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Three-terminal organic memory devices
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An organic electrical bistable devid®BD) has been reported previously, which has an organic/
metal-nanocluster/organic structure sandwiched between a top and bottom elgctrBd#la, J.

Liu, and Y. Yang, Appl. Phys. Lett80, 2997(2002]. This device can be switched between a low-
(OFP and a high{ON) conductivity state by external bias. In this article, we report a three-terminal
organic memory device, which is realized by wiring out the metal-nanocluster layer of the OBD as
the middle electrode. The ON and OFF states of the device can be read out by measuring the
potential of the middle electrode. By controlling the interface formation of the device, a
three-terminal OBD with a potential change on the middle electrode of more than three orders in
magnitude between the OFF state and ON gfaben 0.2 mV to 0.77 V is achieved. By wiring out

the middle electrode, the three-terminal OBD can also be considered as two 2-terminal devices
stacked together. By proper interface engineefiogbe discussed in detail in the tgxive found

that both the top and bottom devices show electrical bistability and memory effect. This can double
the data storage density of the memory device. Details of the device mechanism are provided. ©
2005 American Institute of Physid9DOI: 10.1063/1.1866496

I. INTRODUCTION be achieved in supramolecular structures of Rose Béhgal,
where electroreduction and conformational change of the
Organic memory devices are generally realized by intermolecules cause the conjugation modification, and as a re-
posing thin layers containing organic materials between twault, the conductance of the molecules is changed. Metier
electrodes and have caused much attefitiSrue to their  al. demonstrated a write-once-read-many times memory by
potential advantages of flexibility, easy processing, low costburning polymer fuse%° A high ON-state current memory
and larger area fabrication by printing techniques. Generallylevice was reported by our research group, by controlling
electrical bistability means there are two electrical states fothe copper ions within the organic lay&iThe device struc-
a device, i.e., the high-conductance stdd¥ stat¢ and the ture is copper-anode/buffer-layer/organic-layer/cathode. The
low-conductance stat@OFF statg, and the device can exist switching-on process is realized by applying a positive volt-
at either state for a prolonged tin{estention time; under  age pulse between the two electrodes, driving ©uas into
some applied condition, the device can be switched from onthe organic layer to transform the device into the high-
state to the other, which is ideal for rewritable nonvolatileconductance state. It is interesting to note that thé cam be
memory application. Ferroelectric polymers have muchexpelled out of the organic layer by applying a higher-
lower permittivity and much slower switching speed thanvoltage pulse, which restores the device to the OFF state.
inorganic ferroelectricd,which makes them less attractive This device is a rewritable nonvolatile memory device.
for applications. On the other hand, significant research has The memory device discussed in this manuscript is the
been done on resistance switching since the 1970s. Initiallrganic electrical bistable devicgBD) with an organic/
the focus was on organic thin-film memory in a charge-metal-nanocluster/organic trilayer structure sandwiched be-
transfer complex system proposed by Potember and Pdthletween two electrode;  which shows nonvolatile memory
where the transition between the high-conductance state af¢havior. The high-conductance state and the low-
low-conductance state is realized by charge transfer betwearnductance state differ in their conductance by a factor as
copper and tetracyanoquinodimethd@€NQ). The switch-  great as 19 and shows remarkable retention. Later, the
ing phenomenon was also observed in some polymeswitching and memory effect in OBD-structured devices
films,*® and most of the earlier observed electrical memoryhave also been observed by the Campbell gr8upshould
effects turned out to be due to filament formation. Recentlybe noted that their devices, although they also have the
Oyamadaet al. demonstrated a switching effect in Cu: TCNQ organic/nanoclusters/organic structure, are different from
charge-transfer-complex thin films, where a thin®@J layer ~ ours. First, they used a very thif nm) Al-nanocluster layer,
between the anode and the Cu:TCNQ layer is critical to thavhere the Al nanocluster should be a monolayer and reso-
observed switching phenomenbiBandyopadhyay and Pal nant tunneling within the Al-nanocluster layer could not oc-

. . : . - 17 .
reported that conductance switching between three levels c&ir as it does in our devicé:'’ Second, their current-voltage
(1-V) characteristics are different from ours. For their de-

