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ABSTRACT

We report studies on a nanoscale resistance switching memory structure based on planar silicon that is fully compatible with CMOS technology

in terms of both materials and processing techniques employed. These two-terminal resistance switching devices show excellent scaling

potential well beyond 10 Gb/cm 2 and exhibit high yield (99%), fast programming speed (5 ns), high on/off ratio (10 %), long endurance (10 ©),
retention time (5 months), and multibit capability. These key performance metrics compare favorably with other emerging nonvolatile memory
techniques. Furthermore, both diode-like (rectifying) and resistor-like (nonrectifying) behaviors can be obtained in the device switching
characteristics in a controlled fashion. These results suggest that the CMOS compatible, nanoscale Si-based resistance switching devices

may be well suited for ultrahigh-density memory applications.

Resistance switching behavior has been observed and studiedilicon (p-Si) layer as the bottom electrode (Supporting
in amorphous silicon (a-Si) devices since the 1980sA Information). The device fabrication involves standard
typical device consists of two metal layers sandwiching an CMOS processes only, with the exception that the active
a-Si layer serving as the storage medium and result in adevice area is defined with electron-beam lithography to test
metal/a-Si/metal (M/a-Si/M) layered structure. The resistance the smallest devices. The cross-sectional image of a fabri-
switching behavior was explained in terms of metal filament cated device is shown in Figure 1a, illustrating the M/a-Si/
formation (elimination) inside the a-Si matrix at positive p-Si layered structure at the active device region. Because
(negative) applied voltagés® Such M/a-Si/lM devices,  of the highly resistive a-Si layer, the as-fabricated devices
however, need to go through a high-voltage forming process show high resistance and negligible current between the top
in which a long voltage pulse is applied at a value over 10 and bottom electrodes. When a voltagés applied on the
V.%7% The forming process is generally not well-controlled, top metal electrode, repeatable resistance switching is
and permanent damage to the device may occur after initial phserved a¥ is varied, as shown in Figure 1c: the resistance
filament formation, which severely limits the device yield of the device is suddenly reduced, and the device is turned
and application potential. It is also not clear whether such on whenv is increased beyond a certain positive threshold
devices can be scaled down to the sub-100 nm range, asyojtageVy,; the device can be switched back into the high-
micrometer-sized filaments were typically observed after resistance state, i.e., turned off when a negative voltage is
forming25® As a result, few studies have been attempted applied beyond a threshoM,,. We note that qualitatively

on a-Si resistance switching devices as ultrahigh-density gimjjar switching behaviors were observed on all devices,
memories. Inspired by recent work on nanowire-based jnsensitive to the fabrication method of the a-Si layer (e.g.,
memory device$,we studied a nanoscale a-Si resistance rigre 1 and Figure 4 for devices fabricated by the plasma-
switching structure in a planar silicon platform and show enhanced chemical vapor deposition (PECVD) and low-
here that high-performance, nonvolatile resistance SWitChi”gpressure chemical vapor deposition (LPCVD) processes,

memories usi.ng.solid—state silicon as the storage me,diumrespectively) or the metal used as the top electrode (Sup-
may be readily implemented through CMOS compatible, porting Information). The threshold voltag®%: and Vi

conventional processing processes. depend on the deposition method of the a-Si layer and the

ac(t?\lljer ieé'icgsgfcgunrg ;022:\53 of ditoe%mettaleeliftg:ﬁhtehechoice of metal used as the top electrode but show narrow
yer, y doped p-type cry distributions for a specific set of device parameters. For

*To whom correspondence should be addressed. E-mail: wluee@ example, Vi is tightly centered at 3.5 V with a standard

eecs.umich.edu. L . . .
T Department of Electrical Engineering and Computer Science, the deviation (_)f 0.3 V for devices fab”_cated with the PECVD
University of Michigan. method with Ag top electrodes (Figure 1d). The off-state

10.1021/nl073225h CCC: $40.75  © 2008 American Chemical Society
Published on Web 01/25/2008



C 30| — 1stcycle d 59
~25] | — After 2nd cycle 40!
320- 107 @
8~ 1zw0; 8 5
— 1510 = Y
"E ’ E1q|3: 8
T1.0] 613..; = 20
3 10"
0.5 . #®*
UO 0 4 \;dlgge &/)4 10,
- 1 I I I I I I 0 I I I I I I I
4 2 0 2 4 &6 26 29 32 35 38 41 44
Voltage (V) Vit (V)

