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Molecular engineering versus energy level alignment: Interface formation
between oligothiophene derivatives and a metal substrate studied
with photoemission spectroscopy
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Two series of thin films of oligothiophene derivatives grown on Ag substrates have been studied
with photoelectron spectroscopy. The oligothiophenes were end-capped with either
electron-deficient ~dismesitylboryl! or electron-rich ~diphenyltolylamine! moieties to create
molecules with electron-accepting or -donating properties, respectively. The position of the highest
occupied molecular orbital~HOMO! at the metal/organic interface is found to be strongly dependent
on the effectivep-conjugation length of the oligothiophenes capped with dimesitylboryl groups,
whereas in the oligothiophenes capped with diphenyltolylamine, the position of the HOMO is
independent of the molecular length. The difference in the observed HOMO characteristics is
attributed to the different make-up of the frontier orbitals in the two molecular series. This will
particularly affect the overall energy barrier for charge injection at the conductor/organic interface
in a device structure, such as an organic light-emitting diode, utilizing the investigated molecules for
carrier injection and transport. ©2002 American Institute of Physics.@DOI: 10.1063/1.1464209#
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I. INTRODUCTION

Organic semiconductors have experienced rapid gro
in electronic and optoelectronic applications over the past
years. The device applications of these materials incl
photoreceptors, batteries, solar cells, field-effect transist
switches, nonlinear optical components, and organic lig
emitting devices~OLEDs!, to list a few. Electro- and photo
active organic materials are particularly attractive for app
cation development because of the way in which the des
of organic materials can be implemented. Owing to the w
van der Waals bonding between molecules in the solid st
the molecules retain much of their individual character, a
therefore the electronic and optical properties of molecu
solids can be defined and adjustedat the molecular level. A
typical device, such as an OLED, consists of a multila
structure where each layer has a specific function, e.g.,
rier injection and transport or charge recombination and li
emission. Given the thin-film structure of molecular devic
interfaces between different functional layers have an imp
tant role in affecting device operation. In particular, dev
functions based on charge transport and injection within
layers adjacent to anode and cathode contacts depend
cally on the character of the transport levels at and near
film interfaces. Therefore, in addition to the molecular en
neering aspects of the active materials for molecular e
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tronics, the interface formation of these materials at the e
trodes needs to be considered in device design in orde
maximize the efficiency and performance of the device.

In this article, we report an ultraviolet photoemissio
spectroscopy~UPS! study of interface formation betwee
two series of oligothiophene derivatives and a me
substrate. The oligothiophenes have been functionali
through attaching either electron-deficient or electro
rich end-moieties to the thiophene chain to create eit
an electron transport or a hole transport mater
respectively. More specifically, the first group of oligome
consists of 2,5’-bis~dimesitylboryl!-2,2’-thiophene
~BMB-1T!, 5,5’-bis~dimesitylboryl!-2,2’-bithiophene
~BMB-2T! and 5,5’bis~dimesitylboryl!-2,2’:5’2’-tertiophene
~BMB-3T!, which are characterized as electron transp
materials.1 In the following, this group of oligomers will be
referred to as the BMB-nTs where n denotes the numbe
the central thiophene rings. The second group of molecu
for the study consists of 2,5’-bis$4-@bis~4-methylphenyl!-
amino#phenyl%-2,2’-thiophene~BMA-1T!, 5,5’- bis$4-@bis~4-
methylphenyl!amino#phenyl%-2,2’-bithiophene ~BMA-2T!,
5,5’-bis$4-@bis~4-methylphenyl!amino#phenyl% -2,2’- terthio-
phene ~BMA-3T!, 5,5’-bis$4-@bis~4-methylphenyl!-
amino#phenyl%-2,2’-quater- thiophene~BMA-4T!, which are
characterized as hole transport materials.2 The second group
will be referred to as the BMA-nTs. The chemical structur
of the BMB-nT and BMA-nT molecules are shown in Fig.

