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1. INTRODUCTION

Organic light-emitting diodes (OLEDs) are among the com-
peting technologies for future display and solid-state lighting
applications. To date, best performing OLEDs are based on
small-molecule materials, where commonly several layers are
vapor deposited in ultra high-vacuum.1 On the one hand, this
proceedure benefits straightforward processing and highly pur-
ified layers, but on the other hand it is very time- and energy-
consuming. For cost-effective production, it is preferable to
process from solution, e.g. by printing. However, usually multi-
layer structures are required to ensure acceptable device perfor-
mances. To prevent interface mixing and erosion by consecutive
layer deposition from solution two fundamental approaches have
been followed.2 The first one is to use orthogonal solvents for
each individual layer.3 This is however limited, since only few
solvents can be used to dissolve typical materials.4,5 In the second
approach cross-linkable materials are employed, which become
insoluble in a subsequent treatment step.6,7

Among the various options for cross-linkable materials,
oxetane-functionalized organic semiconductors have been
used for fabricating multilayer OLEDs from solution and for
lithographic patterning. These materials are commonly cross-
linked photochemically by cationic ring-opening polymeriza-
tion (CROP) in the presence of a photoacid generator (PAG)

such diaryliodonium salts generating an electrophilic species
under UV-irradiation (Figure S1, Supporting Information).8 How-
ever, the interplay between PAG and the oxetane-functionalized
semiconductor is rather complex and leads to several reaction
pathways, which can notably affect the device performance.
Scheme 1 shows the proposed reaction scheme of a frequently
used oxetane-functionalized hole-conductorHMX (also referred
to as OTPD9) in conjunction with the PAG. The cross-linking
process can be roughly divided into two steps:
(1) Initiation: The activation of the PAG in a hole-conductor

matrix implicates a sensitized photolysis, Scheme 1b. By
illuminating with UV-light the conjugated aromatic sys-
tem of HMX acts as sensitizer owing to absorption at
longer wavelengths than the PAG absorption (for spectra
see Figure S2). The strong spectral overlap between light
source andHMX facilitates an efficient photoexcitation of
the hole-conductor followed by a subsequent photoin-
duced electron transfer (PET) to the PAG. This PET is
assumed to be quantitative regarding the PAG, since a
large excess of the sensitizer (the compound to be cross-
linked itself) is provided.Note, that in contrast to commonly
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sensitized photolysis about 99 wt % sensitizer is pre-
sent. The radical cation of the HMX hole conductor
and a highly unstable PAG radical are formed, which in
turn decomposes very fast and irreversibly to a phenyl
radical and a neutral, iodinated species.10 Here, the
competing electron back transfer is neglected, since the
light exposure for several seconds should in principle
ensure a quantitative conversion.

(2) Follow-up reactions: the highly reactive phenyl radical
and the HMX radical cation are then able to undergo
several follow-up reactions, leading (a) to the desired
CROP reaction or (b) to undesirable side reactions,
Scheme 1c.11,12 The phenyl radical and the HMX
radical cation may combine with each other (presumably
in-cage), and under rearomatization a proton is gener-
ated, which is then able to initiate the CROP reaction,
pathway I. Alternatively, theHMX radical cation, being an
electrophile itself, may directly initiate the CROP reac-
tion, pathway II. This pathway is favored, if the phenyl
radical undergoes typical cage-escape side reactions, such
as CH-abstraction of H-atoms in α-position toward an
ether unit of HMX moieties, pathway ESC. Finally, there
is a certain probability that the formed HMX radical
cations do not react further but instead remain in the
HMX matrix as persistent (redox chemical) doping
charge (symbolized by the dead-end sign, Scheme 1).