Figure 1. Device structure and DC characterization. (a) Cross-sectional SEM image of a device showing the M/a-Si/p-Si structure. The

regions outside the active area are protected by a [8i@r. Scale bar: 100 nm. (b) Schematics of the formation and retraction of filaments

in the on and off states. (c) Resistance switching characteristics of a device fabricated by the PECVD method. The device has a Ag top

electrode, a 80 nm a-Si layer, and a 50 w60 nm active area. Inset: switching characteristics of the same device in log scale. (d)
Histogram of the Off/On thresholdv{,;) for over 120 devices fabricated using the PECVD methggl. was measured after the initial
forming cycle and shows a tight distribution with me#&nl standard deviation of 3.% 0.3 V.

resistance is comparable to the resistance of as-fabricatedhffected at intermediate voltages or when the voltage source
devices, while the on-state resistance is several orders ofis removed, thus ensuring nonvolatile operation. As in the
magnitude lower. The resistance rati/Ron, ranges from nanowire-based devicédiigh-voltage forming treatment is
10° to 10 depending on the device type (e.g., PECVD vs not required in the planar M/a-Si/p-Si devices and forming,
LPCVD devices) and growth conditions.\ffis betweenvi,, if needed at all, is much more controllable. As shown in
and Vi, the state of the device is not affected and such Figure 1c, even for the smallest devices tested (active area
intermediate voltage levels are used to read out the on orof 50 nm x 50 nm), only a slightly higher write voltage
off device state. was needed for the as-fabricated device compared to that
Compared with phase-change memory devices, which for subsequent cycles. Once form&h; and Vi, show little
show no polarity dependen&end conductive-bridge devices  dependence on the number of write/erase cycles. The reduced
based on electrochemical reactions that depend crucially onforming voltage compared with M/a-Si/M devices may be
the electrode materidf® the polarity dependence (i.e., partly explained by the fact that high electrical fields can be
devices can only be written with a positive voltage and erasedreadily generated inside the a-Si region because the metal/
with a negative voltage) and insensitivity to the choice of a-Si/p-Si device effectively forms a reverse-biased Schottky
electrode material of the M/a-Si/p-Si devices suggest that junction at positive bias. The reverse-biased Schottky junc-
the observed resistance switching behavior is caused by aion may also help limit damage to the device after filament
filament formation process, as was studied previously in formation in terms of heating or electromigration, hence
conventional microscale metal/a-Si/metal (M/a-Si/M) de- improving the device yield. Our control experiments further
vices® and consistent with recent observations on nanowire- show that devices fabricated on n-type substrates do not
based device$Briefly, a positive voltageX V1) on the top exhibit resistance switching behavior. By eliminating the high
metal electrode generates a high electric field that drives voltage forming process, we were able to obtain a much
metal (e.g., Ag) ions into the a-Si matrix and form a higher device yield compared to conventional M/a-Si/M
conducting filament inside the a-Si layer. The metal structures (of the more than 300 devices examined, only two
filament creates a conductance pathway for electrons anddevices were found not to exhibit resistance switching.) As
results in a much lower on-state resistance compared to thea comparison, our control experiments showed that M/a-Si/M
off-state in which the filament is not formed. When a devices with otherwise identical structures still require
negative voltage< Vinz is applied, the Ag ions are retracted forming voltages>10 V, with a device yield<40%.
from the a-Si layer and the high resistance off-state is The M/a-Si/p-Si device structure shows excellent scal-
recovered (Figure 1b). The status of the filament is not ability that makes it suitable for ultrahigh-density memory
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Figure 2. Scaling and switching speed tests of the M/a-Si/p-Si devices. (a) Dependence of the on resistance on the active device area. The
on resistance was normalized to that of the device with the smallest active area. The a-Si layer (120 nm thick) in these devices was
deposited by PECVD at 26%TC. (b) Dependence of off/on resistance ratio on the active area for the same devices shown in (a). Inset:
blowup for devices with active areal um?. (c) Representative programming signal used for the switching speed test. Inset: blow-up of

the write pulse. (d) The corresponding output signal measured on the sensing Rsi$tur device in (c) and (d) has a 40 nm thick a-Si

layer deposited by LPCVD.

