Available online at www.sciencedirect.com

sc-ence@nmew SYMTHETIC
METRALS

S A v
ELSEVIER Synthetic Metals 156 (2006) 32—37

www.elsevier.com /locate /synmet

Energy level diagrams ofdg/pentacene/Au and pentaceng/Bu
S.J.Kand, Y. Yi2 C.Y.Kim& S.W. Chd, M. Noh?*, K. Jeond, C.N. Whang**

@ Institute of Physics and Applied Physics, Yonsei University, 134 Shinchon-dong Sudaemoon-ku, Seoul 120-749, Korea
b Techricaoled Co., Geumcheon-Gu Gasan-Dong 60-24, World Meridian Venture, Ct. #908, Seoul, Korea

Received 22 September 2005; accepted 5 October 2005
Available online 15 December 2005

Abstract

The electronic structures of pentacene ang i@terfaces were investigated using ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS). The magnitudes of measured interface dipole were 0.11 eV and 0.07 e\4falethesifed on pentacene
(Cso/pentacene) and the pentacene deposited gr{g@ntacene/gg), respectively. The obtained C 1s spectra on these samples show that no
significant chemical bonds at the interface. The offsets of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecula
orbital (LUMO) at the Go-pentacene interface were 1.29 eV and 0.89 eV fgff@ntacene/Au, while for pentacengf@u they were 1.5eV and
1.1eV. In this paper we present the complete energy level diagramg/pEBtacene/Au and pentaceng/Bu.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the meaningful device application. On the other hand, Yoo et
al. reported interesting high efficient organic solar cells (OSCs)
Organic thin film transistors (OTFTs) have attracted considadopting Go/pentacendgl1]. A detailed understanding of the
erable attention since device properties comparable to those efectronic states at the organic/organic interface is a prerequi-
hydrogenated amorphous silicon thin film transistors (a-Si:Hsite to further improving organic devices.
TFTs) were reported in an organic semicondu§ig?]. Previ- The electronic structures of organic/metal, organic/insulator,
ous studies have brought about many useful developments and organic/organic interfaces have been studied by several
materials and devices, allowing us to expect the potential appliresearch groupfl2—-15] In this paper we report the detailed
cation of organic semiconductors such as pentacegg,a@d  electronic structures of theggand pentacene multilayer sys-
several other organic materials by replacing the traditional inortem. The chemical reaction and charge transfer at the inter-
ganic semiconductors in the near fut{@e4]. face were investigated using X-ray photoelectron spectroscopy
There have been many recent attempts to fabricate th@<PS). The valence band electronic structure, work function, and
bipolar OTFTs adopting organic multilayer such as PTCDI-ionization potential were examined via ultraviolet photoelectron
Ci3H27/pentacenex-5T/PTCDI-C3H27, anda-6T/Cgo [5—7]. spectroscopy (UPS). Information about interface dipole, band
Quite recently, Kuwahar et al. reported the bipolar OTFTs usindending, and the offset of HOMO and LUMO level at each
Cso/pentacene multilaygB]. The observed field effect mobil- interface was obtained from the valence band and C 1s core
ity and threshold voltage were 6:810~2 cm?/Vs and—15Vin  level spectra. We have also studied the interface formation of
the p-channel operation and x3L0~3 cn?/Vs and 98V inthe  pentacene/gy/Au and Go/pentacene/Au during the deposition
n-channel operation; however, these values are inferior to thog@ocess, and we present complete energy level diagrams of these.
of the unipolar OTFTs reported previougB,10]. The electri-

cal properties of bipolar OTFTs must be further improved for
prop P P 2. Experimental
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cnwhang@yonsei.ac.kr (C.N. Whang). sputter-cleaned Au (99.99%) plate step-by-step. The deposition

0379-6779/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2005.10.001



S.J. Kang et al. / Synthetic Metals 156 (2006) 32-37

rates for both pentacene andoGvere kept at O.i\/s, and the
layer thickness was monitored with a calibrated quartz thickness
monitor. The background pressure of the preparation chamber
was kept at 1.4 10~° Torr during the film deposition. After
completion of the desired layer, XPS and UPS spectra were
obtained in a PHI 5700 spectrometer using monochromatic Al
Ka (1486.6eV) and He | (21.2 eV) sources. Immediately after
each layer deposition, the valence band (sample biaksV), C

1s, and Au 4f spectra were collected for both pentacene gind C
The base pressure of the analysis chamber wag@ 10 Torr,

and the energy scale for each spectrum was calibrated based on ¢
the Fermi level of clean Au. =

