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Dynamic Doping in Planar lonic Transition Metal Complex-
Based Light-Emitting Electrochemical Cells

Sebastian B. Meier, Stephan van Reenen, Bastien Lefevre, David Hartmann,
Henk J. Bolink, Albrecht Winnacker, Wiebke Satfert,* and Martijn Kemerink*

Using a planar electrode geometry, the operational mechanism of iridium(lll)
ionic transition metal complex (iTMC)-based light-emitting electrochemical
cells (LECs) is studied by a combination of fluorescence microscopy and
scanning Kelvin probe microscopy (SKPM). Applying a bias to the LECs leads
to the quenching of the photoluminescence (PL) in between the electrodes
and to a sharp drop of the electrostatic potential in the middle of the device,
far away from the contacts. The results shed light on the operational mecha-
nism of iTMC-LECs and demonstrate that these devices work essentially

the same as LECs based on conjugated polymers do, i.e., according to an
electrochemical doping mechanism. Moreover, with proceeding operation
time the potential drop shifts towards the cathode coincident with the onset
of light emission. During prolonged operation the emission zone and the
potential drop both migrate towards the anode. This event is accompanied
by a continuous quenching of the PL in two distinct regions separated by the

carrier injection from air-stable electrodes
and low operating voltages, consequently
giving rise to high power efficiencies.'1:12]
These advantages make LECs a promising
candidate for cost-efficient next generation
solid-state lighting and signage applica-
tions. However, in comparison to multi-
layer organic light-emitting diodes, their
state-of-the-art performances such as life-
times, power efficiencies and achievable
colors are significantly poorer. To further
enhance the performances of LECs it is
necessary to improve the understanding
of their peculiar operation mechanisms.
Two different kinds of LECs can be
distinguished on the basis of the nature
of the luminescent material. Devices

emission line.

1. Introduction

Solid-state light-emitting electrochemical cells (LECs)l-] are
one of the latest classes of organic light sources and have gen-
erated great interest during recent years. LECs are single-layer
solution-processible electroluminescent devices comprising
a luminescent material in an ionic environment.*1% Due to
their peculiar operational mechanism, LECs allow for charge
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based on an emissive conjugated polymer
admixed with a salt and a solid electrolyte
are termed polymer LECs (pLECs),[12910]
whereas LECs comprising an ionic transi-
tion metal complex (iTMC) lead to iTMC-LECs.B-® The latter
in general do not require an electrolyte as the emitting species
is intrinsically ionic. Nonetheless, ionic liquid (IL) is frequently
added, especially in the case of iridium(III)-based devices, to
accelerate their turn-on.3l iTMCs dissolve in benign solvents
allowing for environmentally friendly processing. In addition,
higher efficiencies can be expected due to the phosphorescent
nature of the transition metal complexes.*1°] Another benefit
arises from the ease of color tunability in iridium(III) ionic
transition metal complexes (Ir-iTMCs) which enables an avail-
able color range covering the entire visible spectrum, including
white.7"816-20 Recently iTMC-LECs have been achieved with
simultaneous sub-second turn-on and long lifetime (>4000 h)
at high brightness (>600 cd m~2), demonstrating their potential
as alternative light sources.l?!

The operational mechanism of LECs has been the subject
of an intense debatel?224 ever since their invention by Pei
et al. in 1995. Two competing models have been proposed,
the electrodynamic model (ED)?-?8 and the electrochemical
doping model (ECD),[229-321 and measurement results have
been interpreted in either of them. The underlying physics of
both models can be best described by considering the predicted
steady-state operation of LECs as illustrated in Figure 1. The
ED states that nearly all applied potential drops at the two elec-
trode interfaces owing to the formation of very thin layers of
accumulated and uncompensated ions (Figure 1a). On the one
hand these electric double layers (EDLs) enhance charge carrier
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(a) Electrodynamic model (ED) (b) Electrochemical doping model (ECD)
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Figure 1. Schematic illustration of a) the electrodynamic model (ED) and b) the electrochemical doping model (ECD) during steady-state describing
the operational mechanism of light-emitting electrochemical cells. The bold black line respresents the electrostatic potential profile in between the
electrodes whereas the ionic and electronic charge distributions are labeled according to the legend. High- and low-field regions are highlighted in

orange and light yellow color, respectively.

