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Cadmium sulfide nanowires of 10-nm diameter, electrodeposited in porous anodic alumina films,
exhibit an electronic bistability that can be harnessed for nonvolatile memory. The current–voltage
characteristics of the wires show two stable conductance states that are well separatedsconductances
differ by more than four orders of magnituded and long livedslongevity.1 yr at room temperatured.
These two states can encode binary bits 0 and 1. It is possible to switch between them by varying
the voltage across the wires, thus “writing” data. Transport behavior of this system has been
investigated at different temperatures in an effort to understand the origin of bistability, and a model
is presented to explain the observed features. Based on this model, we estimate that about 40 trapped
electrons per nanowire are responsible for the bistability. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1937477g

I. INTRODUCTION

There is significant current interest in nonvolatile memo-
ries utilizing nanostructures since they promise extremely
high packing density. A popular rendition of such devices is
the quantum-dot flash memory based on charging and dis-
charging of quantum dots or nanocrystals embedded in the
gate insulator of a standard metal-insulator-semiconductor
field-effect transistor.1 These flash memories have an innate
disadvantage. The difference between the two memory states
depends on the charge stored in the quantum dots or nano-
crystals. This charge must be considerably larger than the
charge in the inversion layer of the transistor in order for the
two memory states to be well separated and distinguishable
in a noisy environment. Normally, this is difficult to achieve
since the dot density is less than 1011/cm2 so that the dots
cannot hold a significantly larger amount of charge than the
inversion layer. This shortcoming may become serious im-
pediment to large-scale implementation of quantum-dot flash
memory.

In the recent past, we found an electronic bistability in
electrochemically self-assembled nanowire arrays embedded
in an anodic alumina matrix.2 This can lead to a nonvolatile
memory that is free of the disadvantage mentioned above.
We found that the current–voltage characteristic of the self-
assembled system exhibits two stable conductance states that
are separated in value byfour orders of magnitude. Further-
more, we produce the wires by electrochemical synthesis in a
beaker.3 This technique is extremely inexpensive and also

leads to a veryuniform wire density exceeding 1011/cm2.
The wire diameter is 10 nm, with less than 1-nm standard
deviation. In fact, both the density and positioning of the
wires are extremely uniform, far more uniform than the
nanocrystal distribution in the gate insulator of the quantum-
dot flash memory. As a result, unoptimized devices, synthe-
sized using beaker electrochemistry, show only,20% varia-
tion across 20 samples tested.

Conductance bistability has also been found in
molecular/organic structures where the two conductance
states are separated by five orders of magnitude.4 It has also
been found in ferroelectric nanowires.5 In many ways, the
bistability phenomenon in these structures has striking simi-
larity with what we find, although the underlying mecha-
nisms are very different. Molecules and organics, however,
are usually not compatible with conventional silicon device
processing because they often cannot withstand high tem-
peratures. Our fabrication methodology does not suffer from
this shortcoming since we deal with semiconductors that can
withstand much higher temperature than most organics.
Therefore, it is possible that memory devices described here
can be integrated with conventional silicon chips quite easily,
unlike many organics.

II. ELECTRONIC BISTABILITY

The details of fabrication and electrical measurements of
the self-assembled nanowire samples were presented in Ref.
2 and will not be repeated here. In Fig. 1sbd, we present
“schematically” the measured current–voltagesI –Vd charac-
teristic of an array of nanowires with current flowing be-
tween a top gold contactscontacting one end of the nano-
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wiresd and a bottom aluminum contactscontacting the other
end through a tunnel barrierd. Figure 1sad shows the sample
configuration. The actual measured datascomposite of 20
different measurementsd were presented in Ref. 2.

The I –V characteristic is nonlinear. Forward bias corre-
sponds to the case when the potential applied to the top gold
contact is morenegativethan that applied to the aluminum
back contactsnote that there is a typographical error in Ref.
2 where the opposite polarity was indicatedd.

During the first pass under forward bias, theI –V char-
acteristic traces out the linear curve “I” and the sample con-
ductance is very lowsresistance.50 MVd. When the bias
reaches a voltageVswitch, the sample switches abruptly to the
high-conductancestate scurve “A”d. Thereafter, theI –V
characteristic traces out the nonlinear curve A under forward
bias, at least up to a current of 50 mAswe did not go past
50 mA to prevent sample overheatingd. If the forward bias is
then gradually decreased, curve A is traced back with no
discernible hysteresis. Finally, if we go past zero bias and
reverse the polarity of the applied voltage, then curve “C” is
traced out in reverse bias. It too has a high differential con-
ductance. However, when the reverse bias voltage reaches a
voltageVOFF, the sample abruptly switches from curve C to a
low differential conductance state and traces out the curve
“D.” Curve D is traced out in reverse bias, without hyster-
esis, at least up to a voltage of −30 Vsagain, we did not go
past −30 V to prevent sample overheatingd. Then, if the volt-

age polarity is flipped back to forward bias, curve “B” is
traced. This is also a low-conductance state. From this state,
there is an abrupt switching to the high-conductance state
scurve Ad when the voltage over the sample reaches a thresh-
old voltageVON. Both VON and VOFF are depicted in Fig.
1sbd. Note that curves A and C are the low-conductance
states while curves B and D are the high-conductance states.

