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olymer light-emitting electrochemi-

cal cells (LECs) are solid-state de-

vices comprising a blend of light-
emitting polymer, solid state ion-transport
agent, and salt.! They have received inter-
est owing to their compatibility with
solution-based fabrication processes, espe-
cially printable conductive electrodes.> *
However, the exact mechanism of LEC op-
eration has remained controversial despite
the improvements in efficiency, lifetime,
and response rates that have occurred in re-
cent years.>~ 2 Broadly, the LEC operation
models fall into three classes: (1) an ideal
p-i-n junction model," where symmetric
n-type and p-type doping take place and
both the majority of the potential drop and
the electroluminescence occur in a central
undoped (intrinsic) region of the device; (2)
an electrodynamic model' in which the
majority of the applied potential is dropped
across ionic double-layers at the electrode/
polymer interfaces; and (3) a preferential
p-type doping model™ in which the major-
ity of the device is p-type doped and the
potential drop and electroluminescence oc-
curs much closer to the cathode than the
anode. These models have been studied
mainly by electroabsorption,'¢ optical
beam induced current,'” and fluorescence
microscopy.>®18-30

Recently, our group,®’ Slinker et al.,*?

and Matyba et al.,*® have all used scanning
Kelvin probe microscopy (SKPM) to directly
measure the potential profiles across biased
planar LECs. Nevertheless, even these three
studies have produced results that appear
contradictory. Slinker et al. found the larg-
est potential drop adjacent to the cathode
despite the maximum electroluminescence
being observed adjacent to the anode. Con-
sistent with the study of Slinker et al., our
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ABSTRACT We study the operation of polymer light-emitting electrochemical cells (LECs) by combining

scanning Kelvin probe microscopy with in situ imaging of the electroluminescence and photoluminescence on

planar LECs. By combining these techniques on the same device in the same apparatus we directly map the

relationship between the spatial distribution of electroluminescence and the local potential profile across the

device. We find that the electroluminescence is always associated with a region of potential drop in LECs made

with poly[2-methoxy-5-(3',7’-dimethyl-octyloxy)-p-phenylenevinylene] (MDMO-PPV), poly(ethylene oxide)(PEQ),

and potassium trifluoromethanesulfonate. Nevertheless, depending on the electrode metal used, we also find

significant potential drops at or near the electrode/organic interfaces. We study the effects of using different

electrodes and show that both the electroluminescence and potential profiles are strongly dependent on the

electrode work function for thin junctions operated at low potentials. These results indicate injection barriers can

affect the operation of LECs even in the presence of doping.

KEYWORDS: light-emitting electrochemical cells (LECs) - planar -
electroluminescence - photoluminescence - atomic force microscopy
(AFM) - scanning Kelvin probe microscopy (SKPM) - organic electronic
devices - electrogenerated chemiluminescence - operation

mechanism - electrode - metal work function

group observed the largest potential drop
adjacent to the cathode.?' Most recently,
Matyba et al. reported that both the elec-
troluminescence peak and the largest po-
tential drop occurred offset from the cath-
ode by ~20% of the interelectrode gap.>®
The different results from these three pa-
pers may arise from the fact that all three
groups used varied combinations of light-
emitting materials and ionic salts and this is
known to impact the position, shape, and
intensity of the emission in optical
experiments.>? Unfortunately, the relation-
ship between the electroluminescence and
SKPM must be inferred indirectly from these
experiments because both Slinker et al.
and Matyba et al. performed the electrolu-
minescence and SKPM imaging in separate
experiments on different devices. Because
the properties of LEC junctions are known
to evolve in time,'" 22833 the lack of spa-
tially correlated electroluminescence and
SKPM data prevents a meaningful
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Figure 1. Schematic diagram of the experiment configura-
tion in forward bias. The polymer layer is spin-coated prior
to electrode deposition. The device is mounted to allow col-
lection of optical and scanning Kelvin probe microscopy im-
ages on the same device. The atomic force microscope probe
is raster-scanned across the interelectrode gap with the can-
tilever axis parallel to the long axis of the gap. Optical im-
ages of the photoluminescence and electroluminescence im-
ages are collected via an inverted microscope and camera.

comparison between the quantitative potential pro-
files that have been extracted using SKPM with the
much wider body of literature that have inferred poten-
tial profiles based on optical imaging.

