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Interest in conjugated polyelectrolytes (CPEs) has grown in recent
years due to their applications in polymer light-emitting diodes
(PLEDs),[1–2] polymer solar cells,[3] and optically amplified
biosensor assays.[4] Introducing CPEs into optoelectronic devices
offers new fabrication opportunities and functions.[5] From a
practical perspective, their solubility in polar solvents allows
integration within multilayer devices using solution-casting
methods.[1] More importantly, CPEs were recently found to be
efficient electron-transport layers (ETLs) in PLEDs that incorpo-
rate high-work-function (WF) cathodes. It has also been
previously reported that the performance of such PLEDs is
strongly influenced by the backbone structure and charge-
compensating counterions.[1,6] Proposed mechanisms for the
reduction of change injection barriers include the introduction of
a self-assembled interfacial dipole (which shifts the vacuum level
(VL)) and ionmigration (which screens the field at the interfaces).
Although structure–function relationships in PLEDs have been
studied by modifications of polymer structure,[7] the counterion
effect on electrical properties of CPEs at metallic interfaces
remains to be fully understood.

A complete picture for understanding the performance of
optoelectronic devices requires the electronic structure at
polymer/electrode interfaces. X-ray and UV photoelectron
spectroscopy (XPS and UPS, respectively) are widely used to
determine such energy-level alignments. XPS probes the core
energy levels, and thereby gives insight into any chemical
reaction, as well as the band bending, caused by equilibration of
the different Fermi levels (EF) on both sides of the interface.[8–10]

For example, if the WF of the metal is higher than that of the
organic layer, electron density moves into the metal from the
organic layer, until the EF is equilibrated. Therefore, the band
bending is an important parameter to determine charge-carrier
injection barriers in real devices containing thick organic
layers.[8a,10] UPS is used to determine the WF of a metal and
the VL and highest occupiedmolecular orbital (HOMO) positions
of organic semiconductors.[8,9] When an organic solid contacts a
metal, the organic layer may be affected by the potential of the
surface dipole. The VL shifts can yield the magnitude and
direction of the interfacial dipole (D). Generally, a downward shift
of VL (D< 0) gives rise to a larger hole-injection barrier (fh), while
an upward shift (D> 0) provides a larger electron-injection
barrier (fe).

[8–10]

XPS and UPS studies are typically carried out by growing
organic thin films of progressive thicknesses atop a metallic
surface or a single crystal.[11] These films are usually deposited in
several steps, and are subsequently analyzed without breaking the
vacuum.[8–12] In contrast, polymers are nonvolatile, and are
therefore commonly processed from solution by methods that do
not offer as good a control over layer thickness.[13] Most polymer/
metal interfaces have been studied by evaporating the metal in
situ on ex-situ-prepared films.[14] Examples of the reverse
procedure are scarce.[15]

In this contribution, we investigate the electronic structures of
one neutral conjugated polymer and three CPEs using XPS and
UPS. Control of film thickness was achieved by varying the
spin-casting speed and the solution concentration. As shown
in Scheme 1, the materials studied are poly[9,9-bis[60-(N,N,N- tri-
methylammonium)hexyl]fluorene-alt-co-1,4-phenylene]bromide
(PFNRBrS), poly[9,9-bis(60-bromohexyl)fluorene-alt-co-1,4-phe-
nylene] (PFN-Br), poly[9,9-bis[60-(N,N,N-trimethylammonium)-
hexyl] fluorene-alt-co-1,4-phenylene] tetrakis (imidazoly)borate
(PFNRBIm4

S), and sodium poly[9,9-bis(40-surfonatobutyl)
fluorine-alt-co-1,4-phenylene] (PFNSO3

SNaR). The manuscript
is organized as follows. First, we provide details on film
preparation and the analysis of XPS and UPS data. The results
on PFN-Br/Au are then used as an example to guide the reader on
how the basic electronic parameters are determined. Spectral
characteristics of the other three polymers are subsequently
described in less detail. The manuscript concludes by providing a
complete picture of the electronic properties at the Au interface as
a function of CPE structure.