injection from the electrodes and on the other hand they
screen the bulk active layer from the external electrical field,
necessitating a diffusion-driven electronic current. In the ECD
(Figure 1b) charge accumulation and EDL formation at the
electrodes are assumed as well, however, the most important
aspect here is the oxidation and reduction of the luminescent
material by injected electrons and holes from the electrode con-
tacts. These redox processes are accompanied by the movement
of cations and anions to the redox centers to stabilize and elec-
trostatically compensate the injected charge carriers resulting
in an electrochemical doping process similar to the static situ-
ation in doped inorganic semiconductors. The doping gives
rise to highly conductive p- and n-doped zones adjacent to the
electrodes with enhanced carrier density and mobility.*3l Due
to ion depletion®” a narrow intrinsic region arises in between
the doped zones where the remainder of the applied potential
drops and electron/hole recombination takes place to cause
light-emission. In the ECD both drift and diffusion contribute
to charge carrier transport.*

Confirmation of both models was initially done in planar elec-
trode configuration with inter-electrode spacings ranging from
the um- to the cm-scale by scanning Kelvin probe microscopy
(SKPM) and optical experiments using predominantly polymer
LECs. Utilizing these methods, features of both the ECD and
the ED have been observed in pLECs.[30-323>-37] Recently, their
appearance was found to depend on the injection properties of
the contacts.?¥ In the case that EDL formation leads to ohmic
contacts the ECD is observed. In the commonly used sand-
wiched device configuration, in which the electrode spacing
is much smaller (typically in the range of 200 nm), the ECD
was proven by current characterization techniques like imped-
ance spectroscopy.?®3% Such a broad variety of experimental
evidence is not available for small molecular iTMC-LECs. Until
now planar iTMC-LECs were only reported to operate according
to the ED.® Additionally, few works exist describing experi-
mental results in sandwiched configuration which support the
ECD.2L4-43] Hence, there still remains doubt concerning the
operation mechanism of iTMC-LECs which is hindering its fur-
ther progress.

Here, we report the results of transient experiments car-
ried out on planar iTMC-LECs using as active material the
ionic iridium(III) complex bis-2-phenylpyridine 6-phenyl-2,2’-
bipyridine iridium(III) hexafluorophosphate [Ir(ppy),(pbpy)]
[PF¢] admixed with the ionic liquid 1-butyl-3-methylimidazo-
lium hexafluorophosphate [BMIM][PF¢]. A combination of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fluorescence and optical microscopy was used to probe the
photoluminescent behavior of the iTMC in between the planar
electrodes during operation and after switch-off and to iden-
tify the location of the emission zone. SKPM was performed
to record the evolution of the electrostatic potential. The out-
comes of both studies, PL quenching during operation and a
sharp potential drop far away from the electrodes, are in line
with each other and confirm that iTMC-based LEC devices, just
as their polymer counterparts, work according to an electro-
chemical doping mechanism.

2. Results and Discussion

The chemical structures of the compounds used and a sketch
of the investigated planar device architecture are depicted in
Figure 2a. Details about the device preparation can be found
in the Experimental section. Two sets of indium tin oxide (ITO)
interdigitated electrodes (IDEs) with different electrode spac-
ings of 5 um and 10 um were used. A section of a bright field
optical microscopy picture of the 10 um gap electrode structure
is depicted in Figure 2b. The energy level diagram of the device
is shown in Figure 2c.

2.1. Fluorescence Microscopy

First analyses were performed using an IDE device with an
inter-electrode spacing of 10 um. Even though IL was admixed
to the iTMC to accelerate the device respone,®l a high voltage
of 210 V was used to operate the LEC. This will be commented
on in the second section of this article but we note that also
without additional IL added the iTMC-LEC does work at 210 V.
As expected the time scales are, however, dramatically slowed
down by roughly two orders of magnitude. To study the photo-
luminescent behavior of iTMC-LECs during device operation,
fluorescence microscopy was carried out under near-UV illu-
mination of the active layer. Additionally images of the plain
electroluminescence without photo-excitation were recorded to
be able to identifiy the location of the emission zone within the
inter-electrode spacing. Details concerning the experimental
setup and procedure can be found in the Experimental Sec-
tion. Microscopy images were taken of a section of the cell,
highlighted in Figure 2b, at different time intervals during
operation of the LEC both with and without UV illumination

Adv. Funct. Mater. 2013, 23, 3531-3538
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Figure 2. a) Schematic device layout and structural formulae of the
organic constituents. b) Optical microscopy image of a 10 um interdigi-
tated electrode structure. The yellow frame reflects the picture section
of the images in Figure 3. c) Energy level diagram of the planar LEC
device.