The demonstration of OLED structures utilizing the
two series of molecules in their emitting layer has recen
been reported.1–4 The area of focus in these studies has be

il:
6 © 2002 American Institute of Physics
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FIG. 1. The chemical structures of th
investigated oligothiophene deriva
tives.
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the development of thermally stable electron and hole tra
port materials with good film-forming properties and col
tunability for OLED applications. The film-forming prope
ties of these molecules have been improved by the add
of nonplanar end moieties to the central thiophene rin
which results in the formation of amorphous films up
evaporation. This is in contrast with unsubstituted oligo
iophenes that typically form polycrystalline films. The the
mal stability of the films of BMB- and BMA-nTs is reflecte
in their glass transition temperatures which are 71, 107,
115 °C for BMB-1T, BMB-2T, and BMB-3T, respectively
and 86 °C, 90 °C, 93 °C, 98 °C for BMA-1T, BMA-2T
BMA-3T and BMA-4T, respectively.4 The fluorescence colo
tuning is done by controlling thep-conjugation length of the
oligothiophene chain. In the BMB-nTs, the most inten
emission lines are from deep blue to blue-green: 440
~BMB-1T!, 440 nm ~BMB-2T!, 488 nm ~BMB-3T! ~mea-
sured in a tetrahydrofuran solution!. The corresponding
emission lines of the BMA-nTs are from blue to yellow
green: 456 nm~BMA-1T!, 491 nm ~BMA-2T!, 516 nm
~BMA-3T!, and 532 nm~BMA-4T! ~measured in a tetrahy
drofuran solution!.4

Most recently, we have been able to show that the fr
tier orbital alignment of BMB-2T and BMB-3T at the meta
organic interface is dependent on the number of thioph
rings present, i.e., the effectivep-conjugation length of the
molecule.5 In the current article, we present additional UP
measurements on BMB-1T films grown on an Ag substr
confirming the trend for frontier orbital evolution as a fun
tion of the conjugation length in BMB-nTs. We are then ab
to contrast the behavior of the highest occupied molec
orbitals ~HOMOs! of the BMB-nTs at the metal-organic in
terface with that of the BMA-nTs. In the latter case, t
Downloaded 18 Jul 2002 to 130.33.205.210. Redistribution subject to A
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HOMO position at the interface is found to be independ
of the molecular length. This is interpreted as the location
the HOMO shifting from the central oligothiophene rings
the end moieties of the BMA-nTs.

II. EXPERIMENT

The ultraviolet and x-ray photoemission spectrosco
~UPS, XPS! measurements were carried out in a tw
chamber UHV system~base pressure 10210 Torr! consisting
of a preparation and an analysis chamber separated by a
valve. The organic materials were synthesized and purifie
described in detail elsewhere.2,3 They were placed inside
quartz crucibles that were resistively heated to the des
sublimation temperature. Films of the BMA-nT an
BMB-nT molecules were vacuum deposited onto a polycr
talline Ag foil, which was first cleaned by ion sputtering. Th
contamination levels of the Ag substrate were monito
with XPS. The average deposition rate, monitored with
quartz crystal microbalance, was 10 Å/min. After film dep
sition, the samples were moved from the preparation ch
ber to the analysis chamber without breaking the vacuu
The film deposition was done layer by layer, and the H
(hv521.22 eV! and HeII ~hv540.82 eV! spectra were re-
corded after each deposition using a hemispherical ene
analyzer for electron detection. The resolution of the a
lyzer was set to 50 meV. The sample was biased at23.0 V to
compensate for the contact potential between the sample
the analyzer. Additional XPS core level spectra were m
sured for selected films using AlKa radiation~hv51486.6
eV!. The optical absorption spectra of the solid films we
measuredex situ on a separate set of films evaporated
quartz substrates.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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III. RESULTS AND DISCUSSION

A. Film growth and interface formation

An example of HeI spectra measured for BMB-3T film
at different thicknesses is shown in Fig. 2 where the bind
energy is referenced to the Fermi level (EF) of the Ag sub-
strate. As the coverage of the BMB-3T is increased, n
features due to the molecular orbitals of BMB-3T quick
appear at the higher binding energies~>8.0 eV! in the HeI
spectra. However, the substrate peaks at the interme
binding energies between 4 and 8 eV remain in the spe
and do not completely disappear until the highest occup
molecular orbitals are fully formed at a nominal coverage
16 Å. EF is still visible at this coverage and, given the rel
tively shallow probing depth of UPS~5 Å!, we conclude that
the substrate is not fully covered by the molecular film. T
may be interpreted as clustering of the molecules at the
strate surface upon evaporation. It also bears noting tha
position of the HOMO does not change after 16 Å and w
theEF still visible at this coverage, we can be confident th
the energy scale remains the same for the photoemis
spectra at higher coverage.