In this paper, we report studies of LECs in which
both SKPM and high-resolution electroluminescence
imaging can be directly correlated on the same device
(Figure 1). We use these methods to study an archetypal
LEC structure consisting of poly[2-methoxy-5-(3",7'-
dimethyl-octyloxy)-p-phenylenevinylene] (MDMO-PPV),
poly(ethylene oxide) (PEO), and potassium trifluo-
romethanesulfonate (KTf). We study the device opera-
tion mechanism when varying the work function of the
electrode. We observe that electroluminescence is al-
ways closely associated with a region of localized po-
tential drop, but we demonstrate that the work func-
tion of the metal affects device operation in wm-gap
LECs resulting in strikingly different electrolumines-
cence and potential profiles with gold, aluminum, or
calcium electrodes.

RESULTS AND DISCUSSION

We begin by examining planar LECs with gold elec-
trodes as studied by a number of authors,>%2373133
When using lithium trifluoromethanesulfonate (LiTf) as
the salt, we observe electroluminescence adjacent to
the cathode (see Supporting Information, Figure S1),
which is consistent with our original SKPM report3! as
well as the work of Edman and co-workers.?*? In con-
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Figure 2. Electroluminescence (EL), photoluminescence (PL),
and SKPM images of an Au/MDMO-PPV, PEO, KTf/Au planar
LEC under +5 V bias (left electrode is the anode, right elec-
trode is the cathode) showing good correlation between the
electroluminescence maximum and potential drop in the de-
vice: (a) electroluminescence image at 2 min, (b) photolumi-
nescence and electroluminescence image at 2 min, (c) SKPM
image collected from 2 to 6 min (SKPM scan is initiated im-
mediately following the capture of optical images), (d)
height trace indicating electrode edges with respect to
dashed lines in panels a—c, (e) 2 line-averaged potential pro-
file from the bottom of panel c as indicated by the dashed
line, (f) electric field profile obtained by numerical differen-
tiation of the potential profile in panel e, (g) electrolumines-
cence line profile from the region indicated by the dashed
line in panel a, and (h) photoluminescence and electrolumi-
nescence line profile from the region indicated by the
dashed line in panel b. After the SKPM image acquisition (c)
is complete, optical images are collected: (i) electrolumines-
cence image at 6 min, (j) photoluminescence and electrolu-
minescence image at 6 min, (k) SKPM image collected from 2
to 6 min and the dashed line corresponds to the line trace
panel m, (I) height trace indicating electrode edges with re-
spect to dashed lines in panels i—k, (m) 2 line-averaged po-
tential profile from the top of panel k as indicated by the
dashed line, (n) electric field profile obtained by numerical
differentiation of the potential profile in panel m, (o) elec-
troluminescence line profile from the region indicated by
the dashed line in panel i, and (p) photoluminescence and
electroluminescence line profile from the region indicated
by the dashed line in panel j.

trast, when we replace lithium with potassium (using
KTf as the salt) we observe electroluminescence that is
offset from the cathode by a small fraction of the inter-
electrode gap within minutes after the application of a
+5 V bias (Figure 2a). This sensitivity of the electrolumi-
nescence position to the choice of counterion is consis-
tent with the results of Edman and co-workers.>?>28
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We speculate that the difference in electrolumines-
cence position may be related to ion mobility in the
film, but is not a central focus of this paper. Since KTf al-
lows us to observe electroluminescence within the in-
terelectrode region, we used KTf for the devices in this
study.