(Figure 3). To facilitate the evaluation we superimposed the
fluorescence image with the plain EL image so that both the
fluorescence and the electroluminescence can be observed. As
pre-patterned IDE substrates were used, the active layer covered
also the finger-like electrodes, referred to as bottom or buried
electrode configuration, for which reason the whole device area
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revealed UV excited PL. Moreover, the dark spots that appear in
the image of the pristine (undriven) device (Figure 3a) are due
to particles in the UV light source. With a new lamp the spots
did not appear any longer (Figure 3f).

The current flowing through the entire interdigitated elec-
trode device was also monitored during the operation of the
LEC. From the logarithmic presentation (Figure 4) three dif-
ferent regimes can be easily identified. Initially, during the
first 15 min of operation, the current increases linearly which
is associated with quenching of the PL in the inter-electrode
gap (Figure 3a,b). Intuitively one would relate this decrease in
PL to the degradation of the iTMC. However, as we will dem-
onstrate below, this is not what is predominantly happening
during device operation. After 15 min of driving a positive
change in the current slope is observed. This change coincides
with the onset of weak light emission, visible as the orange
line in Figure 3c. For clarity, the image in Figure 3c does not
exactly correspond to the beginning of the light emission but
to a marginally later point in time (18 min). This is due to the
fact that the light intensity immediately after the onset of emis-
sion is very weak and can not be distinguished in the recorded
image. However, by using image processing software to adjust
the brightness and contrast settings of the image, light emis-
sion can be visualized and identified to be located very close to
the cathode interface after 15 min of operation (see Supporting
Information Figure S1,S2). Moreover, the emission line clearly
separates two distinct regions within the inter-electrode spacing
of which the major region adjacent to the anode shows more
pronounced PL quenching compared to the thinner region adja-
cent to the cathode. During the second regime, up to 100 min
utes, the emission line moves towards the middle of the intere-
lectrode gap and becomes brighter (Figure 3c,d). Furthermore,
the PL quenching in the two regions next to the emission line
becomes more intense, still being more pronounced in the
region adjacent to the anode. In the third regime, after 100 min
of operation, the current density reaches a plateau until the
end of the measurement after 1000 min. During this time
interval the emission line migrates slowly further towards the
anode and the light intensity decreases (Figure 3d,e). The PL
quenching in both the anodic and cathodic region is strong and
is approximately equal in magnitude. The fact that quenching
is also observed on top of the cathode (Figure 3c,e) will be dis-
cussed later on. After turning off the bias and allowing the
device to relax for nearly 1000 h it was studied again under UV
illumination (Figure 3f). Compared to the condition immedi-
ately before switch-off (Figure 3e) an almost entire recovery of
the PL intensity in between the electrodes and atop the cathode
is observed. This relaxation process occurred slowly over the
duration of several hours.

In view of the previous observations, planar iTMC-LECs
possess clear features in accordance with the ECD.[1230-32] Ag
both p- and n-type doping quench the photo-excited PL, doped
regions appear darker than undoped regions.[30:31363744 The
quenching of the PL during operation can therefore be attrib-
uted to electrochemical doping of the iTMC layer in between
the electrodes, p-type at the anode and n-type at the cathode,
which finally gives rise to a light emitting p-i-n junction. The
p-doping process can be envisioned as the trapping of injected
holes on the iridium iTMC cation stabilized by uncompensated
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Figure 3. Fluorescence microscopy investigation of a planar iTMC-LEC with an inter-electrode spacing of 10 um at various points in time during
operation. A driving voltage of 210 V was applied. a) UV image of the pristine device. b—e) Superimposed UV illuminated and optical images at various
points in time during operation. f) UV image of a driven device after relaxation for 1000 h.
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be related to either dedoping of the iTMCs or to diffusion of
electrochemically damaged iTMC cations out of the imaging
zone. The latter might be possible as the active material was
not only restricted to the inter-electrode spacing but instead
covered the whole device area.

