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Reproducible switching effect in thin oxide films for memory applications
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Thin oxide films with perovskite or related structures and with transition metal doping show a
reproducible switching in the leakage current with a memory effect. Positive or negative voltage
pulses can switch the resistance of the oxide films between a low- and a high-impedance state in
times shorter than 100 ns. The ratio between these two states is typically about 20 but can exceed
six orders of magnitude. Once a low-impedance state has been achieved it persists without a power
connection for months, demonstrating the feasibility of nonvolatile memory elements. Even
multiple levels can be addressed to store two bits in such a simple capacitor-like structu2600©
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Ever since the observation of switching processes in thirsrTiO;, CaNb,O,, and TgOs doped with up to 0.2% Cr or
films of amorphous chalcogenide semiconductdrsmor- V. In the following we restrict our discussion to SrzgOrhe
phous Si, conducting polyme?s,and of ZnSe—Ge base electrode of the MIM structure is either an epitaxial
heterostructure$these materials have been proposed as poSrRuG; film grown by pulsed laser depositiaf’LD) on a
tential candidates for nonvolatile memories. Bistable switch-SrTiO; (100 substrate or a Pt film grown by electron-beam
ing and voltage-controlled negative resistance phenomenavaporation. The insulating oxide was depositedsitu by
were also reported for a variety of oxides such as®®  PLD at two different temperatures, 700 and 300 °C, to grow
Al,0;,° Ta,05,” TiO,,® and NiO1% but research on binary an epitaxial or polycrystalline film, respectively. The top
and ternary oxides for microelectronics devices has mainlelectrodes of Au or Pt with a Ti adhesion layer were sput-
focused on stress-induced leakage currents, breakdown, amgted and patterned by a lift-off process. Hard-baked photo-
dielectric dispersion effects. Due to their high dielectric con-resist was used as a protective top layer. The resistance of the
stante, such oxides are investigated for their application inMIM structures ranges typically between 100 kand 100
dynamic random access memori@RAMSs) or as gate in-  M(). At equivalent thicknesses, polycrystalline oxide films
sulators. Even in nominally pure films, significant leakagehad a greater resistance than epitaxial films due to the larger
currents can occur in the presence of uncompensated charggensity of microstructural defects. The average surface
due to intrinsic defects such as impurities or vacancies. Leakoughness of the epitaxial oxide films ranges between 0.1
age can be reduced by compensation doping with transitioand 3 nm, as measured by atomic force microscopy over a
metal(TM) elements such as M{Ref. 11 or Cr}? Whereas 25um? area.
this compensation process has not yet been sufficiently in- A typical current-voltage (V) characteristic of a 300-
vestigated, the electronic character of TM impurities and ofam-thick SrzrQ film doped with 0.2% Cr and sandwiched
impurity-oxygen vacancy centers has been intensively stuchetween a SrRugbottom electrode and a Au top electrode
ied by electron spin resonan¢&SR.**** Charge transfer s shown in Fig. 1 on a linear scale. TheV characteristic
and trapping processes have been identified in combinatiofjas recorded in the voltage control mode.
with optical absorptiot”*® and photocurrent experimenits. By sweeping the voltag¥ to negative valuegwith re-

The latter, which describe memory effects in SrJi@ the  spect to the bottom electrodat a rate of 0.2 V/min, the
presence of Cr and Fe impurities, imply that similar chargeeakage current suddenly increases by one order of magni-
transfer processes could be relevant for the switching anglde at—0.5V and switches the oxide to a low-impedance
memory behavior in other compounds, at least in crystallizedtate. Subsequently sweeping the voltage back to positive
form. These bulk electronic mechanisms include such proga|yes leads to a sudden decrease of the leakage current and
cesses as field and impact ionization of tripshereas in  thereby restores the resistance of the oxide to its initial value.
chalcogenide semiconductors they involve amorphousyence switching behavior leads to a pronounced hysteretic
crystalline phase changes. Analogous memory effects in the_y characteristic with two different impedance states. This
leakage current of ferroelectric BaTjOor (Ph-yLa) intrinsic memory effect is stable withirr0.5V. The cutoff
X(ZryxTi,)Os-based heterostructures were also reportedyt |arge negative current in Fig(a is due to imposed com-
and discussed in terms of band bending due to spontaneoyfance on the current source to prevent sample damage. The
polarization SW't_Ch'“d?'lg _ samel -V characteristic is shown also as a semilogarithmic

We have investigated metal-insulator-met@iM) = ot [Fig. 1(b)], and its positive branch as a log-log plig.
capacitor-like structures with areas of betweern ¥* and 1(c)]. Interestingly, the ratio between the low- and high-

