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Multilevel memory based on molecular devices
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Multilevel molecular memory devices were proposed and demonstrated for nonvolatile data storage
up to three bits(eight level$ per cell, in contrast to the standard one-bit-per-¢gllo levelg
technology. In the demonstration, charges were precisely placed at up to eight discrete levels in
redox active molecules self-assembled on single-crystal semiconducting nanowire field-effect
transistors. Gate voltage pulses and current sensing were used for writing and reading operations,
respectively. Charge storage stability was tested up to retention of 600 h, as compared to the longest
retention of a few hours previously reported for one-bit-per-cell molecular memorie200@
American Institute of Physics[DOI: 10.1063/1.1667615

The past fifty years has witnessed continuous memoryut by altering the population of the reduced/oxidized mol-
density increases and lower cost per bit, which has beeacules, while the readout can be implemented by measuring
powered by the startling downscaling of silicon memory de-the conduction of the nanowire. A two-level memory has
vices. This trend, however, may soon end due to physical andeen demonstrated before with excellent performance.
technical limitations. Continued growth of the semiconductor ~ For this study we used field effect transistors based on
industry will likely rely on breakthroughs in both electronic 10 nm In,O; nanowire synthesized via laser ablatitfig.
materials and also device concepts. Extensive efforts hav®.®® Functionalization of the nanowire surface was carried
been devoted to address these two issues, and moleculaut by immersing the as-fabricated devices into a 0.5 mM
memory is considered particularly promising. Such asolution of the desired molecular wires, which can be ab-
memory has the potential to work on a few electrons at mosorbed onto the yO; surface®® In,O; film test samples
lecular scale and therefore promises low-power and ulwere prepared according to a previously reported method.
tradense systems. Recent advances have been made for stan-
dard one-bit-per-cell molecular memory demonstration with

retention time ranging from seconds to a few haufsThis ta) = me| [ contra gate sl

work reports on multilevel molecular memory devices for up | [T oxice =

to three bits per cell with retention up to 600 h. — [Jrosmggate
Storage of multiple bits on a single memory cell multi- A N\ []Puayps substrate

plies the density in the same space and has received increas """ ] [ Lightly n-daped

ingly more attention from the semiconductor industry. These | [ Heawily n-soped

devices rely on hot electron injection from the channel into ;

the floating gate through a tunneling oxide layer, and differ- (®} Molecaller Memory G P maciie

ent memory states are represented by different amount of | % OO OO S [ | Contml gate

charges stored, as shown in Fig. 1. Further decreasing the [ ovice m—

cell size or increasing the number of levels for higher den- vt 11+

sity, however, is extremely difficult, as the complicated de- ] Harcuire

vice structure and the topdown fabrication approach inevita- (=}, : (d}

bly leads to significant device variation and a blurring of the ik Sy e b

multiple levels® Molecular electronics may offer a solution Ldl) 9008

to this scaling limit by taking advantage of the bottom-up Level3(10) @ OB 5 N

self-assembling process. On one hand, discrete multilevels — , ~=H, h”“"

naturally exist in an ensemble of redox-active molectiles, Levei2(01) @@OO il rais {Ci}s

even one molecule containing multiple redox cenfe@n Level 100} @OO0 A

the other hand, precise charge sensing at discrete levels ca | m:igmh':n-l o L i

be carried out with a semiconducting nanowire transfstor charges siored in a Poting gase o 4 discrese

whose conductance is ultrasensitive to charges in the sur- el o

rounding environment. Thus, a multilevel memory can beFIG. 1. (Color) Schematic diagram compares silicon flash memayyand

made, for example, from redox molecules interfaced with ane proposed molecular mematly) for multilevel nonvolatile data storage.

nanowire, as shown in Fig. 1. The data storage can be carrigd In a 2-bit silicon memory cell, four different amounts of charges are
placed in the floating gate via channel hot electron injection. In contrast,
multilevels in our memory cells are represented by altering the population of

dCenter for Nanotechnology, NASA Ames. the reduced/oxidized molecules by applying gate voltage pulses of different

YAuthor to whom correspondence should be addressed; electronic maiamplitude;(d) illustrated molecule is a B&-terpyridine compound used in
chongwuz@usc.edu this study.
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curve corresponding ta=1 omitted for clarity. One can
clearly see that different negative gate biases can bring the
device to different conduction levels &=0V. Program-
ming of the memory device can therefore be achieved by
sweepingV, from O to different negative values, or by
applying negativeVy pulses of different amplitude. On the
other hand, erasing of the memory device can be easily
achieved by sweepinyy from O to a large positive value
(e.g., 25V, or by applying & pulse of 25V, which leaves
Iim the device in a highly resistive state. This is also evident in
fle. 2 . ) . ) Fig. 3(b), where a family ofl -V curves were taken af
1G. ._(a) SEM mlcrograph of smgle-crysta_llme 40; nanowires synthe- —0V after the device was written into various memory lev-
sized via a laser ablation approa¢h) SEM micrograph of an D5 nano-
wire transistor. Inset: a high-resolution TEM image of apgQgnanowire.  €ls (denoted state “0” to “8”) usingV, pulses of different
amplitude. These curves represent distinctively different con-