To probe a possible diffusivity of the bulky iridium cations we
performed a fluorescence recovery after photobleaching (FRAP)
' experiment (see Experimental Section for details). The out-
(d)§ (e) 10 comes of the study are illustrated in Figure 5. Figure 5a,b reveal

" ' O i a pristine iTMC-LEC photobleached for 24 h and the same
0.1 1 10 100 1 000 device 39 h after the bleaching was stopped, respectively. During
Time [min] the chosen recovery period neither significant changes in the
) ) ) ) ) dimensions of the bleaching spot nor differences in its coloring
Figure 4. Transient current and evolution of the dimensions of the . . .
p-doped region, the n-doped region and the emission zone of a planar could ]?e observed. In c'ontl'ast,. as depicted in Figure Sc,d,
iTMC-LEC with an inter-electrode spacing of 10 um at a driving voltage of respectively, a LEC electrically driven for 24 h at 210 V shows
210 V. The percentage of the doped regions and the emission zone refer @ clearly diminished quenching intensity in the inter-electrode
to the total inter-electrode area. area after a recovery period of 39 h, in conjunction with the

T
: almost entirely disappears after turning off the bias which may

=
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Figure 5. a) Planar iTMC-LEC after 24 h of local photobleaching with near-UV light. b) Same device as in (a) after a recovery period of 39 h after the
photobleaching was stopped. c) Planar iTMC-LEC after 24 h of operation at 210 V. d) Same device as in (c) after a recovery period of 39 h after bias

switch-off.

results demonstrated before (Figure 3e,f). From the experiment
we can conclude that on the one hand the iTMC cation is not
or only marginally mobile and on the other hand that the PL
recovery of the electrically operated LEC is due to the dedoping
of the iTMCs. The PL quenching is nearly completely revers-
ible after an extended recovery period (Figure 3f) indicating that
virtually no permanent degradation occurred during the time
frame of these analyses.

As the position of the narrow electroluminescent zone within
the inter-electrode spacing is related to the dimensions of the
p- and n-doped regions, their fractions with respect to the total
inter-electrode area were calculated as a function of operation
time by means of image processing (see Experimental Section
for brief details) and the results are included in Figure 4. Note
that the first calculations could not be run before the onset of
clearly visible light emission after 18 min, as the emission line
served as the border for the determination of the doped regions.
Moreover, due to its jagged shape, the emission line captures
a quite large fraction of the inter-electrode spacing of 5-10%.
The outcomes of the calculations in Figure 4 clearly demon-
strate a large extent of p-type doping (>70%) during the early
stages of operation and only a small fraction of n-type doping
(<20%). During the subsequent operation the p-doped region
is gradually consumed by the n-doped region. A description
of this process can be found in the literature.l*’! N-type doping
becomes dominant after around 400 min and covers more than
55% of the entire inter-electrode area in the end of operation
after 1000 min. The results are in accord with the emission
line forming at the cathode and moving towards the anode and
highlight the prerequisite for a migration of the emission zone
in LECs: the consumption of one kind of doping by the other.

Adv. Funct. Mater. 2013, 23,3531-3538
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2.2. Scanning Kelvin Probe Microscopy

In addition to the PL experiments we performed scanning
Kelvin probe microscopy (SKPM) to study the transient
behavior of the electrostatic potential in the planar iTMC-LEC.
The outcomes are plotted in Figure 6. Due to restrictions in
the measurement setup the maximum voltage that could be
applied to the LEC was limited to 100 V. As this voltage was
not sufficient to observe light emission in a device with 10 um
inter-electrode spacing, we used IDEs with a smaller gap size of
5 um for these investigations. This electrode spacing can also
be clearly deduced from the height profile which is depicted in
Figure 6a. For clarity the anode and cathode edges are labeled
correspondingly. The height scan was recorded along the hori-
zontal dashed blue line denoted in the AFM topography image
which is displayed as the top inset in Figure 6a. This line also
corresponds to the scan direction for the measurement of the
potential profiles during operation which are also included in
Figure 6a. The arrow denotes the temporal evolution of the
electrostatic potential within a time interval of roughly 4.5 h.
The reason not to use a 5 um device as well for the fluorescence
microscopy investigations in the previous section is that this
would have led to substantial losses in the image resolution due
to the smaller dimensions of the device structure.