Figure 2 panels b and c show the corresponding
photoluminescence and SKPM images captured imme-
diately after the electroluminescence in Figure 2a. We
observe a decrease in photoluminescence (Figure 2b,h)
propagating from both electrodes consistent with the
observations of other groups characterizing similar
devices.>*? Figure 2g shows the electroluminescence,
which reaches a maximum within the interelectrode
gap, yet is much closer to the cathode than the anode.
We correlate these optical images with our SKPM data
through graphical comparison of features visible in
both the optical and AFM topography images (see Ex-
perimental Section). The dashed line on the SKPM im-
age (Figure 2¢) corresponds to the SKPM line trace
shown in Figure 2e, which is acquired within the first
minute of scanning (SKPM scan is collected from bot-
tom to top of the image). By performing these measure-
ments in a concerted manner on the same device, we
are able to establish that the maximum potential drop
and highest field (Figure 2e,f) correlate with the posi-
tion of maximum electroluminescence (Figure 2g).
Since the electroluminescence in our gold-electrode
LECs moves with time (roughly 0.5—2 wm/min) as has
been reported by others,?® we also rule out movement
on the time-scale of our experiments by performing op-
tical imaging both pre- and post-SKPM imaging (Fig-
ure 2 panels a,b and ij, respectively). We correlate the
regions of the post-SKPM optical images (as indicated
by the dashed lines in Figure 2ij) to traces collected at
the end of the SKPM scan (as indicated by the dashed
line in Figure 2k). Although the electroluminescence
moves closer to the cathode as a function of time (Fig-
ure 2i), the electroluminescence maximum and poten-
tial drop are still well-correlated (Figure 2m,0), demon-
strating that the evolution is slow enough for us to
extract the relationship between the optical and poten-
tial profiles for gold-electrode LECs.

After capturing the post-SKPM optical images we
confirm the reversible operation of our devices by in-
verting the bias and driving the same device at =5V
(see Supporting Information, Figure S2). After approxi-
mately one minute we observe faint emission on the
opposite side of the device, and the SKPM and elec-
troluminescence profiles collected at —5 V are mirror
images of those collected at +5 V as shown in Figure
2. Our results demonstrate the stability/reversibility of
the junctions under these conditions and time scales, as
expected for dynamic-junction LECs with freely mobile
counterion distributions.3*

These results lead us to two significant conclusions.
First, because our SKPM and optical imaging are per-
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formed in the same optical microscope, we are able to
establish exact registry between our potential profiles
and electroluminescence images (see Experimental Sec-
tion for additional details). Therefore, we can conclude
that the electroluminescence and potential drop maxi-
mum occur at the same point in the device for PPV-
based LECs. Although such a correlation has been as-
sumed by many authors, it has never been directly
correlated for any type of LEC. Establishing this correla-
tion given the materials used is important, since sepa-
rate electroluminescence and SKPM data collected us-
ing a different light-emitting complex (ruthenium tris-
bipyridine hexafluorophosphate or [Ru(bpy)s]?*(PFs),)
have suggested that the maximum electrolumines-
cence and maximum potential drop may be uncorre-
lated in LECs made with [Ru(bpy)s]>* (PFs™),.32

In addition to providing a correlation between the
electroluminescence and potential profiles, our data
provide a test for the three models of LEC operation
(ideal p-i-n junction, electrodynamic,' and preferen-
tial p-type') that have dominated the literature. For
gold-electrode LECs we observe photoluminescence
quenching in the device, and we observe that the elec-
troluminescence is much closer to the cathode than to
the anode (the latter in contrast to the ideal p-i-n
model). Nevertheless, when using KTf as the salt, we ob-
serve that most of the electroluminescence and poten-
tial drop occur a finite distance from the cathode. Thus,
while the data are not perfectly consistent with an
ideal symmetric p-i-n structure, they do provide evi-
dence of a large field drop away from the electrode as
proposed by that model. However, the region associ-
ated with p-type doping is much larger than the region
associated with n-type doping, as has been observed
by many authors.>*'®3% While our observations would
thus seem to favor the preferential p-type doping
model, we do observe limited n-type doping. There-
fore, we suggest that the three proposed models' '3
be viewed as extreme points along a continuum rather
than mutually exclusive pictures: it is possible for de-
vices to exhibit behavior consistent with all three de-
pending on the fabrication and operating conditions.