Polymers were deposited by spin coating from a suitable
solvent and at an appropriate spin speed (Experimental Section).
Film thickness was determined by a combination of atomic force
microscopy (AFM) and XPS measurements (Supporting Infor-
mation). From the XPS and UPS spectra, the molecular orbital
alignment, D, and band bending at the interface are determined
according to the following equations:[8–11]

WF ¼hn� ESE (1)

IP ¼hn� ðESE � EHOMOÞ (2)

ELUMO ¼ Eg � EHOMO (3)

EA ¼fpolymer � ELUMO (4)
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1006–1011
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Scheme 1. Chemical structures of a neutral conjugated polymer and three CPEs, a) PFNþBr�,
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D ¼ fpolymer � fAu þ Vb (5)

where hn is the incident photon energy, ESE is the secondary edge
position, EHOMO is the onset energy of the HOMO level, Eg is the
optical band gap, ELUMO is the energy of the lowest unoccupied

molecular orbital (LUMO) level, fPoymer is the WF of the final

polymer overlayer, fAu is theWF value of the Au surface, andVb is

the band-bending shift.
Figure 1 illustrates the procedure for the determination of

energy-level alignment at the interfaces. Typical UPS spectra of a
polymer (filled circles, top) and Au (solid line, bottom) are shown
in Figure 1a. An energy diagram constructed using the above
equations is displayed in Figure 1b. The WF value is determined
by subtracting ESE from hv. The ionization potential (IP) is
determined using ESE, hv, and EHOMO, as determined by UPS.
The D can be determined from the difference between fAu and
fPoymer, together with Vb. ELUMO was estimated using the known
Eg value.[13b] Finally, the electron affinity (EA) was derived by
subtracting ELUMO from fPoymer.

[8–15]

b) PFN-Br, c) PFNþBIm �, and d) PFNSO �Naþ.
Figure 1. Schematic presentation for determination of energy level align-
ment at a polymer/Au interface. a) UPS spectra of a polymer (filled circle
line, top) and of an Au layer (solid line, bottom). b) An energy-level diagram
to illustrate the quantities in Equations 1–5.
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Figure 2a and b show the C 1s and Br 3d
emission lines from the PFN-Br layers as a
function of film thickness, as obtained by XPS.
The bottomof Figure 2a shows aweakC 1s peak
at 284.2 eV from the Au surface, indicating a
small amount of unavoidable hydrocarbon
contamination.[15] No significant oxygen-
related emission was detected in any of the
samples examined. As the PFN-Br thickness
increases to 22 nm, the C 1s and Br 3d
emissions increase in intensity, while the Au
4f emissions become attenuated due to the
thicker PFN-Br layers. No evidence of a
chemical reaction is detected from the C 1s,
Br 3d, and Au 4f emission lines (see Fig. S2 in
the Supporting Information). Therefore, we
suggest that the Au surface remains chemically
intact, and gives rise to no band bending in
the metal. Similar trends were also observed
141516
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Figure 3. Binding energy shifts of XPS core levels versus a) PFN-Br, c) PFNSO3
SNaR,

e) PFNRBrS, and g) PFNRBIm4
S layer thickness, respectively. Changes of the WF and IP in

the b) PFN-Br, d) PFNSO3
SNaR, f) PFNRBrS, and h) PFNRBIm4

S, respectively.

1008
for otherCPEs.With a 1.6 nmPFN-Br layer, theC
1s and Br 3d core levels are 284.4 and 70 eV,
respectively. TheC 1s structure consists of at least
three emission lines, which are assigned as
follows: 284.4 eV for aromatic carbons, �285 eV
for CH2 chains, and the shoulder at 286 eV for
C–Br bonds.[16,17] The Br 3d core level is
consistent with the presence of C–Br bonds.[18,19]

A slight shift of the C 1s and Br 3d peaks is
observed up to 3 nm thickness, after which there
is no further change, consistent with little or no
band bending.