The first SKPM measurement was performed immediately
after applying a bias of 100 V to the iTMC-LEC at which a sharp
potential drop is registered in the middle of the inter-electrode
gap. During the subsequent 30 min of operation the potential
drop shifts towards the cathodic interface whereas with pro-
longed operation it moves in the opposite direction and is dis-
placed towards the anode by the end of the device operation.
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Figure 6. a) Height and transient potential profiles during operation of an iTMC-LEC. The inset shows AFM images of the topography (top) and the
potential map (bottom). The dashed lines indicate the orientation of the profiles with respect to the electrodes and the arrow denotes the temporal
evolution of the potential. b) Complete potential profile across the LEC biased at 52 V. The arrows indicate the measurement window of the profiles

shown in (a).

For visualization purposes a topography and potential map
recorded during the later stages of operation are shown in the
bottom part of the inset in Figure 6a. The present findings are
in full agreement with the ECDI!230-32] egpecially with regard to
recent SKPM studies on planar pLECsP2344% and provide clear
evidence for the formation of a p-i-n junction in iTMC-LECs.
The ED which predicts potential drops to occur only at the elec-
trode interfaces,?-28] can be ruled out. Our results demonstrate
that during the entire SKPM analysis the potential drop occurs
within the inter-electrode gap far away from the contacts. This
implies the existence of a high-ohmic intrinsic region where the
large electric field has to compensate for the low conductivity.
Moreover, the intrinsic area is not fixed to a specific position in
between the electrodes but migrates with time as visualized by
the shift of the potential drop.

Even though devices with two different inter-electrode spac-
ings have been used, the results of the SKPM and fluorescence
microscopy study are in excellent agreement. The initially cen-
tered drop of the electrostatic potential implies that p- and n-
doping set in immediately. Note that in the fluorescence micro-
scopy experiments no EL could be detected in the first 15 min.
This is probably related to a relatively low doping density. As the
doping density continuously increases, the EL increases until at
some moment it is large enough to be observed. The shift of
the potential drop in the SKPM experiments is in accordance
with the fluorescence investigations.

Such shifts may be related to imbalances in carrier injec-
tion, conductivity, doping speed or a combination of these. We
note that even though a voltage of 100 V has been applied to
operate the planar iTMC-LEC, a large portion of the potential
is screened from the inter-electrode spacing and drops on top
of the electrodes (Figure 6a). This screening as well as the PL
quenching observed on top of the cathode (Figure 3d,e) indi-
cates that doping also takes place atop the electrodes. The
absence of quenching on top of the anode may be due to a dif-
ference in quenching cross-sections or doping density.

As the length of the previous potential scans was limited
and did not involve the entire electrodes’ width, we performed
a larger-area scan in a separate SKPM measurement to record
the complete potential profile across the LEC. To allow for

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a stable SKPM measurement with reliable results, the max-
imum voltage that could be applied to the LEC was limited to
below 60 V and we chose a voltage of 52 V. The outcome of the
experiment is illustrated in Figure 6b, which, for comparison,
also shows the measurement window for the recording of the
potential profiles in the initial study. Again a large drop of the
electrostatic potential is observed in the inter-electrode gap and
also atop both electrodes. Moreover, the full applied potential
is visible which separates into 28 V in the anodic region and
—24 V in the cathodic region. A rough estimate of the poten-
tial drop in the inter-electrode gap yields a value of 25 V which
implicates large potential drops of more than 10 V atop each
electrode. The large potential screening from the gap may be
related to the presence of EDLs that consume more potential
than one would expect from the size of the injection barriers:
0.3 and 2.4 eV (Figure 2c). Indeed numerical simulations
shown in the Supporting Information confirm the possibility of
having such large EDLs in combination with doping, i.e., larger
interfacial potential drops, and concomitantly larger fields, are
needed to enable sufficient injection to match the bulk conduc-
tivity. In the simulations, the enhanced carrier injection on top
of the electrodes also results in electrochemical doping. Experi-
mentally this is observed as a quenching of the PL on top of
the cathode (Figure 3d,e). This indicates that the geometry of
the device may play a role in carrier transport and, related to
this, in the positions of the doped regions as well as of the p-i-n
junction. Apart from this no qualitative effects on the oper-
ating mechanism are expected which is confirmed by the 2D
numerical simulations in the Supporting Information. Addi-
tionally the simulations document that the potential drop over
the EDLs cannot be observed when buried electrodes are used,
in accordance with our experimental findings (Figure 6). Using
top electrodes instead, the existence of EDLs has already been
experimentally confirmed in pLECs.[3*40]