The BMB-3T films show an abrupt shift of the vacuu
level at low coverage~<8 Å! after which the level position
stays constant with increasing film thickness. This is an
dication of a charge dipole layer forming at the metalorga
interface. Since the shift is positive, i.e., there is a shift
wards higher binding energies, it implies that the dipole
directed out of the metal surface. Possible mechanisms
the dipole formation include charge transfer between
metal and the organic, chemical reaction, and polarizatio
the molecular layer due to the image force effect at
interface.6.7 We find no evidence for charge transfer betwe
the metal and the organic in our spectra, i.e., there are

FIG. 2. HeI spectra of BMB-3T films at various thicknesses. The in
shows the HOMO part of the HeI spectra in detail and the HOMO par
the HeII spectrum of a 64 Å-thick film. The binding energy is referenced
the Fermi level (EF).
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midgap states or uniform shifts of the peaks observed in
spectra during the initial stages of film growth. XPS me
surements on the BMB-3T films grown layer by layer on A
substrates reveal no evidence for a chemical reaction
tween the metal and the organic. These findings are in ag
ment with previous studies which have found no significa
chemical reaction between thiophene and a noble m
~Au!.8 Therefore, the most likely mechanism for the dipo
layer formation is the polarization of the organic layer at t
interface.9 The features of the film growth and the interfa
formation discussed in the case of BMB-3T are characteri
of all the BMA-nT and BMB-nT films. These include th
general direction of the vacuum level shift and the locat
of the HOMO, which we shall discuss in greater detail in t
following sections.

B. Conjugation length versus orbital structure

1. BMB-nT series

The position of the HOMO level of the BMB-nTs shift
towards lower binding energies with the increasing mole
lar length as seen in Fig. 3 and in more detail in Fig. 4. T
position of the HOMO levels was determined from the ed
of the emission cut-off by linear extrapolation. Interesting
it is only the HOMO levels of the BMB-nTs that are shifte
significantly with respect to each other, whereas the spec
features at higher binding energies appear to be very sim

t
f

FIG. 3. HeI spectra of 64 Å-thick films of BMB-nTs and BMA-nTs. Th
binding energy is referenced to the Fermi level.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



le
o

ly
rt
gy

V
tif
e

T
tu
ne
d
o

ing
ene
as
f
ng

in
l-
om
e
e

es,
in
of
,
in-
ns

e
e
-
h

ith
he
ng
e

d

g
e
nc-
ec-
e
-
C.
g
nd
the

e
at

d B
ble
t-
is
ory

as
e

bu-

g
be-
r

d
ss
tic
ne

5459J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Makinen et al.
and are located in the same position for all three molecu
The HOMO lines were also observed in the HeII spectra
the films, thus eliminating the possibility that the relative
weak HOMO features of the HeI spectrum might be an a
fact of the HeII emission near the minimum binding ener
observed in the HeI spectrum.5 In fact, the HOMO part of the
BMB-3T spectra in Fig. 2 has a small feature at 1.5 e
which is absent in the HeII spectrum. We therefore iden
this feature in the HeI spectrum as an artifact due to H
emission.

The UPS spectra of BMB-1T, BMB-2T, and BMB-3
closely resemble the UPS spectra reported in the litera
for bithiophene, terthiophene, and quarterthiophe
respectively.10,11,12,13 A combination of experimental an
computational work has shown that the HOMO levels

FIG. 4. HeI spectra of the HOMO levels of 64 Å-thick BMA-nT an
BMB-nT films. The solid lines indicate a least square fit of a sum of Gau
ian functions superimposed on a polynomial background. The solid ver
lines mark the position of the HOMO of each film, and the dashed li
show the movement of the thiophene-relatedp-orbitals in BMA-nT films.
The binding energy is referenced to the Fermi level.
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unsubstituted oligothiophenes are composed of bind
p-orbitals, whose origin can be assigned to the thioph
rings.12 The interaction between the rings manifests itself
the splitting of the bondingp-orbitals where the number o
the split levels is proportional to the number of interacti
thiophene rings.11 Similar level splitting is observed in the
low-energy part of the BMB-nT spectra and is reflected
the position of the HOMO and HOMO-1 levels of these mo
ecules. As the number of thiophene rings is increased fr
one to three in the BMB-nT compounds, the HOMO lin
initially embedded in a larger feature at 3.6 eV in th
BMB-1T spectrum moves towards lower binding energi
becoming clearly separated from HOMO-1 line at 2.5 eV
the case of BMB-3T. Conversely, following the treatments
oligothiophene spectra,12 we attribute the feature at 3.6 eV
independent of the number of thiophene rings, to the non
teracting orbitals in the repeating units and to contributio
from the dimesityl-boryl end-groups.

