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Nanometer-scale two-terminal semiconductor memory operating
at room temperature
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Based on a nanometer-scale semiconductor channel with an intentionally broken geometric
symmetry, we have realized a type of memory device that consists of only two terminals, rather than
the minimum of three terminals in conventional semiconductor memories. The charge retention time
is at least 10 h at cryogenic temperatures and a few minutes at room temperature. Furthermore, the
simplicity of the design allows the active part of the devices to be made in a single nanolithography
step which, along with the planar structure of the device, provides promising possibilities for a high
integration density. €005 American Institute of PhysidDOI: 10.1063/1.1852711

As semiconductor device dimensions rapidly reduce tof a narrow semiconductor channel. The device structure is
the nanometer scale, physical phenomena and effects aridegsed on the recently reported self-switching di(®i8D), in
such as single-electron charging eff&étpallistic electron  which diodelike current-voltagé-V) characteristics were re-
transporf,® and quantized conductant&.These effects alized by tailoring the boundary of a narrow semiconductor
have in recent years allowed researchers to generate ideasdisannel to break its symmettyUnlike a diode, neither dop-
design and fabricate electronic devices that operate with difing junction nor tunneling barrier is needed in a SSD for its
ferent but often very simple working principles. So far, mostnonlinear property. The threshold voltage can also be widely
of the studies on nanoelectronic devices have focused omned by simply changing the channel width. Recently, op-
electron transport inside the bulk of the active region of thegrations of SSDs in the teraherffHz) regime have been
devices. Much less attention has been given to the surface ehvisaged? signifying that such devices are relevant for fu-
these nanostructures. As the feature size of electronic devicésre high-frequency electronics. Here, we demonstrate that
reduces, the surface-to-volume ratio increases dramaticallyhe SSD structure can also be used as a memory device that
The properties of the top and/or sidewall surfaces, such agperates at room temperature. The working principle is en-
composition, roughness, charge states, and Fermi-level pittirely different from that of conventional semiconductor
ning, before and after surface treatments, often overwhelmmemories. Unlike a semiconductor dynamic random access
ingly determine electron transport in these structures, anghemory(DRAM), the device has only two terminals and the
would therefore significantly influence or even govern thestructure is planar, showing promising possibilities for a high
device characteristics. Such phenomena are in strong contragtegration density for this type of memory. The charge re-
to conventional semiconductor devices, and may, in manyention time ranges from at least 10 h at cryogenic tempera-
cases, cause undesirable effects. For example, a singlgres to a few minutes at room temperature, which is orders
electron transistofSET) was found to be extremely sensitive of magnitude longer than standard DRAMs. We also present
to fluctuating background charges. A single charged impuritys model for this self-switching memof$SM) device based
in the close vicinity of a SET can significantly influence its on the surface functionalization of the narrow semiconductor
operation, which is possibly the most serious problem to inchannel.
tegrate SETs for practical applicatiohs! Investigations to The SSMs were fabricated using a modulation-doped
find ways of mastering surfaces, i.e., allowing a high degreen; ,.Ga, ,;As/InP quantum-well wafer grown by metalor-
of control of the surface physical and chemical propertiesganic vapor phase epitaxy. The heterostructure contains a
become increasingly demanding and crucial. two-dimensional electron gg@DEGQ) in a quantum well 40

Alternatively, rather than regarding surfaces and/or internm below the surface. The sheet carrier density and mobility
faces as a problem to avoid or eliminate, it is possible thaht a temperature ofT=4.2 K are 4.510®*m™=2 and
the surface and/or interface of a nanostructure may be ut4s n?/V s, respectively. At room temperature, the figures are
lized to serve as a component useful for device applications4 7x 10> m™2 and 1.2 m/V s, respectively. Like the fabri-
and may even become an “active” region of a nanometercation of SSDs, producing SSMs requires only one step of
scale device. By such functionalization of the surfaces ohanolithography, rather than multiple-mask alignments. Fig-
nanostructures, a number of routes could be opened to allowte 1 is an atomic force micrograph of a typical self-
realization of a series of device concepts. switching memory, in which the dark areéwo lines were

In this work, we demonstrate a type of nanometer-scal@tched through the 2DEG layer and became insulating. De-
memory device by utilizing the high surface-to-volume ratiotails of the fabrication of the insulating grooves have already

been reporte@f The continuation of the trenches to the de-

dAuthor to whom correspondence should be addressed; electronic maivice.boundary breaks _th_e symmetry, resulting. in a diodelike
a.song@manchester.ac.uk nonlinearl-V characteristic for the current flow in the narrow
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FIG. 1. (Color online An atomic force micrograph of a typical SSM device
consisting of two etched trenches. Also schematically shown are the two
bias contacts.

