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The integration of organic memory diodes, based on photochromic transduction layers,
into a simple cross-bar passive matrix array is presented. We show that the high rectifica-
tion ratios of these diodes successfully suppresses crosstalk effects in these devices, thus
avoiding the necessity to integrate additional diodes or transistors. We compare the pas-
sive matrix devices’ performance to that of non-crossbar reference devices and discuss
their performance limitations related to edge effects, which are a consequence of the fab-
rication process. Finally, we show that the analogue response of the current density to
incremental switching of the transduction layer can be used for multi-level programming
of the memory elements with no inherent limit to the number of intermediate states. We
demonstrate the successful read-out of 8 current levels in a prototype device via both opti-
cal and electrical writing procedures.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Organic electronic devices have attracted wide interest
due to their potential for simple and inexpensive fabrica-
tion over large areas and on flexible substrates. Such pro-
cessing benefits are enabled by the solubility of organic
materials in various solvents (i.e., the ability to process
device active layers from solution precursors that permit
the utilization of high-throughput, low-temperature and
inexpensive printing techniques for structured device fab-
rication). For many of the envisioned applications of
organic electronics (e.g., RFID tags), non-volatile organic
memory technologies are essential. The vast majority of
organic memory proposed in the literature are binary
memory devices, which can be programmed to either one
of two distinguishable states (i.e., ‘‘1’’ or ‘‘0’’) [1–4]. How-
ever, multi-level systems can potentially lead to an
increased data storage density without the necessity of
reducing the size of a singular memory element (e.g.,
NAND flash memory stores 4 bits per cell [5]). Few exam-
ples of such multi-level organic memories can be found in
the literature and their working mechanisms are usually
only demonstrated on one singular memory element [6–
12]. However, in order for such systems to be employed
as actual memory technologies the statistically viable
number of addressable levels needs to be tested in an array
of memory elements.

The simplest layout for an integrated collection of
memory devices is a passive matrix array in which the
active materials are sandwiched between two electrodes
in a cross-bar geometry [13,14]. Such passive memory
arrays feature the maximum density of memory elements
as each cell occupies an area of only 4f2, where f is the fea-
ture size (meaning the electrodes’ width as well as spacing
between cells). Fabrication of such passive memory arrays
is simple and inexpensive, but they may suffer from cross-
talk between different memory elements (illustrated in the
SI Fig. S1), leading to unreliable read-out of the stored
information [15]. The cross-talk problem can be avoided
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by integrating rectifying diodes or transistors, which are
electrically connected in series with the resistive memory
elements [16,17]. Alternatively, the memory element itself
could be rectifying [4,13,14], but most examples of multi-
level elements found in the literature are not.

We have recently reported on solution-processed
non-volatile organic memory devices fabricated by inte-
grating a cross-linkable dithienylethene (XDTE, SI
Fig. S2a) as a transduction layer into the layer stack of
organic light-emitting diodes [18,19]. The photochromic
XDTE molecules can be reversibly switched between two
energetically distinct and thermally stable isomers, and
their difference in HOMO energy can be exploited as a
switchable hole-injection barrier in organic diodes and
thus control the current flowing through such a device.
While the optical switching of DTEs has been extensively
studied [20–22], recent studies have shown that the ring-
closing reaction can also be induced electrochemically
and electrically [23,24]. We have recently investigated
how these solid-state switching phenomena can be used
to optically and electrically program XDTE-based organic
memory diodes into a continuum of intermediate states
[25], providing a working methodology for the multilevel
passive memory arrays presented here. Due to the mecha-
nism of electrical switching, the accessible dynamic range
for intermediate states is about two orders of magnitude
smaller than for optical switching. Furthermore, electri-
cally induced switching of the molecules can only be
reversed with optical irradiation; therefore, electrically,
the XDTE-based organic memory diode behaves as ‘‘write
once read many’’ (WORM) memory similar to EPROMs
(Electrically Programmable Read Only Memory). More
details about the operating principle of the organic mem-
ory devices are explained in the Supporting Information
(Figs. S2 and S3).