Here, in addition to correlating and establishing the
position of electroluminescence and potential drop
maximum in the interelectrode region, we seek to bet-
ter understand the observed variations in operation. We
consider the possibility that even in the presence of
electrochemical doping and potential side reactions®
the choice of electrode and the corresponding charge
injection barriers do affect LEC operation. Indeed, Gao
and co-workers have reported data collected from 1
mm-gap PPV-based devices driven at high drive volt-
ages (+250 V) that suggest such an effect is possible.?’
Further, Malliaras and co-workers report differences in
brightness and efficiency in charged iridium complex
LECs that can be attributed to electrode selection.>® We
thus turn to examine the possible role of metal work
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Figure 3. Electroluminescence (EL) and SKPM images of an
Al/MDMO-PPV, PEO, KTf/Al planar LEC under +5 V bias (left
electrode is the anode, right electrode is the cathode) show-
ing potential drops at both the anode and cathode as well
as in the interelectrode region of the device. The interelec-
trode potential drop correlates to the region of maximum
electroluminescence: (a) electroluminescence image cap-
tured at 10 min, (b) SKPM image acquired from 11 to 30 min,
(c) height trace from SKPM image b indicating electrode
edges, (d) 4 line-averaged potential profile from image b as
indicated by the dashed ling, (e) electric field profile ob-
tained by numerical differentiation of the voltage profile d,
and (f) electroluminescence line profile from the region indi-
cated by the dashed line in image a.

function on the operation of an LEC by comparing the
properties of LECs with aluminum and calcium elec-
trodes to those with gold electrodes.

Figure 3 shows the electroluminescence from a pla-
nar LEC identical to that shown in Figure 2, except
made with aluminum electrodes. In contrast to the
gold device, the electroluminescence observed with
aluminum electrodes is much wavier, but spans the en-
tire interelectrode region (rather than being close to
the cathode as we always observe in gold devices). In
our smaller-gap (um-size) devices operated at +5V
bias, we also observe much slower movement of the
electroluminescence region with aluminum-electrode
versus gold-electrode devices (~100 to 200 nm/min vs
~0.5 to 2 pm/min). As a result, the aluminum-electrode
devices exhibit a more stable junction and longer life-
time (>1 h) in our studies. The relative stability of the
aluminum-electrode devices allows us to capture larger
SKPM images as shown in Figure 3b. We note that the
SKPM image is again well-correlated to the electrolumi-
nescence image (Figure 3a). The line trace in Figure 3d
is extracted from the region indicated by the dashed
line in the SKPM image (Figure 3b). We observe poten-
tial drops at both the anode and cathode as well as in
the interelectrode region of the device. Figure 3f shows
the electroluminescence profile along the same line
section, which correlates with the region of potential
drop in the interelectrode region in Figure 3d. Even
though the SKPM and optical profiles evolve more
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slowly in time for aluminum electrodes than with gold
electrodes, we collect post-SKPM optical images for
comparison. Optical and post-SKPM images are also
well-correlated at different times and regions in the de-
vice, confirming that any motion of the junction dur-
ing imaging has a negligible affect on our conclusions.
We also observe an increase in photoluminescence
quenching in the interelectrode region as a function of
time (see Supporting Information, Figure S3).

A comparison of Figures 2 and 3 shows that both
the electroluminescence and potential profiles are sig-
nificantly different between planar LECs made with
gold and aluminum electrodes. We hypothesize that
these differences result from the position of the elec-
trode work function relative to the highest occupied
molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) of MDMO-PPV. When using
MDMO-PPV with gold-electrode LECs, hole injection
into the HOMO should be facile due to the close prox-
imity of the metal Fermi level to the HOMO of the poly-
mer. In contrast, the work function of aluminum is lower
than gold and nearly centered between the HOMO
and LUMO of MDMO-PPV, which could lead to more
balanced hole and electron injection and centrally lo-
cated junctions. The potential drops we observe at the
aluminum/polymer interface could thus reflect the field
needed to overcome an injection barrier at the metal/
polymer interface. While the build up of a highly
charged layer at metal/organic interface can be ac-
counted for in both the p-i-n junction and electrody-
namic models, the strong variation in barrier heights
shows that the nature of the contact can have a clear in-
fluence on the internal potential profile and the operat-
ing mechanism of an LEC. We conclude that LECs may
be able to operate in a regime involving some aspects
of both the p-i-n junction and electrodynamic models
depending on the device structure.