2 _ . .},/ice, the ON state is restored to the OFF state at higher
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Ima@ucla.edu voltage, whereas for our devices reversed bias restores the
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ters in their devices may act as charge traps, i.e., charges are L Top Al Electrode —l
injected from the electrode, travel through the organic layer, (b) [ )\ Top AIDCN }top part
and then are trapped by the Al nanoclusters, which is a pro- NNy Bt AIDCN U V
cess that may take time because carrier mobility in organic is Metaknanodietor TR " " |
very small. For our OBDs, we failed to observe the switch-

ing behavior when the Al-nanocluster layer is less than Glass substrate (a)

10 nm (instead, we observed interesting current steps, not

shown hem and the SWItChlng-On process 1Is In rlanosec_FIG. 1. (a) Device structure of the three-terminal OBD: the top electrode is

onds, which cannot be explained in the charge injectionyrounded and bias is applied between the top electrode and the bottom
travel-and-trapped picture. Therefore, we believe that thelectrode; the middle electrode is used for potential measurertirite

mechanism for their device is different from ours. chemical structure of AIDCN.

All the above memory devices based on conductance
change are detected by measuring the device current. Fromeasurement of the nanoclusterlayer and also allows the
an application point of view, the memory cell should be asvoltage to be applied to any pair of the electrodes, testing the
small as possible, such as in micrometer or submicrometd—V characteristics.
scale, in order to get a high density of data storage. In this The thickness of each layer was monitored by a quartz
case, the current through the memory cell may be too smadllrystal calibrated with Dektak IIA. Current—voltage curves
to distinguish conveniently whether the device is in the ONreported here were measured with a HP 4155B semiconduc-
state or OFF state. One way to solve this issue is to increager parameter analyzer. The curves of the cyclic write-read-
the ON-state current of the device by introducing Cu ions forerase-read test and stress test were characterized by two Kei-
ON state* In this article, we discuss another approach tothley 2400 Series Sourcemetéosie for applying the voltage
solve this issue by demonstrating a three-terminal OBDcycles, the other for measuring the potential drogntrolled
which is realized by wiring out the metal-nanocluster layerby a computer. All electrical measurements were done in
of the OBD as the middle electrode. The ON and OFF stateambient condition. The device structure of the three-terminal
of the device can be read out by measuring the potential d©BD is shown in Fig. a). The chemical structure of the
the third terminal of a biased device, which is independent obrganic material used is shown in FighL Without specifi-
the device area. cation, the top electrode is connected to the gro(wy/
potentia). The three-terminal OBD consists of the top part
(top-electrode/top-organic/metal-nanoclusterd the bottom
part (metal-nanocluster/bottom-organic/bottom-electjode
The resistance between the top electrode and the middle

The device fabrication processes are similar to what wéléctrode is defined aR,, and the resistance between the
previously reported®*° The glass substrate is cleaned by aPottom electrode and middle electrode is defined®@gom
routine procedure. First, the glass substrates were sonicated
in the order of detergent, de-ionized water, acetone, and iSQy. RESULTS AND DISCUSSION
propanol, and then baked in an oven at about 80 °C to pre-
pare for fabrication. The OBDs are fabricated by thermal ~ The current-voltagél —V) characteristic between the top
evaporation at 2.810° Torr. A Substrate_moving system and the bottom electrodes of a three-terminal OBD is shown
allows the deposition of each layer of the OBD withoutin Fig. 2, which is similar to what we reported befdfe'’
breaking the vacuum of the chamber. The organic compounBuring the first forward bias scan from -1.5 to 3 V, the de-
and metal material we used are 2-amino-4,5-vice shows a very low current injectignegative bias is for

imidazoledicarbonitrile(AIDCN) and Al, respectively. At

Il. EXPERIMENT

first, a 650-A Al film was deposited on the precleaned glass 10* ] .
substrate at a deposition rate of 3 A/s for the bottom elec- .
trode, 400 A of AIDCN film was deposite@®.5 A/s) on it as 107 -

the bottom organic layer, then 200 A of Al and AIDCN 10°
mixed-film was deposited by coevaporation. The deposition
rate of Al and AIDCN for the middle layer was 0.4 and
0.1 A/s, respectively. Then another 400-A AIDCN film at a
deposition rate of 0.5 A/s and an 800-A Al film with a depo-
sition rate of 2 A/s were deposited sequentially to form the 10
top organic and the top electrode layers. The overlap be-

107

107

Current(A)