In this study, we demonstrate the quantitative detection of all
reaction pathways. We utilize organic field-effect transistor
(OFET) devices as testbed for a selective detection of the
mobile persistent charge, corresponding to the dead-end path-
way. Using a combinatorial experiment, the reaction pathways I
and II can be addressed systematically. Therefore, in addition to
HMX and the commonly used PAG {4-[(2-hydroxytetradecyl)-
oxyl]phenyl}phenyliodonium hexafluoro-antimonate (OPPI),
the noncross-linkable hole conductor HM and the one-electron
oxidant nitrosylium hexafluoro-antimonate (NO+) are applied,
Scheme 1a. In a second part, the charge (hole) transport pro-
perties of the cross-linked films is examined in detail and the
impact of redoxchemical doping investigated.

2. EXPERIMENTAL SECTION

The FET devices used in this study are based on prefabricated Si2+/
SiO2-substrates (Fraunhofer IPMS, Dresden). The substrates were
patterned with 50 nm gold source/drain electrodes. The channel length L
and widthW were 2.5 μm and 1 cm, respectively. The silicon oxide used
as dielectric had a layer thickness of 230 nm and an areal capacitance Ci

of 15 nF/cm2. The substrate was treated with hexamethyldisilazane
(HMDS) prior deposition of the hole conductor to make the SiO2-
surface hydrophobic. The transistors were completed by spin coating
50 nm films of in-house synthesized hole conductor HMX and HM,9

respectively, from toluene solution on silicon substrates.
Films added with PAG were fabricated under red light by mixing

12 g/L stock solutions of both, hole conductor and OPPI (Aldrich)
from toluene solution immediately before spin coating. The resulting
films were irradiated with 366 nm light for 10 s and cured at 100 �C for
2 min. Films added with stoichiometric dopant were prepared by
mixing NO+ (Aldrich) dissolved in nitromethane (12 g/L) with a
toluene stock solution of hole conductor (12 g/L) immediately before
spin coating and cured at 100 �C for 2 min. The NO radicals generated
during the reaction are volatile. Soft curing at 100 �C was done to
completely cross-link the layers (no longer soluble in any solvent).

The film thicknesses were measured with a Dektak 3 surface
profilometer. Transistor characteristics were detected with an Agilent
B1500A semiconductor analyzer. All transistor fabrication and measure-
ments were carried out under inert nitrogen atmosphere.

3. RESULTS AND DISCUSSION

3.1. Quantifying Reaction Pathways. By implementingHM
orHMX into anOFETwewere able to detect its permanent charge-
carrier density, which correlates with the amount of persistent
doping charges and, accordingly, the dead-end pathway (Figure S3).
With the known fraction of the dead-end and a systematic
addressing of the other pathways, we were able to quantify the
complete reaction pattern of HMX and PAG according to
Scheme 1c.
Calibration. For the quantification of the number density of

mobile charges in the films, a calibration was performed. Therefore,
we used the noncross-linkable compoundHM added with the one-
electron oxidant NO+ as reference system (see Figure S4). We

Scheme 1. (a) Chemical Structures, (b) Photoinduced Electron Transfer (PET), for Simplification the Counter Ion of the PAG
Was Neglected, and (c) Proposed Follow-up Reaction Scheme
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found a linear dependence of the detected charge-carrier density
p0 on the initial loading of the initiator, the slope being unity
(Figure 1a, solid black squares).
Photochemically Induced Reaction. We first consider reac-

tion pathway I. Its existence was proven by first detecting the in-
cage reaction product, the phenyl adduct of HM, by ESI mass
spectrometry (Figure S5), and second by detecting the generated
protons by adding an appropriate UV/vis indicator (Coumarin 6,
Figure S6). To quantify pathway I, we used the noncross-linkable
HM added with PAG. In this configuration pathway II is closed
due to absence of reactive oxetane-functionalities. Consequently,
either persistent doping charges (dead end) or protons are
generated (pathway I). The detected charge-carrier densities
revealed a doping level, which is lowered to 14% compared to the
calibration, Figure 1a (solid red circles). Thus, it can be con-
cluded that 86% followed pathway I.
The fraction of doping charge, which initiates the CROP