Figure 2c and d show UPS spectra taken for
the PFN-Br films. EF was determined from the
Au surface, and all other spectra are plotted with
respect to this value. In other words, the abscissa
is the binding energy relative to the EF of Au. The
normalized secondary edges of PFN-Br are
shown in Figure 2c. The VLs of the samples
were determined by linear extrapolation of
secondary electron cutoffs on the high-bind-
ing-energy side of the UPS spectra (14–18 eV).
The secondary edges shift toward lower binding
energies for the first two samples. As the PFN-Br
layer becomes thicker after the third sample, the
secondary edges shift toward higher binding
energies. The final secondary edge is assigned to
the 22 nm PFN-Br spectrum. The PFN-Br VL
(ESE¼ 16.82 eV) is only 0.02 eV higher than that
of the Au surface (ESE¼ 16.84 eV), thus the VL
shift is negligible at the interface. Figure 2d also
shows the evolution of the HOMO onsets for
PFN-Br. The Au peak is completely suppressed
by the PFN-Br emission when the film thickness
is greater than 3 nm, indicating a continuous
film. Comparing the shift in theHOMO onset in
the 22 nm film (1.74 eV) to the EF of Au provides
the relative position of the HOMO level.

The peak shifts of the C 1s and Br 3d lines are
summarized in Figure 3a, where the positions
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SNaR with increasing
PFNSO3

SNaR thickness.
are plotted versus the layer thickness. Peak shifts are calculated
relative to the first deposition sample. One can see that the C 1s
peaks have a similar trend to the Br 3d peaks. The WF and IP of
the sample surface values versus thickness presented in Figure 3b
show little variation. From the absence of change in the C 1s and
Br 3d peaks, and the slight shift of secondary edge, it can be
surmised that the electronic structure at the PFN-Br/Au interface
exhibits very little D and band bending. Figure 3 also contains
results from the other CPEs, which will be discussed
subsequently, so that relative comparisons can be readily made.

The properties of the anionic CPE, PFNSO3
SNaR, are

discussed next. Figure 4a shows that the C 1s emission lines
becomemore intense as the thickness increases, as is the case for
other core levels (O 1s, Na 2s, and S 2p). The C 1s peaks from a
1.7 nm layer exhibit a fairly distinct maximum at 284.75 eV,
indicating a different chemical environment with the neutral
PFN-Br. The total C 1s peak shift was 0.05 eV toward a higher
binding energy after a sufficient coverage of PFNSO3

SNaR

(27 nm), and is consistent with those measured from other core
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1006–1011
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levels. From the peak shifts of all component lines summarized in
Figure 3c, it can be determined that the magnitude of the band
bending at the PFNSO3

SNaR/Au interface is 0.05 eV.
UPS spectra of PFNSO3

SNaR layers and a bare Au layer are
shown in Figure 4b and c. The secondary edge shows negligible
changes up to 3.7 nm, indicating the absence of a dipole shift. The
total shift of the secondary edge (ESE¼ 16.88 eV) for the 27 nm
layer is 0.04 eV toward higher binding energy from that of Au.
The corresponding HOMO level is therefore estimated to be
1.39 eV relative to EF. The fact that Figure 3d shows little change
in WF and IP as a function of PFNSO3

SNaR thickness indicates
that the D and band bending at the PFNSO3

SNaR/Au interface
are negligible, as observed with PFN-Br.

We now examine the first example of a cationic CPE structure.
Figure 5a–c show emission lines from PFNRBrS. In contrast to
PFN-Br, the C 1s emissions consist of two peaks, reflecting
photoemissions from hydrocarbons and aromatic carbons in the
main peak (285 eV) and from C–N bonds at�286.7 eV. The Br 3d
core level of 67.7 eV for the 2.3 nm layer is different from that
observed with PFN-Br (see Fig. 2b), and corresponds to the ionic
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Figure 5. The XPS spectra of a) N 1s, b) C 1s, and Br 3d core levels of PF
increasing PFNRBrS thickness. UPS spectra of d) the secondary edge region a
region of PFNRBrS with increasing PFNRBrS thickness.
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state of Br.[17] The N 1s core level at 403.3 eV is consistent with
quaternized N–C functionalities.[16a,18] In contrast to PFN-Br and
PFNSO3

SNaR, a shift in the C 1s peak of 0.25 eV toward higher
binding energies for PFNRBrS is observed in the 24 nm layer.
Furthermore, because the general shape of the peak does not
change, we suggest the absence of a chemical reaction at the
PFNRBrS/Au interface. Band bending thus leads to a 0.25 eV
shift in the N 1s, C 1s, and Br 3d peaks (Fig. 3e).