3. Results and discussion

Intensity (arb.un

I

The UPS spectra collected during the step-by-step layer depo-
sition of the Go/pentacene/Au appear ifigs. 1 and 2The
spectra collection was performed in normal emission geometry
with a 30 incidence photon anglé&ig. 1 shows the observed
spectra near the HOMO region as a function of binding energy.
The initial spectral feature of Au becomes weaker, and trans-
forming into that of pentacene as pentacene deposition on the

C,,/Pentacene / Au

51.2 nm 16.83 eV

25.6 nm

I

12.8 nm

]

6.4 nm

3.2 nm

1.6 nm

0.8 nm

Jj

0.4 nm

7

0.2nm |

CGO

102.4nm 17.19eV

51.2 nm

25.6 nm

12.8 nm

6.4 nm

3.2 nm

1.6 nm

0.8 nm

33

Intensity (arb.units)

Fig. 1. The UPS spectra near the HOMO region collected during the step-by-
step layer deposition ofdg/pentacene/Au. Each spectrum is shown as a function
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Fig. 2. The UPS spectra near the high binding energy cutoff region collected in
situ during the step-by-step layer deposition @bffentacene/Au, where each
spectrum was obtained on the sample with indicated thickness of pentacene and
Csp layer on clean Au surface.

clean Au surface proceeds. Due to the strong valence band signal
of the Au layer, it is difficult to identify the HOMO level of the
pentacene at the early stage of the deposition, but, it was recog-
nizable after an approximately 0.8-nm-thick pentacene layer was
deposited. The clear observation and energy level identification
of the pentacene HOMO level was possible for the sample with
pentacene layer more than 50 nm thick. The location of HOMO
onset of pentacene was 0.96 eV lower than the Fermi level of
Au, as indicated; this corresponds to the hole injection barrier
between Au and the pentacene lay&8]. A similar spectral
experiment was performed for thegdayer deposited on pen-
tacene (102.4 nm)/Au. The recognizable HOMO level of thg C
appeared after the 0.8-nm-thickglayer deposition. From the
sample with a thick gp layer, we determined that the HOMO
onset of the g layer was lay at 2 eV below the Fermi level of
Au.

The vacuum level of the pentacene ang) @as determined
through linear extrapolation of the UPS spectra near the high
binding energy cutoff region. To obtain a clear signal near the
high binding energy cutoff region, the sample was biased at
—15V, and the UPS spectrum was takéig. 2 shows the
obtained UPS spectra near the high binding energy cutoff region

of binding energy that was calibrated with respect to the Fermi level of the Al@S @ function of the binding energy relative to the Fermi level

layer.

of the Au layer. During the step-by-step deposition of the sam-
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ple, each spectrum was collected in situ on the sample with
indicated layer thickness of pentacene ang @ a clean Au Cis
surface. The gradual shift of the high binding energy cutoff of
Cso/pentacene/Au is clear during the deposition. The high bind-
ing energy cutoff of the clean Au surface is located at 16.03 eV,
and the work function of Au is determined to be 5.2 eV. Even
with the small amount of pentacene (0.2 nm) layer deposition,
there is a large shift of the high binding energy cutoff toward
high binding energy. The shift of high binding energy cutoff
was measured by 1.16 eV after enough coverage of the pen- 3o nm
tacene (102.4nm) on Au was achieved, which corresponds to 1'6 — /
the total vacuum level shift between pentacene and Au. The @ 073 - /
cut off energy shift indicates that an interfacial dipole exists 5 0'4 om /\
. Y 3 . d
at the pentacene—Au interface. The electron redistribution from 5 ™5 5% Lo ‘/ Ay
Au to pentacene occurred at the interface as the pentacene was > | 100 4 nm_ 60 J N\N\NTTTT———
deposited on Au, causing interface dipole and resulting in the g 51.2 nm J
vacuum level change. Onthe other hand, the high bindingenergy £ | 55 5 nm / N\
cutoff was moved backward as soon as thg @eposition on 12.8 nm N\
the pentacene layer began. The total shift of the high binding 6.4 nm ™~
energy cutoff was saturated at 0.36 eV from the cutoff of pen- 3.2 nm ™~
tacene after the deposition of @@dayer above a certain value. 1.6 nm —~—
The observed result indicates that another dipole layer exists 0.8 nm T~
at the Go-pentacene interface, causing the vacuum level shift 0.4 nm __f—|_\0"1 ev
of Ceo toward the low binding energy side. The electron redis- 0.2 nm t S
tribution from pentacene todg occurred at the gg-pentacene Au_ Pentacene
interface, induced interface dipole, and caused the vacuum level I L I 1 I
290 288 286 284 282 280

changg17].

