4B and 1C-4C. Finally, the spectral weight
spectra of (i) the pentacene/rubrene bilayer, (ii) the pentacenefrom the peak labeled D arises from all 22 of the carbon atoms
reference sample, and (iii) the calculated carbon PDOS of thein the pentacene molecule. Contrary to the XAS spectra of the
pentacene reference structure. The charge-density isosurfacesubrene/pentacene bilayer and rubrene single layer, the C 1s
for the relevant molecular states and the structural geometry of XAS spectra of the pentacene/rubrene bilayer exhibits enhanced
the pentacene molecule are shown in panels b and c, respeca* features with respect to that of the pure pentacene layer.
tively, of Figure 3. The spectral weight from the peaks labeled Therefore, from the intensity increases of peaksDA we
A—D in Figure 3a can be assigned a$molecular orbital surmise that the pentacene molecules are located in a random
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Figure 5. LHS: UPS spectra in the high binging energy cutoff region
of rubrene on pentacene (25.6 nm) for various rubrene thicknesses.
RHS:HOMO region for the rubrene layers (with respect to the Fermi
level, Ef). The intensity is normalized allowing a better comparison
between spectra.
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i ) respectively, of Figure 4. In contrast to the results for both the

Figure 4. C Ko resonant XES spectra of (a) rubrene reference (lin€), gingle rubrene layer and rubrene/pentacene bilayer, the penta-
(b) rubrenepentacene (circles), (c) pentacene reference (line), and (d) Irub het truct hibits a hiah tral int it
pentacene/rubrene (circles) taken at the excitation energy of 285.3 gy CcENE/TUbrene neterostructure exnibits a higher spectral intensity
(at 7* resonance). and a lower energy position for the HOMO states than those of

the pentacene reference sample. One can therefore expect the

orientation stemming from the amorphous phase of the underly- hole transition rate for the pentacene/rubrene bilayer to decrease

ing rubrene surface. The pentacene single layer in contrast is an comparison to the pentacene single layer reference sample.
polycrystalline phasé? These results agree well with the superior output and transfer

In addition to C 1s XAS spectra, we also measured occupied characteristics of the rubrene/pentacene-TFT compared to those
C 2p valence states of our samples using resonant X-rayOf the pentacene/rubrene-TFT shown in Figure 1.
emission spectroscopy. Thekéx RXES spectra of the rubrene To further understand how the deposition order affects the
reference sample and the rubrene/pentacene bilayer (excited atubrene-OTFT device performance, the electronic structure at
a*-resonance in Figure 3a) are shown in panels a and b, the interface between the pentacene and rubrene layers was
respectively, of Figure 4. Setting the excitation energy to 285.3 investigated by measuring C 1s XPS and valence-band UPS
eV gives us the valence band emission spectra located betweerspectra of both rubrene and pentacene. Figure 5 shows UPS
272 and 284 eV, with their correspondingand st molecular spectra taken for various rubrene layer thicknesses to determine
orbital states occurring at 27276 and 276284 eV respec- the alignment of the HOMO level at the interface. The spectra
tively. To investigate changes in the HOMO states in detail, were collected along the surface normal direction with an
the RXES spectra were fitted using Voigt functions. Since a incidence angle of 30 On the left side of Figure 5, the high
rubrene molecule consists of phenyl rings as building blocks, binding energy cutoff position shifts toward higher biding energy
the spectra were fitted by considering the molecular orbitals of as rubrene is deposited onto pentacene (25.6 nm). A 25.6 nm
phenyl ring. The five peaks at 281, 278.4, 276.1, 274.2, and thick rubrene layer exhibits a 0.4 eV higher cutoff value than
271.2 in the RXES spectra correspond to X-ray transitions that of the bare pentacene surface. This shift suggests a lower
involving the leg, 3egtlay, 3et1bt2by, 3ag and 2¢g vacuum level for rubrene than that of pentacene as the vacuum
molecular orbitals, respectivel§ The results clearly reveal that  level of the film can be determined by linear extrapolation of
the HOMO states (kg orbital) of our devices depend on the the cutoff level for secondary electrons. This is done on the
arrangement of rubrene and pentacene layers. The spectrahigh-binding energy side of the UPS spectfa.
weight of HOMO states (shaded peak) for the rubrene/pentacene This shift in the high-binding energy cutoff value can be
bilayer increases with respect to that of the rubrene referenceattributed to an interface dipole layer between rubrene and
layer. In addition, the rubrene/pentacene heterostructure has gentacene. The redistribution of electrons at the interface
lower HOMO energy position (higher emission energy) than between rubrene and pentacene occurs as rubrene is deposited
that of the rubrene single layer (see arrow in Figure 4). These on pentacene. The right-hand side of Figure 5 shows the
results suggest that hole transitions in the rubrene/pentacenesvolution of the HOMO onset during growth of the rubrene
bilayer occurs more readily in comparison to the rubrene single layer on pentacene (25.6 nm). After depositing rubrene, the
layer. emission from the pentacene layer becomes suppressed, and the