In this paper, inspired by the high rectification that was
observed for these devices (>104), we report on the inte-
gration of these organic memory elements into a passive
matrix array prototype and demonstrate multilevel capa-
bility for both, optical and electrical recording.
2. Experimental

Organic memory arrays are fabricated on pre-struc-
tured indium tin oxide (ITO, 15 Ohms cm�2) substrates
purchased from Precision Optics Gera, Gera, Germany.
The ITO is structured into finger electrodes by combined
photolithography and wet chemical etching processes.
For the 3 � 3 matrices discussed in Section 3.1 the elec-
trodes have a width of 2.8 mm and a spacing of 1.6 mm.
The 4 � 4 matrices discussed in Section 3.2 have electrodes
of widths: 1.0 mm, 0.5 mm, 0.25 mm, and 0.1 mm. For the
12 � 12 matrices discussed in Sections 3.3 and 3.4 the elec-
trodes have a width and spacing of 0.5 mm, respectively.

Prior to their use the substrates are solvent cleaned and
then UV-ozone treated for 15 min. PEDOT:PSS (Clevios P
AI4083, 50 nm) is spin-coated in air and dried for 10 min
at 150 �C. The substrates are then transferred into a N2

glove box where the hole-transport materials (HTM1
and HTM2; oxetane-functionalized triphenylaminedimer
derivatives, see [25]) are spin coated from toluene
solutions (5.0 mg mL�1, 15 nm) containing 2 mol% 4-
octyloxydiphenyliodonium hexafluoroantimonate (OPPI)
as crosslinking photoinitiator. After each spin-coating step,
the film is irradiated with UV light (365 nm for 15 s), ther-
mally cured (110 �C for 60 s) and rinsed with THF. The
active switching layer of XDTE (9 mg mL�1, 6 mol% OPPI,
40 nm) in the photo-stationary state (PSS) is subsequently
spin-coated from toluene, irradiated with UV light (312 nm
for 60 s), thermally cured (110 �C for 3 min.) and rinsed
with THF. Finally, the electron-transport material (ETM;
commercially available blue-emitting polyspirobiflourene
polymer, Merck KGaA) is spin-coated from toluene solu-
tion (10 mg mL�1, 70 nm). The molecular structures of
HTM1, HTM2 and ETM have been previously reported
[25]. Layer thicknesses are determined via surface profil-
ometry with a Dektak 3. The cathode (4 nm Ba, 150 nm
Ag) is evaporated through a shadow mask (with the exact
same pattern as the ITO electrode) at a pressure
of 6 2.0 � 10�6 mbar, affording top finger electrodes
orthogonal to the ITO stripes. The samples are encapsu-
lated (Araldite + 2000) for testing outside the glove box.

Current density–voltage (JV) measurements of the pas-
sive memory array prototypes are performed sequentially
for all individual cells using a Keithley 2400 source meter
and data is collected with a home-built LabView program.
Optical programming of the devices is done with a labora-
tory UV lamp (312 nm, ring-closing) at an irradiation
intensity of 0.52 mW cm�2. Electrical programming is done
via the application of varying numbers of 200 ms long
pulses of a constant writing current density JWRITE =
20 mA cm�2. Electrical read-out is carried out by measur-
ing the current density (JREAD) using 200 ms long pulses
of 10 V (where the ON/OFF ratio is maximized). These JREAD

values are then normalized to the current densities
measured in the all ON state to eliminate process-related
systematic variations (see SI for details). Optical erasure
is done with an orange LED (600 nm, 2.3 V, 600 mA,
ring-opening).

3. Results and discussion

3.1. Cross-talk

First, we investigate whether the intrinsic rectifying
behavior of the organic memory diodes can successfully
suppress cross-talk effects in our passive matrix arrays. Ini-
tial cross-talk studies are tested for devices with a 3 � 3
matrix layout, in which each of the nine individual cells
has the same area (0.08 cm2) as the previously reported
‘‘unstructured’’ devices [25]; however, we note that the
passive memory array devices discussed here are quadratic
in shape instead of circular (see Fig. S4). The JV-character-
istics in forward and reverse bias in the ON as well as in the
OFF state are shown for all nine cells in Fig. 1a (circles),
compared with the data for a single pixel unstructured
device (stars). In the ON state, above the turn-on voltage,
the JV-curves of the passive matrix (PM) cells are essen-
tially identical to those found for unstructured reference
devices; however, the reverse current-density as well as
the forward bias leakage current-density (in the range