The C 1s spectra obtained on the same sample with a
monochromatic X-ray source appearhkig. 3. There was no Fig. 3. XPS spectra of the C 1s core levels obtained on the same sample used in
carbon contamination at the initial Au surface. It can be seeiyPS experiment.
that the C 1s core level peak becomes larger and moves toward
the high binding energy as the thickness of pentacene layer d¥nd bending occurred at both sides of the pentacene (0.5eV)
Auincreases. The total amount of the C 1s peak shift was 0.4 e@nd Go (0.25eV) interfacg14]. The band bending fades out
after enough coverage of the pentacene (102.4 nm) was achievé$ distance from the interface increases for both pentacene and
The lack of significant profile change of the C 1s peak impliesCeo- We also checked the core level spectra of Au by XPS and
the absence of chemical bonds at the pentacene and Au interfad@und no significant changes in the peak shape (not shown). The
meaning that the magnitude of band bending at the interface €@k position of Au 4f was not changed with the deposition of
0.4eV. pentacene anddgonto the Au surface. Therefore, we concluded

After depositing pentacene on Au, we depositeg Step- that the Au surface remained chemically intact by the organic
by-step on the pentacene layer. Ag. 3 shows, the grad- Overlayers, and resulting in no band bending in the Au region.
ual change of the spectral feature in the C 1s spectrum was 1he exact amount of interface dipole, HOMO, and LUMO
clear as the thickness ofgg layer increased. To investigate Offset can be calculated by comparing the core level spectra
the Gso/pentacene interface in detail, we fitted the C 1s specand the valence band spectra of each deposition [ayrThe
tra with two peaks corresponding to the carbon bonds irfotal shift of HOMO (AHOMO) consists of the HOMO offset
the pentacene andggmolecules, respectivelfig. 4 shows  (AHcutoff) and the total band bending shifty(tot)), as given by
the result for each C 1s spectrum obtained from the sampIEQ-(l)-
with pentacene (102.4 nm)g6(0.8 nm)/pentacene (102.4 nm), _

Ceo (1.6nm)/pentacene (102.4 nm),sdC(3.2 nm)/pentacene AHeuroft = AHOMO — Vi(toy (3
(102.4nm), and &p (51.2 nm)/pentacene (102.4 nm), respec-Because UPS and XPS only allow measurements of the occupied
tively. The C 1s peak of the pentacene shifted slightly right aftemolecular orbitals, the LUMO offsetALcuiof) can be deter-

the deposition of g, moving by 0.5 eV toward the low bind- mined after considering the band gap of each layer, as shown in
ing energy after enough coverage ofoGvas achieved. This Eq.(2), whereEg(substrate) indicates the band gap of the sub-
means that the charge redistribution occurred from pentacene $trate andeg(layer) is the band gap of the deposited layer on
Ceo at the pentacene region. On the other hand, the C 1s pealte substrate. Here, we used the previously reported band gap
of the Gsop emerged at the beginning okglayer growth. The  values of 2.2 eV for pentacene and 2.6 eV fgp {18,19]

peak shift reached 0.2 eV toward the low binding energy side

for Cgo (51.2 nm)/pentacene/Au. As a result, we know that the Leutoff = A Heutoft — [ Eg(layer) — Eg(substrate)] (2)

Binding Energy (eV)
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Fig. 5. The complete energy level diagram gbPentacene/Au.

(0.8 nm)/Gp (25.6 nm), pentacene (1.6 nmygX25.6 nm), pen-
tacene (12.8 nm)/§g (25.6 nm), and pentacene (102.4 nmglyC
(25.6 nm). The C 1s peak of thgsgwas shifted 0.1 eV toward

the low binding energy, and the C 1s peak of the pentacene was
shifted 0.4 eV toward the high binding energy for pentacene
(102.4 nm)/Go/Au. As a result, the band bending at thgoC

Fig. 4. Fitting results for each of C 1s spectrum obtained from the sam-

ple with pentacene (102.4nm),e& (0.8 nm)/pentacene (102.4nm),edC
(1.6 nm)/pentacene (102.4nm)sd"(3.2 nm)/pentacene (102.4nm) an@oC
(51.2 nm)/pentacene (102.4 nm), respectively.

