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We demonstrate organic light emitting devices(OLEDs) with a charge trap layer that show memory
behavior. These OLEDs demonstrate that organic heterojunction structures can controllably trap and
release electronic charges. The trap layer is either 5-nm-thick clustered silver islands, or a
10-nm-thick organic laser dye DCM2 (f2-methyl-6-f2-s2,3,6,7-tetrahydro-1H ,
5H-benzofi , jgquinolizin-9-yld-ethenylg-4H-pyran-4-ylideneg propane-dinitrile) doped into TPD
sN,N8-diphenyl-N,N8-biss3-methylphenyld-1 ,18-biphenyl-4,48-diamined. Predictions of the
energy band structure indicate that both DCM2 sites and the metal islands can trap charge,
consistent with the measured current–voltage characteristics. Trap sites are charged by applying
reverse bias over the OLEDs. For devices with DCM2 traps we observe quenching of DCM2
photoluminescence upon charging, which allows us to quantify the charged trap density as
approximately 10% of the trap sites or 1018 cm−3. From time resolved measurements we observe
that the charge retention time exceeds 2 h. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1819991]

Structural disorder in amorphous organic thin films can
result in the presence of localized electronic states which can
trap and store charge in equilibrium.1,2 The presence of such
trapped charges can dominate the current–voltagesI –Vd
characteristics of organic devices because of a relatively low
density of intrinsic free charge carriers in organic solids.3 For
example, recent studies of organic bistable memories pro-
posed that charge trapping process can control the active
state of the device.4,5 In this letter, we similarly investigate
the charge trapping process in device structures that in for-
ward bias perform the function of organic light emitting de-
vices(OLEDs), while in the reverse bias store charge, which
can be interpreted as a memory event. We demonstrate that
charge storage can be engineered in active organic electronic
devices, and quantify the electrical charge density from the
room temperature optical measurements andI –V character-
istics.

We first investigate doped organic light emitting devices
consisting of organic layer(material 1)/trap layer/organic
layer (material 1)/organic layer(material 2) between an an-
ode and a cathode. In Fig. 1(a) we use N, N8-diphenyl-
N , N8-biss3-methylphenyld-1 ,18-biphenyl-4 , 48-diamine
(TPD) as material 1 and aluminum tris(8-hydroxyquinoline)
sAlq3d as material 2. The trap layer is a mixture of 95% by
weight TPD and 5% laser dyef2-methyl-6-f2-s2,3,
6,7-tetrahydro-1H , 5H-benzofi , jgquinolizin-9-yld-ethenylg-
4H-pyran-4-ylideneg propane-dinitrile (DCM2) (available
from Exciton, Inc., Dayton, OH, under brand name LD688)
deposited using vacuum co-evaporation. On top of the or-
ganic materials, a composite Mg:Ag(10:1 mass ratio) and a
Ag electrode is deposited, without breaking vacuum, through
a shadow mask, resulting in circular device area of
0.78 mm2. All layers were deposited by thermal evaporation
at pressure of less than 2310−6 Torr. The thin film thickness
was monitored by quartz crystal monitors, which were cali-
brated using a Tencor P-10 profilometer.

Figure 1(a) shows theI –V characteristics of the device
sketched in the figure measured using Agilent 4156C semi-
conductor parameter analyzer under ambient conditions. The
shape of eachI –V response is repeatable and depends on the
bias at which the sweep is started. By comparing theI –V
characteristics we find that current spikes at 1 V forward bias
are observed only when the device is first subjected to a
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FIG. 1. The current–voltage characteristic and the structure of sample de-
vices: (a) 10-nm-thick 5% DCM2 doped TPD trap layer device,(b) metal-
trap device consisting of 5-nm-thick Ag nanoclustered trap layer. TheI –V
characteristics were measured by an Agilent 4156 C semiconductor param-
eter analyzer under ambient conditions. The legend indicates the voltage at
which the sweep was started.
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reverse bias of at least −2 V. To ensure that the device is in
the same initial state, before every sweep that started at re-
verse bias, we performed a sweep that started at 0 V bias.
Comparing thisI –V behavior to a control device, which does
not have the doped layer but has the same total thickness of
the TPD layer, we note that the control device did not show
the current spike for sweeps that started at reverse bias.

From a series of experiments using different charging
time, we observe that the voltage at which the current spike
occurs is lowered if we first apply reverse bias for a few
seconds prior to measuring theI –V sweep. This suggest that
precharging time determines the amount of injected/stored
charge in the charge trapping layers, and hence influences the
current response in the forward bias sweep. ForI –V sweeps
that start at 0 V, the doped device compared with a
TPD/Alq3 OLED of same thickness, has about 10% higher
luminescence quantum efficiency, possibly due to a more
balanced hole and electron injection into the device.6 The
operating voltage, however, is higher in the doped device
than in the OLED with the current up to ten-fold smaller at
the same voltage.7

A schematic band diagram shown in Fig. 2 illustrates the
proposed operating mechanism of the charge trapping device
of Fig. 1(a). When the device is reverse biased, electrons
injected from the anode charge the trap layer. If we then
apply a forward bias, holes from the anode recombine with
the trapped DCM2 electrons generating the current spike.
The remainder of the injected holes combine with injected
electrons from the cathode to form excitons near TPD/Alq3
interface. By changing the magnitude of the reverse bias, we
can control the amount of stored charge in the trap layers and
therefore the magnitude of the spike current. If the magni-
tude of the reverse bias is too small, no current spike in
forward bias is observed as the reverse bias voltage is insuf-
ficient to facilitate electron injection over the anode/TPD in-
terface. If too great reverse bias is applied, the net amount of
stored negative charge is reduced due to hole injection at the

cathode. This leads to a decreased spike current response for
reverse biases of,−5 V.