A remaining issue is the extremely large bias voltage
of ~100 V needed to operate the iTMC-LECs. Similar bias volt-
ages have been used in pLECs with millimeter-sized gaps."
Later the voltage was reduced by operation above the melting
temperature of the electrolyte*’] or by a different choice of elec-
trolyte.*8] The device physics was, however, not affected. In all

Adv. Funct. Mater. 2013, 23, 3531-3538
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cases a thin recombination zone positioned in between two
oppositely doped regions was observed. Here, the use of rela-
tively large bias voltages was necessary to reduce the turn-on
time as well as to obtain detectable light emission. The generally
low turn-on time of iTMC-LECs in comparison to pLECs seems
to be related to pronounced differences in the ionic conductivi-
ties, a topic which is addressed in a very recent publication.*’!

Finally, based on the present findings and the literature
results, a few differences can be distinguished between planar
polymer and iTMC-LECs. First of all relatively large potential
drops over the EDLs seem to be present in the I[r<iTMC LEC in
contrast to pLECs where these drops equal the injection bar-
riers.3#46] This may be related to the sensitivity of LEC opera-
tion on the electrode contacts as previously addressed. For
example injection limitation was demonstrated to result in a
device behavior according to the ED whereas the ECD holds
when charge injection is non-limited.? In general the elec-
trode work function was shown to affect charge carrier injec-
tion and doping in LECs.13%>% Moreover, in the doped regions
of iTMC-LECs large potential drops are identified (Figure 6),
whereas in pLECs based on MDMO-PPV this is typically not
the case.*¥ However, in LECs based on MEH-PPV relatively
large electric fields are detected in the n-doped region.[3237] This
indicates a compensation of dissimilarities between the carrier
conductivity in the doped and undoped regions by the electric
field distribution. A similarly large field seems to be needed in
both doped regions in the iITMC-LEC (Figure 6a), which spans
a gap of 5 um. Hence, these devices still deviate from the ideal-
ized LEC in that they are still sensitive to the inter-electrode dis-
tance and, related to that, are too resistive to be operated at rela-
tively low bias voltages. The operational mechanism, however,
remains the same: electrochemical doping enables enhanced
carrier injection and transport, while the applied field redistrib-
utes to maximize the overall current passing through.

3. Conclusions

By a combination of fluorescence and scanning Kelvin probe
microscopy insight is gained in the operational mechanism of
planar ionic transition metal complex-based light-emitting elec-
trochemical cells. Quenching of the photoluminescence in the
inter-electrode gap and a sharp drop in the electrostatic potential
far away from the electrodes confirm an electrochemical doping
mechanism which results in the formation of a light-emitting
p-i-n junction. The intrinsic region, where light emission occurs,
is not fixed but migrates with time which might be related to a
change in the conductivity of electrons and holes. The results
provide a fundamental basis for a better understanding of iTMC-
based LEC devices and additionally demonstrate an important
challenge: an emission zone centered and fixated in the middle
of the inter-electrode spacing immediately at the beginning of
operation to allow for stable and efficient light-emission.

4. Experimental Section

Device  Preparation:  Bis-2-phenylpyridine  6-phenyl-2,2"-bipyridine
iridium(I11) hexafluorophosphate [Ir(ppy),(pbpy)][PFs] was synthesized