To further test our hypothesis that the position of
the metal Fermi level with respect to the polymer
HOMO and LUMO levels can affect the operating mech-
anism of an LEC, we also examine planar devices using
calcium electrodes. Figure 4 panels a, b, and ¢ show
photoluminescence, electroluminescence, and SKPM
for a set of planar LECs with calcium electrodes driven
at +5, +40, and +5V, respectively. We observe only
slight photoluminescence quenching in the interelec-
trode region (Figure 4a). No electroluminescence is ob-
served during the testing period of approximately 30
min of driving at +5 V. Noting there may be a larger
barrier to charge injection that could be overcome by
increasing the applied bias, we increase the bias in in-
crements of +10 up to +40 V at which point we ob-
serve electroluminescence adjacent to the anode (Fig-
ure 4b). On a similar device to those shown in Figure
4a,b, we collect an SKPM image of a device driven at +5
V (Figure 4c). From the SKPM line trace (Figure 4c), we
calculate that ~90% of the potential drop occurs adja-
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Figure 4. A comparison of calcium-, gold-, and aluminum-electrode LECs demonstrating the striking differences in the photo-
luminescence, electroluminescence, and potential profiles when the electrode selection is varied: (a) photoluminescence of a
calcium-electrode LEC driven at +5 V, (b) electroluminescence of image a driven at +40 V, (c) SKPM potential profile of a cal-
cium LEC operated at +5 V, (d) photoluminescence of a gold-electrode LEC driven at +5 V, (e) electroluminescence of image d,
(f) SKPM potential profile of a gold-electrode LEC driven at +5 V, (g) photoluminescence of an aluminum-electrode LEC driven
at +5YV, (h) electroluminescence of image g, (i) SKPM potential profile of an aluminum-electrode LEC operated at +5 V. In all im-

ages, the left electrode is the anode and the right electrode is the cathode. Dashed lines indicate the electrode edge.

cent to the anode within our resolution. We note that
the photoluminescence, electroluminescence, and
SKPM images are taken under different drive condi-
tions, since we are unable to obtain electrolumines-
cence from calcium-electrode devices under biases
compatible with simultaneous SKPM imaging. Never-
theless, the images in Figure 4a—c are consistent both
with the correlations established for gold- and
aluminum-electrode devices and with the hypothesis
that the electrode work function impacts device
performance.

To facilitate comparison of the device profiles as a
function of electrode type, Figure 4 panels d—i show
representative photoluminescence, electrolumines-
cence, and SKPM images of gold- and aluminum-
electrode devices alongside the calcium-electrode de-
vices. Because of the well-matched HOMO of the poly-
mer (5.3 eV)*® and the work function of gold (® = 5.31
to 5.47 eV),*” hole injection will be favored over electron
injection when a positive bias is applied to a gold-
electrode LEC. Indeed, we observe a spatially more
dominant p-type than n-type region in such devices as
shown by a more uniform electroluminescence and po-
tential drop closer to the cathode (Figure 4g—i). When
we change to aluminum electrodes ( = 4.06—4.26
eV),¥” we note the work function of aluminum is nearly
centered between the HOMO and LUMO (3.0 eV)*® of
the polymer. Here, we typically observe a wavy line of
electroluminescence spanning the interelectrode re-
gion consistent with more balanced hole and electron
injection. With a low-work function metal such as cal-
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cium (® = 2.87 eV),* electron injection from the cath-
ode into the polymer LUMO is favored. Consistent with
our hypothesis, the calcium-electrode devices exhibit
the largest potential drop at the anode suggesting that
for these devices electrons are more readily injected
into the active layer than holes. Under these circum-
stances, electrons migrate toward the anode, and
charge recombination occurs very near the metal/
polymer interface at the opposite electrode (anode).
The observed sensitivity of the position of electrolumi-
nescence to the work function of the electrode metal in
our experiment contrasts with literature results on mm-
gap devices driven at higher voltages (+250 V).?” How-
ever, we note that such high voltages can provide
ample potential to overcome likely injection barriers of
only a few eV, and thus may be more sensitive to trans-
port rather than injection effects. Given that practical
vertical devices are typically ~1 wm or less in thickness
and driven with only a few volts, we believe our re-
sults collected on pwm-gap devices at lower biases may
better reflect the operation of vertical device structures
that are of ultimate interest for applications.