-10
tween the top and bottom electrodes is 0.4 4nwhich is the 10
size of OBDs mentioned in this paper. In order to study the 10™M
potential distribution of the device, we wired out the metal-

nanocluster layer during device fabrication by using shadow Voltage(V)

masks, where the dotlike metal-nanOCIUSterlayer IS eleCtr.ll-:IG. 2. The typicall-V characteristics of a three-terminal OBD measured

cally connected to a predgpositeq Al §trip as the third terMiny top-bottom electrode. The nonzero currenVatd V may be caused by
nal. The purpose of the third terminal is for both the potentialthe polarization of the nanocluster layer in the ON state.
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FIG. 4. Stress test of a three-terminal OBD in both the ON state and the
FIG. 3. The bias dependence of the potential drops on the topipggt and OFF state. 1-V bias was applied between the top and bottom electrodes and
the bottom partUpyn) Of a three-terminal OBD(right Y axis) and the ~ Jwp Was read.
device currentleft Y axis).

OBDs for both the ON and OFF states, a small constant
the purpose of making sure that the device is at the OFWoltage(1 V) was applied between the top and bottom elec-
statg until at a critical voltagelaround 2 V herg where it trodes. Thel,y, is recorded to monitor the state of the OBD
switches from the OFF state to the ON state. As the bias ias shown in Fig. 4. In Fig. 4, th&,, for the ON state is
swept back from 3 to O V, the device remains in the ONthree orders of magnitude higher than that of the OFF state.
state, indicating memory effect. As it is swept further to thelt can be seen from Fig. 3 that there is no significant degra-
negative voltage, the device was recovered to the OFF statation of the device in either the ON or OFF state during the
at about —1 V, indicating rewritability of the device. 3-h stress test, indicating that both states are relatively stable.

The readout of the three-terminal OBD is different from It should be noted that in Fig. 4 the OFF-state potential is
the previous two-terminal OBD. A low voltage, less than thequite smooth, while the ON-state potential shows some fluc-
switching voltage, is applied between the top and bottontuation, which may be caused by the charges stored in the Al
electrodes, and the device sté@N or OFF is read out by nanoclusters when the device is at the ON state. Details
measuring the potential of the middle electrode. The writeabout these fluctuations are under study.
and erase process of the three-terminal device is the same as The write-read-erase cycle test for a three-terminal OBD
the two-terminal OBD. The beauty of the three-terminalis shown in Fig. 5. The voltages for write, erase, and read are
OBD is that the potential change of the middle electrode i2.5, -1.5, and 1 V, respectively. The ratio @f,, in the ON
not a function of the device area, so the three-terminal OBand OFF states is about3@uring the test. At the beginning
is not affected by the device area when the device areaf the cycle tesfFig. 5@)], the success ratio of the program-
shrinks to micro- or submicro scale. ming was almost 100%. After 21 h of continual-cycle testing

The potential drop between the top electrode and théFig. 5b)], the device still worked well and the ratio was still
middle electrode is defined dd,,, and the potential drop near 100%, but,,, at the OFF state increased by 1.5 orders
across the bottom electrode and the middle electrode is dérom 0.1 to 10 mV, indicating device degradation. Two pos-
fined asUpom During the potential measurement, the topsible reasons are AIDCN recrystallization in &mot shown
electrode of the device was grounded. Figure 3 shows thhere and oxidization of the interfaces of the device, causing
typical variation of the potential droflJ;,, andUpeon) With  the interface contact change. Details about the device degra-
the applied voltage between the top and bottom electrodegation mechanism are under study. It should be noted that the
for a three-terminal OBD initially at the OFF state. The cur-time scale used in Fig. 5 is due to the inherent limitation of
rent through the device was measured simultaneously ake test instrument and program.
plotted by the lefty axis. It can be seen from Fig. 3 that for Using the measured current and thig,, and Uygiom
the device at the OFF state, the potential drop at the top pashown in Fig. 3, we derived th&, and theRy,qom as shown
of the device is very smallaround 0.2 mY and at the in Fig. 6, from which one can see that both tRg, and
switching-on voltagehere 2.5V}, Uy, jumps by more than  R,q4om Show switching behavior, but at the OFF stRigyom
three orders in magnitude from 0.2 mV to 0.77 V. In the ONis much larger thamR, Since the nominal structure of the
state, the potential drops between the top part and the bottotwo parts of the three-terminal OBD is the same, a possible
part of the device are comparable. In Fig. 3, we also plottedeason is that the interfaces of the top and bottom parts of the
the curve forUyguom by a simple calculationNU,.o =V  device are different. The interfacial roughness for both the
—Uyop), Showing that most of the applied potential is droppedtop-Al/top-AIDCN and bottom-AIDCN/bottom-Al has been
in the bottom part of the device when it is at the OFF statestudied by using an atomic force microsco@@&M). The
It should be mentioned that the resistance of the middle elecoughness of the top-Al/top-AIDCN interface should be de-
trode (in kilohm range is much smaller than the input im- termined by the surface roughness of the AIDCN layer, while
pedance of HP4155BL GQ)). Therefore, the reading &f,,,  the roughness of the bottom-AIDCN/bottom-Al interface
andUpgom is reliable. should be dominated by the surface of the bottom Al layer.