The UPS spectra of PFNRBrS are provided in Figure 5d and e.
The total VL shift and the HOMO level at the saturated coverage
(24 nm) are 0.73 and 2.18 eV, respectively. Combining these data
with the XPS results allows us to generate Figure 3f, which
provides IP and WF as function of film thickness. The WF and
core level shifts show similar shapes at their start and end points,
and deviate significantly in the intermediate region, where band
bending evolves. The steep change of WF between Au and the
2.3 nm layer stems from the secondary edge shift upon the
deposition of the first layer. Comparison between the curves
yields that theWF changes more rapidly than the XPS peak shifts.
This can be explained by the fact that the C 1s (and also N 1s and
646668
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nd e) the HOMO

mbH & Co. KGaA, Wei
Br 3d) emissions represent an average over the
volume below the sample surface, covered by
the escape depth of the photoelectrons.

Examination of PFNRBIm4
S and compar-

ison of the results obtained with PFNRBrS

gives insight into the influence of the charge-
compensating anion with a given cationic CPE
backbone. XPS data obtained from
PFNRBIm4

S as a function of layer thickness
are shown in Figure 6a and b. The N 1s
structure consists of at least three emission
lines, which correspond to 399.3 and 400.3 eV
for nitrogen bonds in the BIm4 ligands and
403.4 eV for the quaternized –N–CH3

groups.[18] Among these polymers, a remark-
able shift in the C 1s peak, of 0.7 eV toward
higher binding energies for PFNRBIm4

S, is
observed in the 24 nm layer. UPS spectra of the
PFNRBIm4

S films on Au surface are presented
in Figure 6c and d. Themost significant feature
is a continuous 1.43 eV shift of the secondary
edges toward higher binding energies with
increasing thickness (Fig. 3g), which implies
that the VL is lower compared to that of the Au
and the presence of an interfacial dipole.
Figure 3h summarizes theWFand IP changes.
The total WF change coincides with the N 1s
and C 1s peak curves. The WF change is thus
closely connected to band bending at the
interface. The IP has almost a constant value in
the range of �0.05 eV.

Energy diagrams for the neutral conjugated
polymer and three CPEs can therefore be
generated by combining the XPS and UPS data
discussed above, as shown in Figure 7. The
charged polymers have different electronic
properties compared to the neutral precursor,
PFN-Br. The interfacial energy levels can be
characterized using the experimentally
nheim 1009
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S thickness. UPS spectra
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S

with increasing PFNRBIm4
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Figure 7. Energy level alignments of a) PFN-Br, b) PFNSO3
SNaR,

c) PFNRBrS, and d) PFNRBIm4
S interface. The energy unit is eV. (EF:

Fermi energy level, Evac: VL, D: interfacial dipole, EA: electron affinity,
IP: ionization potential, Vb: band bending, fe: electron injection barrier, fh:
hole injection barrier).

1010
determined fAu. It has already been known that the fAu of a
thermally deposited Au surface is about 4.4–4.7 eV rather than
5.1–5.2 eV, a value typical for polycrystalline and atomically clean
Au surfaces.[9a,15] For that reason, the four polymers exhibit IP
values larger than 5 eV and an EA smaller than 3 eV; the EF of Au
exists somewhere within the polymer band gap. Hole (electron)-
injection barriers can be estimated by the energy difference
between EF of Au and the HOMO (LUMO) levels. In Figure 7a,
the fe of PFN-Br is lower than the fh. PFN-Br exhibits a higher IP
(6.15 eV) than the anionic (5.72 eV) and cationic CPEs (5.84 eV for
PFNRBrS and 5.76 eV for PFNRBIm4