following pathway II, is deduced from the mobile charge-carrier
density of HMX films added with PAG. Owing to the identical
electronic properties ofHM andHMX the proton formation and
photodoping rates are essentially identical. Hence, for HMX we
assumed 86% for pathway I, as was determined for HM. The
detected charge-carrier densities indicated a doping level of 2.5%
for PAG-cross-linked HMX, Figure 1a (open red circles). Con-
sequently, it can be concluded that the remaining 11.5% entered
into pathway II.
Redoxchemically Induced Reaction. In addition, we also

quantified the cross-linking route initiated by NO+. In this case,
only reaction pathway II is addressed. Relative to the calibration
system 33% persistent doping charges were deduced, Figure 1a
(open black squares). Consequently, 67% of the initial HMX
radical cations entered reaction pathway II.
Figure 1b summarizes the results. It is an important finding that

all experiments led to a linear relationship between the mobile
charge-carrier density and the amount of initial initiator with a
slope of unity. Thus, a constant fraction of the initiator (varies for
the different experiments) is transformed to (photochemical
initiation) or remains as (redoxchemical initiation) mobile charges
that can be detected by the OFET.
3.2. Physical Aspects. The most important result of the

previous section is, that cross-linking using a PAG orNO+ leads

to significant doping of the semiconductor. Moreover, the
formed polymer-network as well as the recombination and
decomposition products might also affect the film morphology.
Both aspects crucially influence the charge transport and conse-
quently the device performance. The two key parameters char-
acterizing the charge transport are the charge-carrier mobility μ
and the permanent charge-carrier density p0. These parameters
were already obtained from the FET experiments and are now
examined in detail.
Charge-Carrier Mobility. Figure 2 shows the measured hole

mobilities as a function of the charge-carrier density p0. At low
charge-carrier densities themobility corresponds to themobility of
the undoped hole conductor (μ≈ 1.5� 10�5 cm2 V�1 s�1). For
p0 exceeding 3 � 1016 cm�3 the mobility increases and reaches
μ≈ 3.2� 10�5 cm2 V�1 s�1 for p0≈ 1� 1018 cm�3 (} 20 wt %
doping). This increase by a factor of ca. 2 widely agrees with a
study ofMaennig et al., who investigated the field-effectmobility of
a molecular doped semiconductor.13 They attributed the increas-
ing mobility with higher doping levels to filling of trap sites.

Figure 1. (a) Charge-carrier densities ofHMX (open symbols) and HM (closed symbols) films added with different amounts of redox-salt (squares)
and PAG (circles). The lines are fits with a slope of unity, indicating stoichiometric doping. The gray-shaded area illustrates the resolution limit of the
current detection from the transistor measurements (“noise floor”). (b) Addressing rates of the reaction pathways derived from the offset of the lines in
(a); see text for details. Pathways labeled with X are closed for the corresponding system. Noncross-linkable HM added with redox-salt serves as
calibrating system, i.e. addressing only the permanent mobile charges, so-called “dead-ends”.

Figure 2. Charge-carrier mobilities of HMX (open symbols) and HM
(closed symbols) as a function of the detected charge-carrier density for
different NO+ (squares) and PAG (circles) content, respectively. The
blue line is to guide the eye. The dotted line represents the mobility of
undoped HM and the dashed the mobility of undoped HMX.
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Comparing the mobilities of HM and HMX films added with
PAG or NO+ at approximately equivalent doping levels and
moderate initiator content we observe no significant difference.
This indicates that both PAG decomposition product and phenyl
adduct do not notably affect the charge transport of the semi-
conductor for commonly used amounts of PAG. Further, we
emphasize that in cross-linked HMX films the decomposition
product of the PAG can be washed out by solvent rinsing.
However, we also detected no alteration of the mobility as well as
the charge-carrier density in such films.
Considering the mobilities of cross-linked and noncross-