applications. We have tested devices with active areassmaller than the 50 nme 50 nm metal electrode size (limited
ranging from 1x 10°to 2.5 x 1073 um? (50 nm x 50 nm), by the lithography process). This observation is consistent
and no sign of device degradation was observed down to 50with that observed on nanowire-based devieesl arguably

nm x 50 nm. The dependence of the on-state resistance onput the a-Si system in the same class of molecular memory
the active device area was plotted in Figure 2a. The devices in terms of practical scaling as the cell size in both
on-resistance increases only 2.5 times when the active devicecases is limited by the smallest electrodes that can be
area is reduced by 6 orders of magnitude. This observationpractically fabricated rather than the active medium. We note
indicates that the conducting filament is formed locally and the existing 50 nmx 50 nm structure already corresponds
the formation of the first conducting filament (combined with to a density of 10 Gbit/cfusing a cell size of B, where
series resistances at the contacts or in the p-Si layer) reduce§ is the electrode width in this caeThe reduction of the
the electric field across the a-Si layer and prevents other conducting filament size in the M/a-Si/p-Si system compared
filaments from being completed. This observation is con- to M/a-Si/M system&>® studied earlier is likely related to
sistent with earlier studies on voltage-programmed resistancethe reduced programming voltages. However, more detailed
switches, which show area-independent off-curfeantd in experimental and theoretical studies will be needed to
contrast to slow current programmed switches in which quantitatively explain this dramatically improved device
multiple filaments may be formed, resulting in a linear behavior.

dependence of the on-current on device atdairthermore, We have carried out a series of measurements to test the
because the off-state resistance is limited by leakage and igpotential of the planar silicon-based nanoscale M/a-Si/p-Si
inversely proportional to the device area, Rg/R,, ratio structures as nonvolatile devices, namely the speed, endur-

is in fact improved in smaller devices (Figure 2b). Unlike ance, and retention of the memory devices. Unless specified
previous studies on M/a-Si/M devices in which micrometer- otherwise, devices of 50 nnx 50 nm in size with Ag

scale filaments were observed and the devices were limitedelectrodes were used. In a typical setup, the device state was
to >10um 25%the high device yield and continued improve- read out at a low voltage by measuring the voltage across a
ment of Ry/Ron at the smallest device scales indicate the sensing resistor in series and short voltage pulses were used
filament size in the M/a-Si/p-Si devices is in fact much to write and erase the device. In general, the switching speed
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Figure 3. Retention, endurance, and multi-bit capabilities. (a) Retention test of a device prepared by PECVD with an active area of 150
nm x 150 nm. (b) Dependence of the on and off resistances on the number of programming cycles for a similar device as in (a). The on
and off resistances were normalized to those obtained before the cycling test for clarity. (c) Switching characteristics of the device in (b)
after 1@ and 16 cycles of write/erase operations, showing excellent switching characteristics and on/off ratio®diend€ (d) Dependence

of the on resistance on the programming current, demonstrating the multilevel bit capability. The device was fabricated with LPCVD with

40 nm thick a-Si.

also depends on the amplitude of the write/erase signal. Asuch devices, as retention times of more than a year have
write/read/erase/read sequence consistihg & ns write been observed in conventional M/a-Si/M structdfesndur-
pulse at 6.5V, 10 ns erase pulse-&.5 V, and a 1 \fead ance of the memory devices was tested by repeatedly running
voltage is shown in Figure 2c, along with the corresponding the programming cycles. For devices with a low program-
output signal shown in Figure 2d. The device was off at the ming current €10 nA during the write process), we observed
beginning of the cycle, and the voltage measured across thea slow increase of the on-state conductance (equivalently,
sensing resistor (corresponding to the current through thepn-current) as the number of write/erase cycles was in-
device) was low. When the write pulse was supplied, the creased, while the off-current remained below the equipment
device was turned on and a higher sensing voltage wasjimit (Figure 3b). As illustrated in Figure 3c, reliable
recorded in the following read period. Finally, the erase pulse switching persisted in the device even aftet gramming
turned the device off and the cycl_e was repeated. Switc_hing cycles, which is already comparable to flash memory
speed faster than 5 ns (e.g., Figures 2c,d) was routinely yo\jicesi4 The endurance is generally less robust when the
obtained for LPCVD devices for devices with on-resistance programming current is high. For example, Rg/Ron ratio

orders of magniude fster than hose reported on molecuarSia1S 10 decrease afteriycles and decrease fa0 aftr
g P 10° cycles for a device with a write programming current of

devices and is comparable to the best values reported in othef, . )
emerging memory devicé3.'® The switching speed for 10 mA (Supporting Information). The decreaseRgh/Ron