Current (nA)
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channel between the etched grooves. This was presented in

detail in Ref. 12, and is also shown by the dashed line be- -80
tween—0.8 V to +0.8 V here in Fig. 2a), which was mea- 0 1006 200 300 400 500 600
sured afT=24 K. Time (8S)

Within =0.8 V thel-V curve of the SSM is independent
of the voltage sweep direction, however a pronounced hysEIG. 3. Experimental results of the memory effect at room temperature,
teresis effect emerged when the applied negative Voltag%erformed with test pulses 6f0.5 V, and state-switching voltages ©# V.
passed beyond a threshold of abet.9 V, where a current

breakdown was observed. Once the breakdown happenegyitch from state 1 to state 0, we applied a positive pulse of

sweeping voltage backward resulted in a very differleMt 1 \/ and the subsequent test pulse-dd.5 V indeed yielded

characteristic, as shown by the solid line in Figa2An o5 cyrrent. The device also held the memory state 0, as is
overall larger conductance of the solid curve is clearly evi-oiqent by another-0.5 V pulse shown in Fig. (®). The

dent, particularly under the reverse bias condition. If, how-pjjiry for the device to switch from memory state O to state
ever, the applied voltage is reduced from, el V, the

1 lyi V pul f hich
current would recover and follow the dashed curve in Fig was demonstrated by applying-el V pulse, after whic

. . : ‘the device produced a nonzero current whe®.5 V was
2(a). This thus dramatically differs from the breakdown of a : : -
normal diode. where the-V curve is independent of the applied, as illustrated in Fig.(B). Note that here the long

voltage sweep direction, unless the applied bias is so stro giitching pulses of 1 and 1 V were used for clarity. The
that the device is destroyed. nlgystereas effect was also observed by applying triangular

Such a hysteresis effect can be utilized for memory o waves up to 10 kHathe limit of our setup to the device,
; y S vy pmeaning that the memory switching time is below or at least
erations. At—0.5 V, for example, the current is either zero

(may be regarded as memory state )@t about —2.5uA in the order ofus.

(defined as memory state “Ll"To demonstrate this, we ap- This memory effect can be observed up to room tem-
: y . X ' P~ berature. Figure 3 shows the results obtained with test pulses
plied voltage pulses to the device, and monitored the curren

In Fig. 2(b), we started with a pulse 6f0.5 V to detect the _t 0.5V, and state-switching voltages af4 V. At T
L =300 K, the memory state 0 no longer corresponds to zero
current memory state, and the nonzero current indicated that R N
. current(or conductance but is still distinctively lower than
the device was at memory state 1. Another pulse after abo%ltt memory state 1. Erom the result. the memorv holding time
1 min still yielded a nonzero current, showing that the device y - ? ory ! 9
was found to be in the order of minutes, which is orders of

could maintain its memory state. Further experiments dem- agnitude longer than that of a typical semiconductor

onstrated that the device could hold its memory state at Iea%] I
. : RAM. Although this is not yet comparable to flash memo-
overnight (the longest time that was tesjedt 24 K. To ries, based on our model, presented below, we expect that

further optimizations of material composition, device design,
side-wall coating, and surface treatment, could significantly

S 1t ]
g o T2ek O] increase the charge retention time.
= 505 ] Apart from the long memory holding time, the two-
2 L e terminal nature of the SSM may also simplify the architec-
§ w9 0n ] ture of memory chips. Moreover, only one step of high-
o z 5 ] resolution lithography was needed, making it possible to use
E g nanoimprint techniques to produce large SSM chips. This
' ‘ © e may significantly reduce both the cost and difficulty of mod-
W5l s 0 Bsi il 3 b1 50" 8 150 2oaii2sn: 300 ern lithography processes, which currently require multiple

steps of mask alignment with increasingly challenging align-
FIG. 2. (a) I-V characteristics of a typical SSM measuredTa24K. (b)) ~ ment precisions of below-20 nm needed for sub-100 nm
Experimental results of the memory effect, performed with test pulses afagtyres.

—0.5V, and state-switching voltages #fl V. After each pulse of-1V, the s . .
current remains zero during test pulses-00.5 V, corresponding to the The self-switching memory is based on a completely dif

memory state of 0. After each pulse ofL V, the current becomes nonzero T€rent working principle from a conventional semiconductor

during test pulses, corresponding to the memory state of 1. memory. To understand the memory effect, we propose the
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comes less negatividr more positivg and this field effect
enhances the overall conductance of the device, in agreement
with the experimental resu(solid line) in Fig. 2(a). Because
of the potential barrier between the surface states and the
channel, such charge transfer only becomes pronounced
when the bias is beyond a certain threshold voltage to reduce
the effective potential barrier width, as shown in Figc)4
Note, however, that even if the device is biased slightly be-
low the threshold, a significant number of electrons can also
be discharged after waiting for a longer time and the same
effect should occur, which was confirmed in our experiment
(details not shown heye Once the side wall surfaces are
discharged, a large positive bias will induce the opposite
charge transfer process, as illustrated in Figl) 4which ex-
plains how the device recovers after the application of a large
(c) positive voltage. The above picture has qualitatively ex-
plained our experimental observations. A complete model for
eeie Beeiele the memory effect would require numerical simulations to
geeeeee study the detailed surface states and potential profiles, which
is beyond the scope of this letter but would lead to significant
optimizations of the device performance.

We have also observed memory effects in SSMs fabri-
cated from InGaAs/InAlAs wafergdetails to be reported
elsewherg Like SSDs, since the device operation does not
rely on the ballistic electron transport, we expect that SSMs
can also be produced using silicon materials by advanced

(d) complementary metal oxide semiconduct@MOS) tech-
nologies. Actually, the device performance may be signifi-
cantly improved by deposition of suitable materials into the
trenches of a SSM, which would provide the freedom to
engineer desirable surface/interface states and even the pos-
FIG. 4. (Color onling (a) A sketch of an SSM(b) The conduction-band ~ Sibility of creating nonvolatile memories. Further explora-
profile along the dashed line {@). (c) When the applied bias is beyond the tions of the functionalization of surfaces could perhaps also

negative threshold voltagé/y,-, the surface states will be discharged by |ead to other concepts for nanodevice designs.
charge transfer into the channel. The opposite process happens if the applied
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