In order to study the retention time of the three-terminalHowever, we found that the roughness of the two interfaces
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a-4r iy Another possible reason is that the degree of chemical
o b i‘/ﬂoriﬁ _.guw WA reaction between the two interfaces is different, which is
65540 77260 T 10° more probable for the devices. For the top-Al/top-AIDCN
Time(s) interface hot Al atoms are deposited onto the AIDCN sur-

o ) face, while for the bottom-AIDCN/bottom-Al interface, it is
FIG. 5. Cyclic write-read-erase-read test of a three-terminal OBD. The up- .
per curve is the voltage biased on the device and the bottom curve is th@m'hot AIDQN mo'eClﬂ'es deposited on cold Al surface. _AS a
potential drop on the top part of the device. The voltages for write, erasefesult, chemical reactions between Al and AIDCN are likely
and read are 2.5, -1.5, and 1V, respectively. In order to use a logarithmigg happen at the top-Al/top-AIDCN interface rather than at
axis for the potential drop across the top AIDCN layer, the current for thethe bottom-AIDCN/bottom-Al interface. This assumption
erasing process is an absolute val@ At the beginning of the cyclic test; . o P
(b) after 21 h of continual testing. has been partilally. proven by the UV-visible abso'rb'ance spec-
tra as shown in Fig. 8. Figure 8 shows the UV-visible absor-
bance spectra of a single AIDCN lay€40 nm), an Al
(12 nm) deposited on top of an AIDCIK40 nm) film, and an
AIDCN (40 nm deposited on top of an A2 nm) film. All
the films were deposited on a Casubstrate with very small
peak vertical distance-9.7 nni is a little bit rougher than absorption in the .U.V—VISIb|e range. It can be seen from. Fig.
the Al film [Fig. 7(d), peak-peak vertical distance8 nn. 8 that t.he UV-visible absorbanc_:e spectrum of a single
Therefore, the interfacial roughness may not be the maia*/DPCN film shows a clear absorption edge at 350-nm wave-
reason for the asymmetric potential distribution of the del€ndth, which is corresponding to the energy band gap of
vice, although the Al clusters may have some penetratioA!DCN (3.6 V). The spectrum of AIDCN deposited on top
into the top AIDCN layer when the top Al electrode was of Al is similar to that of single AIDCN film, except for the

is comparable as shown by the AFM imad€sgs. 1a) and
7(b)] and section analys[$-igs. 7c) and 7d)] of the surface
of the AIDCN film and the Al film, although the section
analysis of the surface of the AIDCN filfiFig. 7(c), peak-

deposited significant base line increase caused by the Al layer. There-
fore, there is no obvious chemical reaction at the bottom-Al/
1011
2 T T T
0 bottom I I
10" - .,-.'--"--T
16 AIDCN(40nm) on top on Al(12nm)
£ 10t 5
e T 12
o 7
g 10° & §
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g 10 <"
R i
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FIG. 6. The bias dependence of the resistance for both the top part and tHdG. 8. UV-visible absorption spectrum for an AIDCN film, Al deposited on
bottom part of the three-terminal OBD, calculated from Fig. 3. top of AIDCN film, and AIDCN deposited on top of Al film.
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FIG. 9. Schematic diagram for the two interfaces of the top-Al/top-AIDCN 10 Ea Top-bottom
and the bottom-AIDCN/bottom-Al(a) Hot-Al deposited on top of the ok | | | |
AIDCN surface, resulting in chemical reaction at this interfat®;AIDCN 10 0 L '05' o p - '15' — 2' L '2'5' —
deposited on cold-Al surface, resulting in small reacti@;band diagram ’ ’ . 3
for the top-Al/top-AIDCN contact, with band-gap state formation resulting Voltage (V)
in a relatively efficient electron injection; an@) band diagram for the
bottom-AIDCN/bottom-Al contact, with less efficient charge injection. FIG. 10. Thel-V characteristics for a three-terminal OBD with no direct