Fig. 1. Cross-talk in passive matrix arrays of organic memory diodes. (a) JV-characteristics of organic memory devices in a 3 � 3 passive matrix (black
symbols) in the all-ON (solid) or the all-OFF (open) state as well as of the ‘‘unstructured’’ reference devices ([25], green stars). Both devices feature the same
device area of 0.08 cm2. (b) JV-characteristics of the 3 � 3 passive matrix with the center cell in the OFF state while the surrounding cells are in the ON state.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0–2 V) and hence the entire OFF state current-density are
about one order of magnitude larger. As a result of the
increased OFF current density the ON/OFF ratios of the
PM cells are roughly one order of magnitude smaller
(ON/OFF ratiomax � 103 compared to 104 in the reference).
The increased leakage currents in the PM cells are caused
by edge effects occurring at the device perimeter, which
will be discussed in detail in the next section. Apart from
the reduced overall performance of the PM cells it should
be noted that the cell-to-cell variation of the ON state cur-
rent density is very small. By contrast, variation of the OFF
state current density is naturally larger due to variations of
the ITO edges.

To test for cross-talk the device is then put in the most
challenging configuration in which the center cell is in the
OFF state while the surrounding eight cells are in the ON
state (see inset in Fig. 1b). This cross-talk testing configura-
tion is accomplished by exposing the entire 9-element
array in the OFF state to UV-illumination through a sha-
dow mask where the center cell is blocked from the UV
light and thus remains in the OFF state. The subsequently
measured JV-characteristics of all nine cells are shown in
Fig. 1b. Clearly the center cell can be read as OFF, with
the same ON/OFF ratio as in the all-ON and all-OFF mea-
surements (Fig. 1a). This result demonstrates that the rec-
tifying behavior of the organic memory diodes allows
passive matrix integration without the need for additional
electrical circuit elements.

3.2. Leakage currents

As seen above the PM cells exhibit significantly larger
leakage currents than the unstructured devices, providing
a reduced ON/OFF ratio for PM cells. One may assume that
the increased leakage current measured when an individ-
ual cell is addressed is in fact the parasitic leakage current
of the entire array, which would be higher than the real
leakage current of the individual cell, because the finite
rectification ratio of the diodes will always allow a certain
amount of cross-talk. In order to test the effect of cross-talk
on leakage current in a passive memory array, Fig. S5
shows the JV-characteristics of 12 organic memory devices
(0.0025 cm2) that are fabricated in a cross-bar geometry;
however, only a single finger electrode is evaporated as
top contact, on a substrate comprised of 12 individual
ITO anodes (see inset in Fig. S5). Consequently this device
is not a passive matrix array and cross-talk effects are
not possible. Nevertheless, the leakage current density of
these devices is even worse, about two orders of magni-
tude larger than that of the non-crossbar devices (stars).
In this case, the issue related to elevated OFF (leakage) cur-
rents is exacerbated relative to the aforementioned 3 � 3
passive matrix array (0.08 cm2), because this 1 � 12 layout
provides cells with a smaller device area (0.0025 cm2). This
data leads to the conclusion that the elevated leakage cur-
rents, which are responsible for the diminished ON/OFF
ratio of these passive memory arrays originate from the
cross-bar geometry itself.

The polyspirobiflourene polymer used as ETM in the
organic memory layer stack is a blue emitter, therefore
the device is also an OLED. The device emission exhibits
ON/OFF ratios of the same order of magnitude as the cur-
rent density. While the luminescence can thus, in principal,
be used as alternative read-out channel [18], it provides a
convenient means to visualize the leakage currents in the
PM cells. Fig. 2a shows a photographic image of one of
the PM cells in the OFF state. It can be seen that while
the majority of the active device area shows essentially
no emission, there is considerable emission coming from
the ITO anode edges of the device. This observation implies
that in the OFF state the majority of the current is flowing
through the edges of the device.