Adv. Funct. Mater. 2013, 23,3531-3538

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

similarly according to methods described previously.’132 Acetonitrile
(anhydrous, 99.8%) and the ionic liquid (IL) 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF¢] (purum, 297.0%) were obtained from
Sigma Aldrich and used as-received. Indium tin oxide (ITO)-coated
glass substrates (ShinAn SNP) were photolitographically structured to
yield ITO interdigitated electrodes (IDEs) with spacings of 5 um and
10 um. The ITO electrodes had a height of 100 nm and were contacted
via evaporated chromium supplies. Before use the substrates were
extensively cleaned using sonication in detergent bath and distilled water
as well as subsequent oxygen plasma treatment. The latter improved
the wettability of the emitter solution on the substrate and additionally
resulted in an increase of the ITO work functionl®! giving rise to better
alignment to the HOMO level of the iridium complex. A stock solution
was prepared, dissolving five percent by weight of the iridium complex
and the IL in a molar ratio of 3:1 in Acetonitrile. IL was used to decrease
the turn-on time of the devices.'¥l The stock solution was filtered using
a 0.1 um PTFE-filter and spin-coated on top of the IDE substrates
(750 rpm, 60 s) under ambient conditions. Afterwards the substrate
was transferred to an argon filled glovebox (O, and H,O <1 ppm)
and annealed on a hotplate at 100 °C for 1 h to give a final active layer
thickness of 100 nm as determined by a KLA Tencor P-15 profilometer.
To test the devices under ambient conditions they were encapsulated
under inert atmosphere by a cavity glass capping (Shanghai Amerina
Optoelectronic) equipped with a silica getter to protect the active layer
against penetrating oxygen and water. The capping was directly glued to
the substrate without prior removal of the organic layers using a self-
made, two-component, Bisphenol A-based, UV-curable epoxy adhesive
which was coated locally onto the margin of the capping. To test the
functionality of the encapsulation, control devices were processed using
a calcium layer as a sensor. As the calcium sensor stayed metallic during
the long-term study of several hundreds of hours, a possible reaction
with water and oxygen to CaO or Ca(OH),, which would have changed
the optical appearance and the resistivity of the transparent film, could
be excluded.

Fluorescence ~ Microscopy:  Images of the optically excited
photoluminescence of the iTMC-LECs were recorded with an Olympus
BX61 microscope equipped with a fluorescence unit which consists of a
high pressure mercury vapor arc discharge lamp and a super wide band
mirror (SWBM). The SWBM comprised an excitation filter, a dichromatic
mirror and an emission filter. Emitted light from the mercury lamp was
reduced to the spectral range in between 380 nm and 400 nm via the
excitation filter and was then reflected by the dichromatic mirror to
impinge on the planar LEC device. The photoexcited light of the LEC
passed through the dichromatic mirror and the emission filter and was
collected by the microscopy optics. To decrease the intensity of the
incident light on the sample in order to avoid photoinduced degradation
and to be able to observe the weak electroluminescence, two additional
grey filters were used. Images of the device without photoexcitation were
taken as well to identify the location of the emission zone. Interdigitated
electrodes (IDEs) with a gap size of 10 um were used and a voltage
of 210 V was applied to the device to study the transient evolution of
the photoluminescence and electroluminescence during a period of
roughly 18 h. Images were recorded every 60 s with an exposure time
of 7 s. In parallel with the optical probing, the current was measured
with a computer-controlled source-measure unit (Keithley 2400). The
measurements were performed at room temperature.

Image Processing: To calculate the proportions of the p- and n-doped
region as well as of the emission zone of the entire inter-electrode area,
image processing was performed on every single picture recorded during
the fluorescence microscopy study. As the emission line served as the
border for the determination of both regions the first calculations could
not be run before the onset of clearly visible light emission. In brief,
the images were initially converted to grayscale and then transferred
to binary values (bright regions = 1 and dark regions = 0). The bright
(emissive) and two dark (doped) regions are purged from background
noise and finally the proportions of each region are calculated by relating
the number of pixels in each region to the total amount of pixels in the
image.
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Fluorescence Recovery After Photobleaching (FRAP): The FRAP experiment
was carried out by using the emitted and spectrally reduced light of
the mercury lamp of the Olympus BX61 microscope (see fluorescence
microscopy paragraph). To allow for maximum near-UV light intensity on
the LEC in order to effectively photobleach the iTMCs no grey filters were
used. Bleaching was performed for 24 h with a subsequent recovery period
of 39 h. Images were recorded every 60 s with an exposure time of 7 s. The
measurements were performed at room temperature.

Scanning Kelvin Probe Microscopy (SKPM): SKPM images were recorded
in a glove box under N, atmosphere ([O,] <1 ppm and [H,0] <1 ppm)
with a Veeco Instruments MultiMode AFM with Nanoscope IV controller,
operating in lift mode with a lift height of 50 nm. Ti-Pt coated silicon tips
(MikroMasch NSC36/Ti-Pt, k ~ 1.75 N m™') were employed. IDEs with
a gap size of 5 um were used and a voltage of 100 V was applied to
the device to study the transient evolution of the electrostatic potential
during a period of roughly 4.5 h. The measurements were carried out at
room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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