Ellipsometry was performed over such samples before anfuction levels, thus indicating the effectiveness of the
after the molecule deposition, and a monolayers thicknes1€MOry programming and the feasibility of using current
~20 A was detected. Our memory utilizes an active area of€"SiNg to read out the memory state. Control experiments
2 um (channel lengthby 10 nm(nanowire width, indicat- have been done with bare nanowire tran_S|stors without sel_f—
ing a storage density of 40 Gbits/&rhy assuming each cell a_sse_mbled mplecules, and little hysteresis was observed, in-
can be programmed into eight levels. More importantly, ourdicating the importance of the redox molecules for the
devices boast much simplified fabrication process and devic@Pove-mentioned memory effect. The different states of our
structure compared to silicon flash memory, as only one stef1€mory devices are attributed to different populations of the
of photolithography and metallization are required for ouroXidized molecular wires, as a higher negative gate bias is
approach, whereas multiple fabrication steps are required féixpected to bring more negative charges to the Sy$io
silicon flash memory. As a result, our memory structure haderface and correspondingly more positive charges to the
great potential for ultradense data storage by further decreaganowire/molecules, thus leaving more molecules in the oxi-
ing the cell size to nanoscale or increasing the number oflized state.
levels. Our writing paradigm represents a significant departure
Figures 3 and 4 illustrate characteristic multilevel datafrom the channel hot electro(CHE) injection commonly
storage for a device containing Fe-terpyridine redox mol-used for silicon flash memory, where a high driving fiéiu
ecules. All our measurements were performed at room terrthe order of 10 Vam) is applied to the source—drain channel
perature with the device residing in a high vacuum chambefor hot electron charge injectichSuch high source—drain
to eliminate the effect of moisture. FiguréaBshows a fam-  biases lead to significant power consumption and the forma-
ily of 1-V, hysteresis loops taken with different lower- and tion of interface traps, thus making the long-term operation
higher-bound values for the, sweep. From the innermost error prone. In contrast, our devices can be programmed into
|-Vq loop to the outmost one, the corresponding lower-multiple levels by applying gate biases of different amplitude
bound and higher-bound values are-r{*2.5V, 10 with OV applied to the source and drain, and the readout is
+n*2.5V) in whichn is the index of levels from 1 to @he  usually carried out with a small electric field0.05 V/um

(a) ()
BET O 4500 .
sl il _ / FIG. 3. (Color Characteristic programming and eras-
- e ing (charge placemeptreading(current sensingand
= | E Ob— —_————— retention (charge storage stabilityobtained from the
£ | Boar 7 +. proposed devices containing %Feterpyridine mol-
- -2000 o 28 eculesi(a) | -V, hysteresis loops obtained by sweeping
Bl B gate voltage from-n*2.5V to 10+n*2.5V and then
Eectald d back to the starting value is the index of levels from
T3 2 00 02z 04 “2” (the innermost curveo “8” (the outermost curye
VV) (b) 1-V characteristics recorded after the device was
(c) (d) written usingV, pulses of+25, —2.5, -5, - 7.5, - 10,
-120H Ve-lomv —12.5, —15, —17.5, and—20V, respectively, from
ki o o the least conductive curve to the most conductive one;
: e — = 10y i : . e
1200 - w, G (c) current recorded over time after the device was writ-
-0 o ———mr| -, B0F . ten into states “0”(the bottom curveto “8” (the top
< g g 40 s curve. Little degradation in the stored signal was ob-
E’ 600 Jov) served over 1500 s with a source-drain bias \of
il b <Ay =-0.1V; (d) extended retention measurements per-
p 2 i formed for state “0” and “6” with a source-drain bias
-2 = R o of V=—10mV.
" — e . . . .
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@ . noise is on the order of-1 nA. The molecular memory il-
-800¢ lustrated in this work promises greatly enhanced retention or
600} charge storage ability at nano/molecular scale through appro-
< priate molecular design, thus offers an attractive solution to
£ 400} problems resulting from poor charge storage in downscaling
= of current silicon flash memor.
-200¢ We have further carried out writing/reading/erasing op-
0 [ - erations in real time domain for storage of 1, 2, and 3 bits in
0 1000 2000 3000 the same cell, respectively, at two, four, and eight levels, as
Time (s) shown in Fig. 4. For one-bittwo-leve) memory, the device
1000} ® g was repeatedly written into state “0” and “1” by applying
“3” 1 alternatingVy pulses of 25 and-12.5 V. The memory state
-800) after each writing operation was read outgt=0V with a
< 600 “gr 2 source—drain voltage of 0.1 V, and the data are plotted in
2 Fig. 4(a). For two-bit operation, the memory cell was written
- 800 e 1 into state “0,”“1,”“2,”and “3” using V pulses of 255,
=200t —10, and—15V, respectively, as shown in Fig(b}. V4
0 0 S pulses of 25 V were also used to erase the previous memory
0 500 1000 1500 state for the ensued writing. Three-bit memory operations
Time (s) were similarly carried out usiny, pulses of+ 25, —2.5,
© . -5,-7.5,-10,—-12.5,—-15, —17.5, and—20 V, and the
-1200 71 (] data are shown in Fig.(d). We repeated tens of cycles for
- f endurance test for each memory operation and found that all
E _g00} levels were distinguishable in the tested cycles.
— In summary, we have demonstrated multilevel nanoscale
400 memory devices based on nanowire field effect transistors
with self-assembled redox active molecules. By creating a
oy U | seamless integration of nanowires and molecular wires, our
0 1000 2000 3000 4000 5000 multilevel data storage represents a conceptual breakthrough
Time (5) in molecular memory and yielded devices with on/off ratios

FIG. 4. Endurance test characterized by cycling of write-erase-reac?xceecjIng 16and retention times-600 h.
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