2. BMA-nT series

In contrast to the trend of the HOMO positions in th
BMB-nTs, the HOMO position in the HeI spectra of th
BMA-nT films is constant at;1.8 eV as the number of cen
tral thiophene rings~n! increases from one to four. The hig
binding energy parts of the HeI spectra~.6 eV!, on the other
hand, appear almost identical—an obvious similarity w
the BMB-nTs. A closer look at the spectral evolution near t
HOMO energy shown in Fig. 4 reveals a very interesti
energy level structure. In the HeI spectrum of BMA-1T, w
can identify HOMO, HOMO-1, and HOMO-2 lines locate
at 2.2, 2.6, and 3.4 eV, respectively~labeled A, B, C in Fig.
4!. As the number of thiophene rings increases (n51→n
54), peak ‘‘C’’ steadily progresses towards lower bindin
energies. However, the positions of peaks ‘‘A’’ and ‘‘B’’ ar
not changed as found from fitting a sum of Gaussian fu
tions superimposed on a polynomial background to the sp
tra. An additional feature ‘‘D’’ appears at 3.6 eV in th
BMA-3T spectrum, shifting to 3.4 eV in the BMA-4T spec
trum, which correlates closely with the behavior of peak

The explanation for the evolution of the low bindin
energy levels within the BMA-nT molecules can be fou
from the chemical structure of the molecules. Since
HOMO and HOMO-1 levels~peaks A and B! are indepen-
dent of the number of thiophene rings in the BMA-nTs, w
attribute the two peaks to the diphenyltolylamine groups
each end of the BMA-nTs. Our assignment of peaks A an
further implies that the frontier orbitals have a considera
contribution from the lone electron pair of the nitrogen a
oms, and the phenyl and tolyl moieties. This conclusion
based on experimental results and density functional the
calculations on N,N’-diphyenyl-N,N’-bis~3-methylphenyl!-
1,1’-biphenyl-4,4-diamine~TPD!,14,15 which can be viewed
as a dimer of diphenyltolylamine. In these studies, it w
found that the HOMO of TPD is mostly localized over th
biphenyl core and the nitrogen atoms, with some contri
tion from the side phenyl and tolyl groups.

The shifting of peaks C and D towards lower bindin
energies with increasing chain length is analogous to the
havior of the HOMO features in the BMB-nT films. In othe
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FIG. 5. The energy level alignment a
the metal-organic interface. The energ
values are expressed in electron volt
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words, the interaction of the bondingp-orbitals in the
thiophene units results in the level splitting and shifting o
served in the peaks C and D of the BMA-nT spectra. Mo
over, the location of peak C in the BMA-3T spectrum is on
0.15 eV lower than the center of the HOMO line of th
BMB-3T spectrum when measured from the vacuum lev
These two observations indicate that the energy levels of
oligothiophene part in BMA-nT compounds stay largely u
perturbed and maintain their spectral characteristics.

3. Molecular planarity and conjugation

It has been found that as thep-conjugation length of the
oligothiophene chain is increased beyond 7–8 thioph
rings,12 the photoemission spectrum of the oligothiophe
cannot be distinguished from that of a polythiophene.11,16 In
a UPS spectrum of a polythiophene, the HOMO feature
band-like distribution of levels originating from a large num
ber of interacting thiophene rings.11 The difference between
the HOMO position of terthiophene and that of pol
thiophene is approximately 0.5 eV.12 This yields an estimate
for the upper limit of the HOMO of BMB-nT molecules with
a longer chain length.

The upper limit for the HOMO position derived from
polythiophenes is merely a manifestation of the maxim
conjugation length over which the interaction between thep-
orbitals of different thiophene units can be perceived. In
der for thep-orbitals to interact, the thiophene chain needs
maintain its planarity, which implies an uninterrupted cha
conjugation of the chain. The conjugation length theref
appears to have a maximum at 7–8 rings for oligo- a
polythiophenes. Hence, the level splitting found in t
BMA-nT and BMB-nT spectra indirectly verifies the copla
narity of the thiophene rings, which may be lost should
molecule interact chemically with the substrate.8

C. Energy levels at the metal-organic interfaces

The energy level alignment at the metal-organic int
faces is shown in Fig. 5. The ionization potential of a m
lecular film is equal to the difference between the HeI pho
energy and the width of the HeI spectrum. The latter is
difference of the intensity thresholds at the lowest and at
Downloaded 18 Jul 2002 to 130.33.205.210. Redistribution subject to A
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highest binding energies, i.e., vacuum level onset and
HOMO edge, respectively. The band gaps in the BMB-
films were estimated from the measured optical absorp
spectra of the solid films.