In order to verify that charges are stored in the
DCM2:TPD trap layer of the device in Fig. 1(a), we mea-
sured DCM2 photoluminescence(PL) for charged and dis-
charged trap layer. The PL measurement was performed by
exciting the device with a choppedl=532 nm wavelength
light generated by frequency doubled Nd:YAG laser. This
wavelength light is only absorbed by DCM2, resulting in red
PL signal that is detected by Newport 818-SL photodiode
connected to Stanford Research SR 830 lock-in amplifier.
The lock-in amplifier is referenced to the light chopping fre-
quency, and the response is recorded on the Tektronix TDS
300B oscilloscope. Concurrently, a square wave bias was
applied over the device using Agilent 33250A arbitrary wave
form generator. When the trap layer is charged(−5 V applied
in Fig. 3), we observe that the DCM2 PL intensity decreases.
This is strong evidence that charge is stored in the DCM2
traps since luminescence of negatively charged DCM2 mol-
ecules is quenched via the Auger process. DCM2 PL inten-
sity is recovered in discharged devices(+5 V applied bias in
Fig. 3). Assuming that only charged molecules are PL
quenched with no influence on the neighboring molecules,
the ,10% change in the PL intensity implies the same per-
centage of charged DCM2 sites or 1018 cm−3 (the density of
the DCM2 is 1.1 g/cm3, and the molecular weights of
DCM2 and TPD are 355.2 and 516.3 g/mol, respectively).
This is an upper limit on the number of charged sites since
Förster transfer from uncharged to charged DCM2 molecules
can magnify the PL quenching.

The above-mentioned model suggests that replacing the
DCM2 dopant with a metallic trap could result in higher
charge storage due to the high density of the electronic states
in metal films, and a possibly deep trap depth for the metal
traps that have the Fermi level energy aligned with the
middle of the TPD band gap.

We made the metal-trap devices by depositing 5 nm of
Ag on top of TPD, Fig. 1(b). When a thin Ag film is depos-
ited on top of the organic layer, it forms metal clusters simi-
lar to the earlier studies of Al on Alq3.

5 The atomic force
microscopy images show Ag cluster average size on the or-
der of 10 nm. As expected, the metal-trap devices exhibit the
memory behavior with theI –V characteristics showing an
increased charge current density through the metal-trap de-

FIG. 2. Proposed operation mechanism of Fig. 1(a) devices. The expected
energy band diagrams are not drawn to scale.

FIG. 3. The change in the DCM2 photoluminescence intensity with the
change in the device bias. The devices were excited with a choppedl
=532 nm light. The chopper frequency was in the range of 620–650 Hz.
The OG-530 optical filter(Ealing Catalog, Inc., Rocklin, CA) was used to
selectively detect the red DCM2 luminescence.
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vices, as compared to the DCM2-trap devices[Fig. 1(b)]. In
forward bias, however, the peak of the electroluminescence
spectrum is shifted due to the microcavity effects induced by
the reflection at the 5 nm Ag layer.

Figure 4 shows the time resolvedI –V characteristic of
the DCM2:TPD trap layer device. The write–read–erase–
reread cycles were recorded with an oscilloscope using an
arbitrary wave form generator and a Keithley 428 current
amplifier. The difference between the read and re-read cur-
rents demonstrates the “on” and “off” state of the bit stored
in the doped organic light emitting device. We measured the
retention time of the device by delaying discharge. After ap-
plying negative bias, we waited for up to 2 h before “read-
ing” the device with aI –V sweep, and we still observed the
current spike associated with charge storage.

Finally, in order to see the effect of different doping
concentrations, we fabricated samples with 10% and 20%
DCM2 doped TPD trap layer, and compared the device char-
acteristics with the 5% DCM2 doped device. For increased
doping concentration, a higher forward bias is needed to ex-
tract trapped charges from the device. In the case of the
highly polar DCM2 the energy structure changes with doping
possibly resulting in deeper trap energies when matched to
TPD.2 The retention time of the device also increases as we
increase the doping concentration consistent with the deeper
trap assertion.

In conclusion, this letter demonstrated two organic het-
erojunction structures, which can controllably trap and re-
lease electronic charges. The energy band structure and
current–voltage characteristics from these devices strongly
indicate that both DCM2 sites and the metal trap layer are
trapping electrons under reverse bias. This has been experi-
mentally verified by PL quenching measurements for the or-
ganic trap layer device with the maximum charge density in
the trap layer on the order of 1018 cm−3. For a fixed charging
time, the magnitude of applied reverse bias determines the
amount of stored charge in the trap layer, influencing the
current response in the forward bias sweep. When the or-
ganic trap layer is replaced with a metal layer, the higher
density of trap states in the metal layer results in higher
discharge current. From time resolved measurements, we
also demonstrated that the trapping layers within an OLED
structure allow storage of information on the OLED by ap-
plying reverse bias on the device. The retention time of the
device is in excess of 2 h. In such manner, OLED display
pixel arrays can be used as memory arrays that, for example,
store information when the display is dormant.
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FIG. 4. Write–Read–Erase–Read cycle of the Fig. 1(a) device. The writing,
reading, and erasing voltages are −3, 2, and 9 V, respectively.
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