To find the origin behind these effects, we prepared a
cross-section of the passive memory array and imaged
the edge of the ITO anode using scanning electron micros-
copy (SEM; Fig. 2b). Obviously the combined thickness of
all organic layers is significantly smaller at the edge of
the ITO anode (100 nm) than at the device center
(210 nm). This thinning is a result of the spin-coating pro-
cess and ultimately leads to a reduction of the ON/OFF ratio



Fig. 2. Leakage currents through the edges of organic memory devices in
cross-bar geometry. (a) Left: Photograph of a crossbar organic memory
cell in the OFF state at 10 V (area 0.0025 cm2). For clarity the orientation
of the electrodes is schematically displayed. Right: Photograph of six cells
in different memory states. (b) Cross-section image obtained by SEM. (c)
ON/OFF-ratio of organc memory devices in cross-bar geometry shown in
the inset (squares) plotted as a function of the respective area to total
edge ratio (ATTER). The dashed line is a linear fit (note the log-lin scale) to
the data. The data point of the above discussed 3 � 3 device is shown as
right-handed green triangle, the data point for the 1 � 12 device is shown
as red star and the data for an unstructured device is shown as left-
handed blue triangle. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. 12 � 12 passive memory array for multi-level programming. JV-
characteristics of a 120-pixel organic memory passive matrix array
(0.0025 cm2 cell area).
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of our organic memory devices. We note that there is a
strong dependence of the ON/OFF ratio on the XDTE layer
thickness (see Fig. S6), which is a compromise between
two counteracting effects: on the one hand, thicker layers
will limit the ON current, due to the low mobility of XDTE;
on the other hand, thinner layers will not properly block
holes. The maximum ON/OFF ratio is significantly smaller
for thinner layers and is also shifted to lower voltages. At
the readout voltage of 10 V for the passive memory array
devices, the ON/OFF ratio for these thinned XDTE layers
at the device edges may be close to unity. This is in agree-
ment with our observation that the light intensity at the
edges does not seem to vary much for organic memory
cells in different memory states (Fig. 2a).

To further investigate how the ratio of the device edge
and the active area relates to the leakage current we fabri-
cated PM cells of varying sizes in a 4 � 4 layout on a single
substrate (see Section 2 and inset of Fig. 2c). The resulting
16 crossbar devices exhibit different active areas, and,
more importantly, different ratios of device area to device
edge length. Fig. 2c shows the ON/OFF ratio as a function of
the area to total edge ratio (ATTER). There is a linear rela-
tionship between ON/OFF ratio and ATTER, confirming that
the ON/OFF ratio is indeed limited by device edge leakage
currents of each individual cell rather than cross-talk
effects in the passive matrix array. Please note, that the
data obtained using the other crossbar geometries (3 � 3,
1 � 12, and 12 � 12, as discussed above and below) fall
onto this line, while the non-crossbar reference does not.
The reason for the superior performance of the latter is that
these have been fabricated on unstructured ITO substrates
(compare experimental section in [25] and Fig. S3) on
which the spin-coating process generally produces homog-
enous films.

3.3. Optical multi-level programming

We next investigate multi-level programming in
12 � 12 passive memory arrays prototypes. In this layout,
defects caused by fabrication imperfections could not be
completely avoided, since we are currently unable to
fabricate the devices in a clean room. Fig. 3 shows the
JV-characteristics of a passive memory array prototype
with 120 functional memory cells for the ON state (black)
and the OFF state (grey) as well as the calculated ON/OFF
ratio (red). All cells exhibit an ON/OFF ratio larger than
102 at 10 V. The cell-to-cell variation is small and mainly
observed in the OFF state, as expected (see above).

Next, we create a response curve for optical program-
ming (Fig. 4a). Starting with all cells in the OFF state, we
illuminate the device with UV light through a slit-shaped
shadow mask (1 mm width), so that a line of 12 individual
cells featuring a common cathode were irradiated by dif-
ferent UV-doses at the same time. The JREAD values in
Fig. 4a are an average of the current density values at
10 V (i.e., where the ON/OFF ratio is maximized for this
device) for cells illuminated with a specified UV dose.
There is a steep increase in JREAD up to exposure doses of
ca. 150 mJ/cm2, followed by a much slower increase. We



Fig. 4. Optical multi-level programming. (a) Optical response curve: JREAD as a function of UV exposure dose. The displayed values have been averaged over
12 devices. The line is a guide to the eye. (b) Readout of the optically programmed passive memory array. Inset: corresponding histogram.