S). No significant change of
both D and band bending was detected for the neutral PFN-Br.
This result indicates that the PFN-Br/Au interface is essentially
dipole free. In other words, the electronic states of PFN-Br and Au
align at the VL. PFNSO3

SNaR would be anticipated to exhibit the
lowest fh in Figure 7b. Little change in the core levels and
secondary edges show that the interface forms without significant
charge transfer, and there is no evidence of chemical reaction.
Comparison of the diagram of PFNSO3

SNaR against those of
� 2009 WILEY-VCH Verlag Gmb
PFNRBrS and PFNRBIm4
S shows that the cationic polymers

have larger interfacial dipoles and band bending. The fe values of
PFNRBrS and PFNRBIm4

S are also lower by comparison with
PFNSO3

SNaR, as determined by the downward VL shift. This
shift is likely a combination of charge transfer with Au and
alignment of polar functionalities at the interface.[8a,20]

In summary, we provide herein the first complete picture of the
electronic features at a CPE/metal interface. A critical component
of the study is the ability to control film thickness by adjusting
spin-casting conditions. XPS and UPS measurements can
therefore be carried out progressively further away from the
metal surface. For the cationic polymers studied here, strong
band bending and interfacial dipole are observed on gold
surfaces. Such features are not observed in the case of the neutral
PFN-Br and anionic PFNSO3

SNaR counterparts. The absence of
changes in the XPS spectra indicates the absence of chemical-
bond formation between the CPEs and the Au surface. Previous
studies by cyclic voltammetry determined that the HOMO and
LUMO levels of CPEs are not influenced by the pendant ionic
charges.[21] Herein, we show that this is not the case in the solid
state. Comparison of the properties of PFNRBIm4

S and
PFNRBrS shows how critical properties of the semiconducting
component can be modified by choice of counterion. The larger
counterion (diameters: BIm4

S, �8.98 Å; BrS, 3.92 Å) leads to a
smaller IP value, larger interfacial dipole, and more-pronounced
band bending. One clear implication of the collective set of
observations is that peripheral structural modifications can be
used to engineer either hole-injection or electron-injection layers
with a constant backbone structure. These findings are important
for understanding how these materials function in PLEDs, the
improvement of device performance, and the design of new
materials for use in polymer-based optoelectronic devices.
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1006–1011
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Experimental

Detailed synthetic methods for CPE synthesis are described in the
literature [1a]. The polymer solutions were prepared in chlor-
obenzene for PFN-Br, a 2:1 mixture of methanol and water for
PFNSO3

SNaR, and methanol for PFNRBrS and PFNRBIm4
S

[1b,13b]. For XPS and UPS experiments, a Au film 75 nm thick was
deposited on a precleaned Si substrate with a thin native oxide.
Polymer solutions were then spin-coated at different spin speeds
and concentrations from each solution, atop a Au film. The total
time of spin coating was kept at 60 s for all samples. Film
fabrication was done in a N2-atmosphere globe box. To minimize
possible influence by exposure to air, the films were then
transferred from the N2-atmosphere dry box to the analysis
chamber inside an air-free holder. Subsequently, all samples were
kept inside a high-vacuum chamber overnight, to remove solvent.

The XPS and UPS analysis chamber was equipped with a
hemispherical electron-energy analyzer (Kratos Ultra Spectro-
meter), and was maintained at 1.33� 10�7 Pa. The XPS was
measured using monochromatized Al Ka (hv¼ 1486.6 eV)
excitation, while UPS measurements were carried out using the
He I (hv¼ 21.2 eV) source. The electron energy analyzer was
operated at constant pass energy of 20 eV (for XPS) and 10 eV (for
UPS). During UPSmeasurements, a sample bias of�9 V was used
in order to separate the sample and the secondary edge for the
analyzer. In order to confirm reproducibility of XPS and UPS
spectra, we repeated these measurements twice on two sets of
samples.

Relative elemental analysis obtained from XPS peak intensities
confirm greater than 95% correct composition for PFNRBrS,
PFNRBIm4

S, and PFNSO3
SNaR (see Fig. S1 in the Supporting

Information).
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