CONCLUSIONS

These concerted SKPM and optical microscopy ex-
periments enable us to directly correlate the local po-
tential and electroluminescence profiles in wm-gap pla-
nar LECs operated under low voltage conditions
relevant to vertical LECs. Our results show well-
correlated electroluminescence and potential profiles
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in LECs using an alkoxy-PPV as the emitter, thus en-
abling the analysis of a wide body of literature on
optical imaging of similar systems. With regard to the
controversy surrounding the mechanism of LEC opera-
tion, our results show that devices can exhibit charac-
teristics of all three prevailing models at the same time,
including a correlated region of electroluminescence
and potential drop in the interelectrode gap consistent
with the p-i-n model,' uncompensated charge and
fields at the metal/polymer interfaces consistent with
the electrodynamic model,'® and a preference for either
p- or n-type doping consistent with the preferential
p-type model.™ By varying the work function of the
electrode metal, we are able to change both the rela-
tive potential profile and the corresponding electrolu-

EXPERIMENTAL SECTION

Materials. The materials used in this study include lithium trif-
luoromethanesulfonate (lithium triflate or LiTf, 99.995%, Ald-
rich), potassium trifluoromethanesulfonate (potassium triflate
or KTf, 99%, Acros), poly(ethylene oxide) (PEO, M,, = 900 000 g
mol~', Acros), and poly[2-methoxy-5-(3’,7'-dimethyl-octyloxy)-p-
phenylenevinylene] (MDMO-PPV). PEO was used as received.
KTf was dried at a temperature of 100 °C under vacuum prior to
use. The light-emitting polymer, MDMO-PPV, was synthesized in-
house using a Gilch polymerization route via dehydrohalogena-
tion of appropriate precursors as outlined in the literature.> The
average molecular weight was approximately 530 000 and the
polydispersity index (PDI) was 1.03.

Device Fabrication. All device fabrication, with the exception of
substrate cleaning, was performed in a nitrogen glovebox (<1
ppm O,) with an integrated evaporation chamber. The glass sub-
strates (1 X 1 cm?) were cleaned by successive ultrasonic treat-
ment in a diluted soap solution (1% Micron-90 in deionized wa-
ter), water, acetone, and isopropanol for 30 min in each bath. The
substrates were then plasma cleaned for 10 min and immedi-
ately loaded into the glovebox. A bulk solution was prepared by
dissolving 25 mg of PEO and 9 mg of KTf in 20 mL of cyclohex-
anone (=99.0%, = 0.05% water, Aldrich). The polymer blend so-
lution was prepared by mixing the bulk solution with 8 mg of
MDMO-PPV in a mass ratio of MDMO-PPV/PEO/KTf = 1.0:0.375:
0.125 followed by stirring on a magnetic hot plate at 65 °C for
24 h. The polymer films were spin-coated to a thickness of
250—350 nm (as determined by AFM measurements). After spin-
coating, the polymer films were annealed on a hot plate at 90 °C
for 1 h in the glovebox. The interelectrode gap was defined by
pulling a gold wire (~20 wm, Thermionic Products) taut over and
perpendicular to the long edge of the mask area (0.1 mm X 15
mm), securing the wire onto the electrode mask, and subse-
quently fixing the substrate to the mask in conformal contact.
The films were loaded into the thermal evaporator and dried un-
der vacuum at 1077 Torr overnight. A top contact was evapo-
rated onto the substrate by thermal evaporation (~50 nm, 1 Ass,
P~ 5 X 1077 Torr). Samples were then loaded into a closed
fluid cell (Asylum Research) fitted with the appropriate tubing
and valves to ensure no ambient exposure on removal from the
glovebox. As the closed fluid cell was removed from the glove-
box, it was immediately placed on a cart, purged with high-
purity N,, transferred to the atomic force microscope (AFM),
and left under a constant flow of gas for the remainder of the ex-
periment. The cart consists of a small-format high-purity N, cyl-
inder, a gas purification trap (Aldrich), a flow meter (McMaster),
precleaned copper tubing (McMaster), PTFE tubing (McMaster),
and miniature ball valves (McMaster).