Fig. 5. Electrical multi-level programming. (a) Electrical response curve: JREAD as a function of the injected charge (Qinj). (b) Readout of the electrically
programmed passive memory array. Inset: Corresponding histogram.
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did not observe a leveling to the photo-stationary state
(PSS), which is expected after infinitely long expose.
Practically, only the initial (ideally) linear response
range is useful considering the intensity used here
(0.52 mW cm�2), which corresponds to recording times of
up to 5 min. Please note, however, that there is a linear
relationship between intensity and switching speed (see
the SI in our previous work [25]), implying that sub-second
writing times can be expected for high intensity sources
(e.g., 1 W cm�2).

Based on the optical response curve, we optically pro-
gram eight roughly equidistant states into our passive
memory array prototype. The normalized JREAD values
(see Experimental section and Fig. S7 for normalization
details) are shown in Fig. 4b. It is clear from the lack of
overlap of the histogram data that the eight levels can be
written and retrieved without error.

3.4. Electrical multi-level programming

By passing defined amounts of charge through individ-
ual cells, we are able to electrically program our XDTE
organic memory passive memory arrays. Please note, that
this electrical recording is achieved at current densities
at least two orders of magnitude higher than JREAD

(VWRITE = 15–20 V; VREAD = 10 V). Therefore, readout is
non-destructive (see Fig. S8).

We create a response curve equivalent to that seen for
optical programming by averaging the measured JREAD over
6 individual cells (Fig. 5a). Charge injection beyond
Qinj = 120 mC cm�2 has no additional effect on JREAD, imply-
ing that the electrical closing reaction is saturated. For a
write current density of 20 mA cm�2, an injected charge
density of 120 mC cm�2 corresponds to recording times
of up to 6 s. Please note, that the dynamic range for electri-
cal programming is smaller by roughly a factor of 4,
because it is inherently self-limiting, due to the formation
of preferred conduction pathways (filaments), which we
have discussed in detail in our previous work [25].

If the writing current flows predominantly through the
device edges for passive memory arrays, one might suspect
that the problem of edge leakage current might limit the
electrical switching effect altogether. By contrast, Fig. 2a
shows that electrical programming of a cell occurs across
the whole device, despite the edge leakage effect.

Following the procedure already described above for
optical recording, we demonstrate electrical programming
of eight roughly equidistant states into our passive
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memory array prototype. As evidenced by the lack of over-
lap between the current levels presented in the histogram
plot, Fig. 5b shows that all levels could be retrieved with-
out error. These results demonstrate that the electrical pro-
gramming procedure does not lead to undesired switching
in neighboring cells due to cross-talk effects.
4. Conclusion

We have demonstrated that solution-processed, multi-
layer, organic memory diodes based on photochromic
crosslinkable dithienylethenes can be integrated into
passive-matrix arrays since their rectifying behavior effec-
tively suppresses cross-talk. At this point, the performance
of our organic memory passive memory arrays, in terms of
ON/OFF ratio, is reduced compared to their previously
reported unstructured counterparts, due to device edge
leakage currents. Nonetheless the possibility of optical
and/or electrical multi-level programming is successfully
demonstrated in these prototypes; however, we note that,
since the electrically written levels must be erased opti-
cally, all electrical programming corresponds to write-
once-read-many (WORM) memory similar to EPROMs
(Electrically Programmable Read Only Memory). We
demonstrated eight distinguishable current levels, but
considering the signal-to-noise-ratio SNR of our setup,
one could certainly achieve more levels, in particular if
the leakage currents could be reduced, but this is beyond
the scope of this paper.

We have already reported impressive retention times of
the organic memory devices in our previous work [25]. We
found that optically programmed states are very stable,
and that the mild degradation observed for electrically
programmed states may be resolved in the future by using
more stable cathode materials.

The remaining challenge that needs to be addressed in
future research efforts is the recording speed. While this
can be increased in a straightforward manner for optical
switching by using higher-intensity light sources, faster
electrical recording would require similar DTE molecules
that can provide higher quantum yields for the current-
induced ring-closure reaction. While these photochromic
light-emitting diodes may not represent the future of non-
volatile storage media, they may find niche applications,
e.g. RFID devices and gray scale signage [19].
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