2 . .
80um*” and insulator thicknesses between 300 and 20 nMmpedance states appears almost constant. Both in the high-
Oxides prepared as insulator films @B&, S)TiO3, SIZr0s;,  5nq |ow-impedance states theV characteristic follows a

linear ohmic behavior at low voltage with the addition of a
dElectronic mail: rsl@zurich.ibm.com quadratic term at higher voltagg,V) =aV+ bV?2. This volt-
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= FIG. 2. Switching performance of a capacitor-like structure based on Cr-
- 1} doped SrZrQ. (a) Applied voltage vs time an¢b) readout current vs time.
01 oot (e memory state readout, done at low voltages, is independent
0.01 0.1 1 of the switching process and thus limited only by the mea-

Voltage (V) surement setup.
FIG. 1. Current-voltage characteristics of a 300-nm-thick epitaxial SyZrO A.rel.evant pr'operty of the memory cell is its ability to
film doped with 0.2% Cr grown on a SrRy®ottom electrode. The top Au keep its information for longer times. We have performed a
electrode is 208200um?2 (a) Linear scale(b) semilog scale(c) log-log  long-time retention test on the Cr-doped Srgmd®vice and
scale. found little change over 10 months. After a sequence of
switching with pulses of-5V, the device was electrically
age dependence is typical of an insulator with shallow trapslisconnected in the low-impedance state and then periodi-
and space-charge-limited current injectfShe factora in cally reconnected in order to probe the leakage current with
the low-impedance state is one order of magnitude greatedentical voltage parameters. The decay of the readout cur-
than in the high-impedance state. In these two states the curent after 10 months was found to be less than 1%, confirm-
rent measured at 0.2 V is found to be thermally activatedng the nonvolatile nature of the memory effect. Moreover,
with respective activation energies of 30 and 10 meV. Thighe readout of the device is nondestructive, and no electrical
suggests that the carrier transport is of the same nature jpower is needed to maintain the memory cell in its given
both states, and that no metallic filaments are involved.  impedance state.

The switching operation of a Cr-doped Srzr@evice in Another striking property is the observed multilevel
the pulse mode is illustrated in Fig. 2. A negative voltageswitching. In the pulse operation mode, the actual value of
pulse of 2 ms switches the system into the low-impedanc¢he low-impedancegor high-current state depends on the
state. After applying a positive voltage pulse of 2 ms, thelength and amplitude of the individual write pulses. Hence
“information” written to the device is erased and the high- by changing these parameters, different low-impedance lev-
impedance state is recovered. Between each write and erasks can be addressed, each corresponding to a specific state
pulse the state is read every second for 1 min with 200 m\bf the memory. This is illustrated in Fig. 3 with the example
pulses of 2 ms duration. This switching behavior, which canof a Cr-doped SrZr@based MIM cell operated at 77 K.
be repeated reproducibly for longer periods, demonstrates By applying 1 ms voltage pulses of 6.5, 5.3, and 4.8 V,
the potential of such a simple capacitor-like structure to actespectively, the memory can be set to three different high-
as nonvolatile random access memory. In this example theurrent levels, denoted 1-3. After each write pulse, the reset
write and erase voltages af1.1V are fairly small compared to level 0 is done by a series of 30 erase puléksans,
to those currently used in ferroelectric and FLASH memories— 6.5 V). Although more stable at low temperatures, the mul-
and within the range of operation required in the future gentilevel switching in our thin oxide layers is not restricted to
erations of microelectronic circuits. Faster switching speeddpw temperatures as was also frequently observed at 300 K.
i.e., shorter write and erase pulses as used here, are alsoorder to generate the four equidistant impedance or cur-
possible but require higher voltage amplitudes. So far theent levels 0-3, the write pulses were tuned appropriately
fastest reproducible switching could be achieved with 100 n&ut, as seen in Fig. 3, their voltage levels are not necessarily
write/erase pulses at an amplitude ©6 V. In our experi- equidistant. Noteworthy is that each low-impedance level
ments the switching speed is limited mainly by the relativelycan be moved individually by adjusting the amplitude of the
large capacitance of our not yet miniaturized test structuresorresponding write pulse. In our example, the existence of

but not by the switching effect itself. The speed of thefour distinct levels demonstrates that two bits of information
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FIG. 3. Multilevel switching in a Cr-doped SrZgthased MIM cell oper-
ated at 77 K.
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via donor and acceptor level€r** and Cf*) as studied by
photocurrent and luminescerféeneasurements appear to be
a plausible mechanism for carrier creation and transport
within the insulator. At impurity concentrations of *fcm?,
memory effects were observed in these experiments as well.
For the resistive memory effect, which has been stabilized in
our case by high doping levelgpically 10:%cm®), the com-
bination of resistive, photocurrent and luminescence mea-
surements is expected to provide further insight into the
mechanism involved.
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