linked films at equivalent doping levels also yields similar values.
Thus, the formation of a cross-linked network does not affect the
charge transport. This is expected since HMX is an amorphous,
highly disordered semiconductor, which should be inherently
less sensitive to morphology changes. Further, in particular the
long alkoxy side chains should ensure sufficient flexibility of the
semiconductor backbone within the rigid polymer network.
Charge-Carrier Density. The charge-carrier density detected

by OFET measurements indicates the amount of mobile charge-
carriers effectively contributing to the charge transport. Since
charge trapping has to be taken into account as well, particularly
in disordered systems,14 doping does not necessarily implicate a
quantitative generation of mobile charge-carriers. For quantifica-
tion, we considered the reference system, i.e., noncross-linkable
HM doped with NO+. The charge-carrier density is given in
Figure 1a. With an assumed density of δ ≈ 1.2 g/cm3 we
estimated a molecule density of N = 8 � 1020 cm�3 for HM.
From the ratio of the detected density of mobile charge-carriers
and the density of doped molecules (N times doping level) we
derived a mobile fraction of 1%. Accordingly, only every hun-
dredth doping charge effectively contributes to the charge
transport. Similar values were already determined for doped
polymers and can be ascribed to strong Coulomb interactions
between doping site and the corresponding counterion.15

Effective Doping Level. Finally, we can state an effective
doping level of cross-linked HMX films, which is principally
induced by the PAG. We know from the reaction pattern that
PAG stoichiometrically induces 2.5% persistent doping charge.

Taking the fraction of effective mobile doping charge into
account, i.e. 1%, this leads to an effective doping level of 2.5 �
10�4. Accordingly, a typical amount of 0.5 wt % PAG used for
cross-linking16 would induce 1.7 � 10�6 mobile charge-carriers.
Controlled Dedoping. It has been reported that postbake

treatments of cross-linked films lead to dedoping and fluores-
cence recovery.17 It is assumed that annealing triggers thermally
activated reactions of persistent radical cations, which attack
unreacted oxetane units. This leads to a charge transfer to
immobile charged sites, such as stable tertiary oxonium ions of
ring-opened oxetanes. Figure 3 shows the charge-carrier densities
detected by OFET of HMX films added with PAG or NO+,
respectively, as a function of the initial charge-carrier density for
different annealing temperatures. The charge-carrier density
decreases by several orders of magnitude, while the impact is
stronger at higher annealing temperatures. Moreover, it is shown,
that annealing at 200 �C induces typical charge-carrier densities,
which are in the range of undoped samples. This applies to all
samples independently of their initial doping level. Furthermore,
we emphasize, that increasing the annealing time beyond the
standard time used here (10 min) showed no relevant change in
the final charge-carrier density. In summary, the dedoping
reactions are clearly thermally activated. This is plausible since
with higher annealing temperatures the diffusional mobility of
reactive moieties is significantly enhanced.

4. CONCLUSION

In conclusion, we report a systematic study of the cross-linking
mechanism of oxetane-functionalized semiconductors using a
conventional PAG and NO+, respectively, as initiating species.
Persistent doping charge, which is generated during the initiation
process, represents an important dead-end, which was detected
in OFET devices. Additionally, using a combinatorial experiment
all relevant pathways could be quantified. By using PAG as
initiator the proton formation represents the preferred initiation
pathway; simultaneously PAG stoichiometrically induces 2.5%
persistent doping charge.

The OFET measurements also provided detailed information
about the charge transport in doped cross-linked films. The
charge-carrier mobility increased with the doping level up to a
factor of 2 but showed no significant sensitivity to byproduct or
network formation. Further, it turned out that only a fraction of
1% of generated doping charge is effectively mobile. Finally, it
was demonstrated that postannealing steps of cross-linked films
lead to controlled dedoping.
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