C Ka RXES spectra of the pentacene reference sample andspectrum changes to that of rubrene. Comparing the shift in
the pentacenerubrene bilayer are presented in panels ¢ and dhe HOMO onset of rubrene to the Fermi level of Au gives us
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Figure 6. XPS spectra of the C 1s core levels as a function of rubrene
coverage on the pentacene layer. 435ev
432eV
the relative position of the HOMO level. Based on the 25.6 nm (b)
thick rubrene layer, the HOMO onset was determined to be 1.16 B
eV below the Au Fermi level. £ Lo = 034 €V
Figure 6 shows the C 1s XPS spectra for the samples with 1 /
rubrene grown on pentacene. The bottom of the figure starts 134 eV LUMO
with the pentacene reference sample and continues with the Ee-tosser 0.4V L.
spectra for successively thicker layers of rubrene that were v 0706V 4 1.56 eV
deposited onto pentacene. At the maximum rubrene coverage AH = 044 &V HOMO
of 25.6 nm, the C 1s peak for pentacene shifted 0.55 eV toward cutoft ™ 7
lower binding energy. This indicates that the charge redistribu-

tion occurs from pentacene to rubrene (in the pentacene region). Rubrene Pentacene
Conversely the C 1s peak of rubrene emerges after only 0.2Figure 7. Energy level diagrams of the (a) rubrene/pentacene and (b)
nm of rubrene is deposited. The peak shift reaches a maximumpentacenerubrene interface.

of 0.27 eV toward the low binding energy side for the rubrene ) .
(25.6 nm)/pentacene (25.6 nm) structure. This is clear evidenceoffset at the rubrene/pentacene interface increases as the rubrene

that band bending occurs on both sides of the pentacene (0.55S deposited on the pentacene layer. Quantifying these results
eV) and rubrene (0.49 eV) interface. yields a value of 0.47 eV for the interface dlpolg energy (eD)
On the basis of our analysis of UPS and XPS spectra, we between thfe rubrene and pentacene layers. This |nd|c_ates that
can characterize the interfacial electronic structure of rubrene € deposition sequence affects the molecular level alignment
on the pentacene underlayer. The ionization potentials (IPs) of at.the mterfgce. The hole injection barrier of pentacene/rubrene
pentacene and rubrene are determined using the incident photoff 19ure 7a] is lower than that of rubrene/pentacene (based on a
energy of 21.2 eV, the high binding cutoff enerdor), and common Fermi level). As a resu_lt the rubren_e/pen'gacene
the onset energy of the HOMO leveli(&uo) determined from structure possesses superior electrical characteristics in com-
the UPS measurements. According to these values, the IPs off@rison to the pentacene/rubrene structure. We suggest that
pentacene and rubrene are 4.43 and 4.62 eV, respectively. In€l€ctrical properties for rubrene/pentacene-TFFETs are depend-
addition, the energy of the LUMO levels are found to be 1.63 ent not only on chemical reactions at the mterfacg of dissimilar
eV for pentacene and 1.14 eV for rubrene by using the known layers but on the energy level alignment at that interface.
optical band-gaps (2.2 eV for pentac&hand 2.3 eV for
rubrené?). The barrier height for hole injection from pentacene
to rubrene is found to be 1.14 eV. The above results are In conclusion, we have investigated the changes that occur
summarized in the energy scheme of Figure 7a, where thein the electronic structure of rubrene/pentacene-TFFETs de-
energy levels of the rubrene/pentacene interface are shown. Fopending on the deposition order of the heterostructure layers.
the pentacene/rubrene structure, the electronic structure value§ his was accomplished by combining soft X-ray spectroscopy
are derived from similar analysis of UPS and XPS spectra (not with theoretical calculations based on density functional theory.
shown) and Figure 7b displays the obtained energy level According to results from X-ray absorption and emission
alignment of the pentacene/rubrene interface. spectroscopy, inserting a pentacene layer between a layer of
Comparing the energy level diagrams for the rubrene/ rubrene and Si@©can increase the hole-transition probabilities,
pentacene and pentacenerubrene heterostructures clearly showshich results in the enhancement of charge transport charac-
differing electronic properties for the two systems. The HOMO teristics of OTFFETs. However, when a rubrene layer is inserted

4. Conclusions
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between the pentacene and gléyers, we find that there is a (6) Goldmann, C.; Krellner, C.; Pernstich, K. P.; Haas, S.; Gundlach,

reduction in the hole transition probability. We also determined D- J:; Batlogg, B.J. Appl. Phys2006 99, 034507.

the energy level alignment of the pentacenebrene interface 285(37) Kafer, D.; Witte, G.Phys. Chem. Chem. Phyg005 7, 2850

from X-ray and ultraviolet phOtoele_Ctr(_)n _spectrosc_opy. The (8) Kowarik, S.; Gerlach, A.; Sellner, S.; Schreiber, F.; Pflaum, J.;

measured HOMO/LUMO cutoffs and ionization potentials show Cavalcanti, L.; Konovalov, OPhys. Chem. Chem. Phy2006 8, 1834

different energy level alignments of rubrene/pentacene in 1836. ' .

comparison to pentacene/rubrene. These results reveal that the, g%)Gg(gef' D.; Ruppel, L.; Witte, G. Wib. Ch. Phys. Re. Lett 2005

electronic structure of the pentacefrebrene interface has a ' o ) ) . ) ) )

. L. S (10) ltaka, K.; Yamashiro, M.; Yamaguchi, J.; Yaginuma, S.; Haemori,

strong dependence on interface characteristics which in turn ;" koinuma, H.Appl. Surf. Sci2006 252, 2562-2567.

depend on the layering order used. (11) Haemori, M.; Yamaguchi, J.; Yaginuma, S.; Itaka, K.; Koinuma,
H. Jpn. J. Appl. Phys2005 44, 3740-3742.
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