Since the vacuum level shifts~D in Fig. 5! are practically
constant within the BMA-nTs and the BMB-nTs,;0.55 and
;1.1 eV, respectively, the difference in the ionization pote
tials is reflected in the positions of the HOMO levels wi
respect to the Fermi level of the metal. As mentioned earl
the BMA-nT compounds are characterized as hole transp
ing materials, and therefore the critical parameter for a
vice operation is the hole injection barrier at an anode/h
transport layer interface. In a photoemission experiment,
HOMO level marks the highest occupied energy level o
cation with a net positive charge of one, and hence
EF-HOMO separation is equal to the energy barrier for h
injection from the conductor into the organic. Because of
constant ionization potential of the BMA-nT molecules t
hole injection barrier appears to have the same value
;1.82 eV for each metalorganic interface, and is theref
independent of thep-conjugation length of the BMA-nT
molecules.

Assuming similar exciton binding energies~typically
0.2–0.5 eV17! in the BMB-nT films, the estimated lowes
unoccupied molecular orbits Fermi level separation chan
from 0.17 eV in BMB-1T to 0.54 eV in BMB-3T. In other
words, the electron injection barrier is expected to incre
significantly at the metalorganic interface as the effect
p-conjugation length of the BMB-nT molecules gets long
Here it is useful to point out that in our analysis, we ha
used the flatband condition to determine the injection lev
i.e., the HOMO position indicated by the flatband in Fig. 5
determined from the bulk film spectrum~64 Å! and the in-
terface region of the energy levels~where level position is
changing!, is viewed as a tunneling barrier for charge inje
tion.

The present work was carried out on Ag/BMB-nT an
Ag/BMA-nT interfaces, where the Ag foil used in the re
ported experiments had a work function of 4.32 eV. A re
device would typically utilize a metal cathode with a low
work function in order to minimize the electron injectio
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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barrier. Similarly, a high work function metal, e.g., Au, or
conducting oxide, such as indium tin oxide, would be u
lized as an anode in order to minimize the hole inject
barrier in the device. Although the studied interfaces will n
give us the absolute values for typical charge injection b
riers, we do expect the observed trend of the energy le
for the two series of oligothiophene derivatives to hold
interfaces in real devices.

Based on the energy level diagrams shown in Fig. 5,
electron injection efficiency is expected to depend stron
on the p-conjugation length of the BMB-nT molecules
whereas the hole injection efficiency will most likely be i
dependent of the molecular length at an anode/BMA-nT
terface. From the point of view of molecular and device e
gineering, it is interesting to see the very different interfac
behavior that results from attaching either an electr
deficient or electron-rich group to the central oligothiophe
rings. In a sense, the latter represents almost an ideal ca
molecular engineering, namely, the interfacial properties
the BMA-nT molecular films remain the same while the o
tical and the structural properties can be tailored as a fu
tion of the molecular length. This is, of course, assuming t
one wants to utilize BMA-nTs both as hole transporters a
emitters. The BMB-nTs, on the other hand, present a slig
more complicated case where the interface properties
change along with the chain length. The understanding
how the functionalization of a molecular structure~electron
accepting versus electron donating properties! will affect the
electronic structure of a metal-organic interface, i.e., the
ture and position of the frontier orbitals, developed in th
study will be an essential component to be incorporated
materials design.

IV. CONCLUSION

In the photoelectron spectroscopy study of solid films
BMA-nTs and BMB-nTs, we have found that the position
the HOMO levels at the metal-organic interface is stron
dependent on the effectivep-conjugation length of the
BMB-nTs, whereas in the BMA-nTs, it is independent of t
molecular length. We attribute the difference in the obser
HOMO characteristics to the different makeup of the front
orbitals in the two molecular series. In BMB-nTs, th
Downloaded 18 Jul 2002 to 130.33.205.210. Redistribution subject to A
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HOMO corresponds to the interactingp-orbitals located on
the thiophene rings, while in BMA-nTs, the HOMO is lo
cated on the diphenyltolylamine end moieties. This will p
ticularly affect the overall energy barrier for charge injecti
at an electrode/organic interface in devices and conseque
will greatly influence their performance. Therefore, in ad
tion to tailoring the optical and structural properties of ea
species to the desired specifications, the interfacial prope
resulting from the molecular engineering should also be c
sidered in the design of organic light-emitting diodes or oth
electro-optic devices utilizing highly fuctionalized molecul
structures.
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