PECVD prepared devices was limited 16150 ns due to was maif"y caused b.y the increase in gﬁ-current apd may
the higher intrinsic resistand@, (typically >1 MQ) and be explained by semipermanent formation of metal islands

may be improved by reducing, through adjustment of the inside the a-Si matrix after repeated application of large drive
growth conditions (e.g., Figures 4a,b) or by reducing the CUrrents.
parasitic capacitance using on-chip sensing amplifiers to The capability of storing multiple levels in one storage
reduce the RC delay in the circuit. element is another important criterion in accessing emerging
After the device was written on or off, little degradation memory technologies. We have tested multilevel bit capabil-
of the stored information was observed for more than 5 ity of the M/a-Si/p-Si devices by controlling the maximum
months at room temperature in air ambient, as shown in write programming current using a series resistor setup. The
Figure 3a. It is likely that data can be stored even longer in dependence of the on-state resistance on programming
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Figure 4. Control of the rectifying and nonrectifying behaviors. (a,b) Switching characteristics of devices with 50 nm thick a-Si (a) and
250 nm thick a-Si (b) deposited by LPCVD. (c) Switching characteristics of another device with 40 nm thick a-Si deposited by LPCVD
without series resistors. (d) Switching characteristics of the same deviceawtitMQ series resistor.

current is shown in Figure 3d and clearly demonstrates the demonstrated in Figure 4c,d. In general, we observed that if
multibit potential of the M/a-Si/p-Si devices. the on-current is smaller (greater) thas10 uA (measured
Finally, we note that two different types of switching at Vi for devices with active area of 50 ns 50 nm), the
behavior, rectifying (diode-like) and nonrectifying (resistor- switching characteristics is likely rectifying (nonrectifying).
like), can be obtained in the M/a-Si/p-Si devices at the on- The nonrectifying behavior, like the retention dependence,
state (e.g., Figure 1c and Figure 4). In the rectifying case, may be related to the more permanent changes in the a-Si
the device at on-state exhibits a much higher current level matrix’ at large write currents. In the meantime, the large
at a positive bias compared to that at a negative bias (whenrange ofR;, that can be systematically obtained in the a-Si
the bias is still belowVy,) (Figure 1c), i.e., the device at memory devices offers the potential to tune the device
on-state behaves like a diode. In the nonrectifying case, theparameters to suit specific requirements. For example, high-
device shows a symmetrie-V curve at on-state and behaves resistance PECVD devices offer rectifying on-state and
as a resistor (Figure 4a,c). The rectifying behavior is ultralow write current (the 10 nA write current in Figure 3c
beneficial to the elimination of crosstalk in crossbar devites is 5 orders of magnitude lower than that required in state-
and was observed only recently on the nanowire-basedof-the-art phase-change devit®swith excellent retention
devices! In general, we observed that devices with a-Si and endurance, while low resistance LPCVD devices offer
grown by the PECVD method showed rectifying switching even faster speed with compromise in write current and
behavior, and devices with a-Si grown by the LPCVD endurance. We expect these key performance factors will
method showed nonrectifying behavior. The different be- be further improved with continued studies in the device
haviors correlate well with the different on-state resistances structure.
Rin in the two types of devicesRy is much higher in the In summary, we have developed a nanoscale M/a-Si/p-Si
PECVD prepared devices (Figure 1c, the rectifying case) resistance switching memory structure in a planar silicon
compared to that of the LPCVD prepared devices (Figure platform that show excellent scalability and close to 100%
4a,c, the non-rectifying case). Further studies confirmed the device yield. The device is fully compatible with CMOS
role of Ry, in the switching behavior. By adjusting the processing technigues and exhibits key performance metrics
thickness of the a-Si layer during LPCVD growth, we were comparable to the best results from other emerging
able to adjusR;, systematically and observed the transition technologies? 16 suggesting it may be a strong candidate
from nonrectifying (Figure 4a) to rectifying behavior (Figure for future nonvolatile memory applications. Looking into the
4b) as the thickness of a-Si, hené% was increased. future, the two-terminal M/a-Si/p-Si devices may be ideally
Furthermore, rectifying behavior can be obtained on existing suited for ultrahigh-density memory and logic applications
low-R, LPCVD devices by adding a series resisRy as using the crossbar and hybrid Nano/CMOS architectirés.
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