chemical reaction between Al and AIDCN at the top-Al/top-AIDCN inter-
. face. The top part and the bottom part have equal OFF-state resistance. Both
bottom-AIDCN interface. On the other hand, the spectrumparts show similar electrical bistability. Here, “middle-top,” “middle-

for hot Al deposited on top of an AIDCN layer shows sig- bottom,” and “top-bottom” in the figure refer to the V measurements done
nificant differences compared with that of single AIDCN through the middle-top electrode, middle-bottom electrode, and the top-
film, i.e., the AIDCN absorption peak at 326-nm w::lveleng;;thmlddle electrode, respectively.
is reduced by the deposition of hot Al, there is no clear
absorption edge, and absorbance increases gradually frofipducing a small amount of oxygen during the first 5-nm
700-nm wavelength, indicating gap-state formation. We alsdoP-Al electrode deposition to form an Ad; layer. This
did the ultraviolet/x-ray photoelectron spectroscojyPS/ ~ Method will passivate the interface and prevent the direct
XP9) study and found similar result®ot shown herg charge transfer between Al and AIDCN, leading to a rela-
The large difference betwed®y,, andRyoom for devices tively high electron injection barrier at the top-electrode/top-
at the OFF state can be understood in the following fashionAIDCN interface for the device at the OFF state. Hence, a
From the analysis above, we believe that there is a chemici€ry nice electrical bistability can be observed for both the
reaction(or charge transfgrat the top-Al/top-AIDCN inter-  top part and the bottom part of the OBD, as shown in Fig.
face in which Al clusters lose partial electrons to AIDCN, 10, which may double the data storage capacity of OBDs. It
forming a metal-organic complejFig. Aa)]. This complex should be noted that in Fig. 10, the measured current through
formation leads to gap-state formation as shown in Fig,9 the middle-top and middle-bottom electrodes is smaller than

resulting in electrons that can easily inject from the top electhat through the top-bottom electrodes, which is caused by

AIDCN layer, and jump off into the middle electrode layer OBD.
without much energy loss. This electron injection and trans- It should be mentioned that the structure of the three-
portation process determines that the top part of the OBD hd§rminal OBDs is very promising in electronic devices, and
a relatively low resistance. On the other hand, the chemicsfan be generalized as a five-layer-stacked-structure device
reaction between the bottom AIDCN and the bottom Al isWith three electrode layers. Recently, we demonstrated a ver-
small[Fig. 9b)], as a result, there is still a relatively larger tical organic field-effect transistor, which is based on the
energy barrier for electron injection from the bottom elec-OBD structure, where the bottom electrode acts as the gate
trode as shown in Fig.(6). In addition, electrons injected €lectrode and ghe bottom organic layer is replaced with a
from the top electrode also need more energy to overcom@ielectric layer.
the energy barrier between the nanoclusters layer and the
bottom AIDCN layer, resulting in a larger interfacial resis- IV. CONCLUSION
tance at the nanocluster-layer/bottom-AIDCN layer. Hence,
the applied potential to an OBD at the OFF state is mainly =~ We have demonstrated a three-terminal organic memory
dropped on the bottom part of the device. When the device idevice by wiring out the metal-nanocluster layer of the or-
switched ON, charges are stored at both sides of the nangranic electrical bistable devi¢®BD), which has a structure
clusters Iayei‘f"’17 which dynamically dopes the interfaces of organic/metal-nanocluster/organic trilayer sandwiched be-
between the nanocluster layer and the two organic layers. Alsveen a top and a bottom electrode. When the top (papt
aresult, the large interfacial resistance between the nanoclustectrode/top-organic/metal-nanoclustend the bottom part
ter layer and the bottom AIDCN layer is tremendously re-(metal-nanocluster/organic/bottom-electrbdee not electri-
duced. Alternatively, one can consider that the density otally the same, caused by interface formation, the potential
stateg DOY) of organics increases tremendously, resulting indifference of the middle electrode may be detected for a
a several orders in magnitude change Ry,,,m i the  biased devicdless than switching voltagdetween the ON
switching-on process as shown in Fig. 6. On the other handstate and the OFF state. We have fabricated three-terminal
Riop Shows a small jump at the switching voltaggown in  OBDs with different potential distributions between the top
Fig. 6) sinceRy, is relatively small at the OFF state. and bottom parts by vacuum thermal evaporation method.
We can control the top-Al/top-AIDCN interface by in- The potential of the middle electrode changes from 0.2 mV
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