Optical and Scanning Probe Microscopy. SKPM measurements were
performed using an Asylum Research MFP-3D AFM, a Stanford
Research Systems model 830 lock-in amplifier, an Agilent Tech-
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minescence profile indicating that even if an LEC emits
light at a low voltage, the underlying operation mecha-
nism can still be sensitive to the presence of injection
barriers at the electrodes. Not only do these results sug-
gest new directions that could be used to improve the
performance and viability of future LECs (for example,
tailoring polymer energy level or surface functionaliza-
tion of printed electrodes to optimize the metal/organic
contacts), but also, given the role that ions can play in
a wide range of applications®® (chemical sensors, elec-
trochemical transistors, and photoelectrochemical
cells), these tools and our improved understanding of
the operation of these model solid-state electrochemi-
cal devices should have impacts beyond the field of or-
ganic LECs.

nologies 33120A function generator, and a custom-built sum-
ming amplifier. Cr/Pt coated silicon AFM probes (BudgetSensors,
Tap300E, spring constant = 40 N/m, 300 kHz resonance) were
chosen for these experiments. The AFM was mounted on an in-
verted optical microscope (Nikon TE2000-U) to enable optical im-
aging of the area scanned using the AFM. The sample was illumi-
nated either through the built-in optics of the MFP-3D (above
the cantilever; used for rough positioning of the tip relative to
the active area of the device) or using the inverted optical micro-
scope (photoluminescence excitation). Biases were applied
across the two electrodes at +5 VDC, except as noted other-
wise (calcium-electrode devices). The cantilever was oriented
parallel to the long axis of the gap to minimize artifacts due to
the capacitance between the cantilever beam and the elec-
trodes.*® Scanning was performed in the direction perpendicu-
lar to the long axis of the gap as indicated in Figure 1.

All SKPM images (surface potential) were acquired in a two-
pass (line-by-line), phase-detection implementation. During the
first pass the topography was acquired through a regular
tapping-mode scan. In the second, the tip is lifted a constant
height above the recorded surface topography and rescanned
to obtain the surface potential. Surface potential measurements
were made by applying an alternating current (AC) bias that is
spectrally distant from any mechanical resonance of the cantile-
ver and much lower than the primary resonance (700 Hz, 2 V
peak-to-peak). The phase-response of the primary cantilever
resonance at the applied AC frequency (700 Hz) is then nulled
by applying a DC bias to the cantilever, thereby providing a mea-
surement of the contact-potential difference between the tip
and sample surface.

A lift height of 30—50 nm was used for all SKPM measure-
ments with a tip dwell time of 10 ms per pixel during SKPM im-
age acquisition and a tip velocity of 10 wm/sec during the topog-
raphy scan. These values were chosen as an appropriate
compromise between imaging stability, lateral resolution, and
image acquisition time (typical scan acquisition time varied from
~5 min to ~20 min depending on the sample). Optical images
of the electroluminescence and photoluminescence were ob-
tained using an inverted microscope (Nikon TE2000-U) and col-
lected via an integrated camera (Pixera Penguin 150 CLM or
Diagnostic Instruments Spot Flex). For photoluminescence im-
ages, a 505 nm light-emitting diode (Luxeon) or halogen lamp
(Nikon) was used as the excitation source. The excitation and
emission light were separated with bandpass (470 nm/40 nm),
dichroic (500 nm), and long-pass (610 nm/40 nm) filters. We
aligned our optical microscopy and AFM images by collecting
optical (transmission) and AFM topography images on a featured
region of the sample. The Cartesian coordinate transform (angle,
scale, and translation) that maps the AFM measurements onto
the optical images is obtained by graphical comparison of the
size and orientation of the randomly distributed surface features
in the optical and AFM images.
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