The exact amount of interface dipole can now be obtained

by subtracting the difference of the ionization energy of
the deposited layetEin(layer) and that of the substrate
Ejon(substrate) from\ Heyioff, @S shown in EQ(3).

eD = A Hgyioff — [Ejon(layer)— Eion(substrate)] 3)

As aresult, we obtained 0.11 eV as the magnitude of the interface

dipole between the pentacene angh.dhe LUMO offset was
0.89 eV, and the HOMO offset was 1.29 eV. The complete dia
gram of the electronic structure forsglpentacene/Au appears
in Fig. 5.

We observed the electronic structure of the pentaceg&G
film with a similar approach. The HOMO level of thg§was
recognizable from the sample with a 0.4-nm-thickQayer.
After enough coverage of thg;6(25.6 nm) on Au was achieved,
the HOMO onset of ggwas 1.7 eV away from the Fermi level of
Au, indicating the magnitude of hole injection barrier from Au to
Cso. The difference of high binding energy cutoff foggand Au

was 0.54 eV. The HOMO level of the pentacene emerged after

the deposition of 3.2-nm-thick pentacene agp (5.6 nm)/Au.

The HOMO onset was located at 0.6 eV below the Fermi level

of the Au, while the high binding energy cutoff of pentacene

was shifted 0.33 eV toward the high binding energy for the thick

pentacene layer deposition ogdg%25.6 nm)/Au.
Fig. 6 shows the fitting result for each C 1s spectrum
obtained from the samples withgg (25.6 nm), pentacene
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Fig. 6. Fitting resultfor each of C 1s spectrum obtained from the sample with C
(25.6 nm), pentacene (0.8 nmy%25.6 nm), pentacene (1.6 nmyg%25.6 nm),
pentacene (12.8 nm)ég (25.6 nm) and pentacene (102.4 nmgd@25.6 nm),
respectively.
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0.04 eV D =007 eV ness, agig. 8shows. Open circles represent the C 1s spectrum
of pentacene from gg/pentacene/Au, and closed circles repre-
sent the C 1s spectrum ofzgfrom pentacene/gg/Au. The C

1s spectrum of pentacene fogdlbentacene/Au decays more
rapidly than that of @y for pentacene/gy/Au, showing that
the dense and uniformgg overlayer formation occurs on the
pentacene/Au rather than the pentacene overlayersg\@

The dense and uniform nature of thggpentacene interface
for Cgo/pentacene/Au seems to enhance charge redistribution
on the interface, resulting in better energy level alignment and
supporting the smaller HOMO and LUMO offset and the larger
interface dipole, as shown in the energy level diagram.

AH =15¢eV .
cutoft 4. Conclusions

Pentacene In conclusion, we obtained the complete energy level dia-
grams of Go/pentacene/Au and pentacengfldu. We deter-
mined the magnitudes of the interface dipoles and band bendings
occurring at the pentaceneyginterface. The measured HOMO
pentacene interface was 0.1 eV fafg@nd 0.5 eV for pentacene. and LUMO offsets at the §-pentacene interface were 1.29 eV
The band bending in both sides diminishes as distance from thgnd 0.89 eV for Go/pentacene/Au, and they were 1.5eV and
interface increases. From this calculation we obtained 0.07 eY 1 eV for pentacenelg/Au. This shows the strong depen-
as the magnitude of the interface dipole between thgaDd  dence of interface characteristics on the layering order in organic
pentacene. The LUMO offset was 1.1 eV, and the HOMO Oﬁseaevicesl The dense and uniform nature of ﬂ'@-&ntacene
was 1.5eV, agig. 7 shows. interface for Go/pentacene/Au resulted in smaller HOMO and
The comparison of energy level diagrams for | UMO offsets and alarger interface dipole. The obtained results
Ceo/pentacene/Au and pentacengf®u shows the asymmetric  syggest that the device structure afpPentacene/Au is more

feature of their electronic properties. The HOMO and LUMOfavorab|e for the ambipo|ar OTFTs using@nd pentacene_
offsets at the pentacenegxCinterface increased when the

pentacene was deposited on thg @yer. In other words, both

the HOMO and LUMO offsets decreased by about 0.2 eV whers¢knowledgements

the Gso was deposited on the pentacene layer, indicating a ] ] ]

different amount of charge redistribution fog@pentacene and _ 1his work is supported by BK21 project of the Korea
pentacene/6. Research Foundation (KRF). Additional support by the Yonsei

To compare the interface formation of the two cases, the atterfz€Nter for Nano Technology (YCNT) is gratefully acknowl-

uation of the C 1s spectrum originating from the bottom organicedged-
layer was examined as a function of top organic layer thick-

Fig. 7. The complete energy level diagram of pentaceggfQ.
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