III. MEMORY APPLICATION

We intend to use the states “A” and “B” in forward bias
fsee Fig. 1sbdg to encode binary bits 0 and 1. The differential
conductancedI /dV in these two states differs by four orders
of magnitude2 fnote that Fig. 1sbd is schematic and not to
scaleg. For read/write operations, we can access the memory
states as follows: to “read” the stored bit, one could probe
the differential conductance with a small ac bias and thus
retrieve the stored information. The “writing” strategy is the
following. Precede the write cycle with a read cycle. If the
stored bit is already the desired bit, do nothing. Otherwise,
do the following:sid if the device is in the low-conductance
state Bslogic 0d and the desired state is Aslogic 1d, then
simply apply a forward dc bias past the threshold for switch-
ing sVONd. This will switch the device to the desired state A
slogic 1d and thus write the desired bit.sii d If the device is in
the high-conductance state Aslogic 1d and the desired state is
B slogic 0d, then apply a reverse bias to take the system to
state C, then exceed the thresholdVOFF to switch to state D,
and finally reverse the voltage polarity to reach state Bslogic
0d. Note that if the device is “on,” it must be reverse biased
before it can be switched “off,” since the characteristic B is
not directly accessible from characteristic A. One has to go
through C and D to reach B from A. However, if the device
is off, then it is possible to switch it on without having to go
through reverse bias because the high-conductance state A
can be directly accessed from the low-conductance state B
by applying a voltageVON.

Over a period of one year, we have cycled several
samples numerous timesseach more than 100 timesd be-
tween the two memory states and always found switching
between two well-separated states. The bistability is robust
and long lived. The current–voltage characteristic presented
in Ref. 2 fschematically reproduced in Fig. 1sbd hereg was
the composite trace of 20 different measurements on differ-
ent samples produced in the same run. The results of these
measurements varied by less than 20%. There are much
larger variations between samples produced indifferentruns,
but this is not unexpected given that electrochemical synthe-
sis is not as well controlled as state-of-the-art semiconductor
processing. Improving the device reproducibility between
samples produced in different runs will require better-
controlled electrochemical synthesis, which is currently be-
ing investigated.

The memory states are “nonvolatile;” if a sample is left
in the high differential conductance state A, it remains there
for at least 1 yr before decaying to the low differential con-
ductance state B. If the sample is left in the low differential
conductance state B, it remains there for no less than 1 yr,
and possibly much longer.

FIG. 1. sad Sample configuration of the quantum wires. Current flows ver-
tically between the top gold contact and the bottom aluminum contact. The
“barrier layer” is depicted.sbd Schematic representation of the current–
voltage characteristics of self-assembled quantum wires in alumina matrix
showing the conductance bistability. This diagram is not to scale. The dif-
ferential conductance in the characteristic “A” is actually four orders of
magnitude larger than that in characteristic “B.” Actual measured data can
be found in Ref. 2. A and “C” are the high-conductance states, while B and
“D” are the low-conductance states.
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IV. ORIGIN OF BISTABILITY: PHENOMENOLOGICAL
MODEL

We have postulated a model that could explain the bista-
bility. This model isspeculative, but it explains all the ob-
served features in theI –V characteristic.

During the first pass, when the device is in the charac-
teristic I, the thin alumina barrier layer separating one end of
the semiconductor nanowire from the aluminum contactfsee
Fig. 1sadg is severely stressedsthe electric field over the bar-
rier layer approaches 20 MV/cmd. This barrier layer is typi-
cally about 20–30 nm in thickness as revealed by cross-
section transmission electron micrography in the past.6 We
believe that it causes irreversible migration of atomic species
in the barrier layer and possibly results in the generation of
traps at the interface between the CdS and alumina. These
traps lower the barrier to conduction and cause switching
from characteristic I to A when enough traps have accumu-
lated at the CdS/alumina interface. How traps can lower the
barrier is explained later in this section. The state I is visited
only once during the life of a sample. After the device
switches from this state to A, state I is never visited again.

To explain the bistable switching behavior, we will as-

sume that the device was left in the low-conductance state B
when power was switched off. The reader will understand
that the same model holds if the device had been left in the
high-conductance state A. The majority carriers causing
transport through the quantum wires are electrons. This was
verified with capacitance–voltage spectroscopy in the past.3

In Fig. 2sad, we show the equilibrium energy-band dia-
gram along the length of a cylindrical CdS wire when the
device is in state B. There areunfilled electron trap states at
the semiconductor/alumina barrier interface that are indi-
cated by the short lines in the diagram. They are above the
Fermi level sdetermined by the contactsd and therefore un-
filled with electrons. Application of a smallforward bias
bends the bands and causes some current to flow. The Au
contact makes a nearly Ohmic contact with the semiconduc-
tor so that the carriers from the Au contact can easily tunnel
through the narrow triangular conduction-band barrier at the
Au/semiconductor interface and arrive at the alumina barrier.
Once there, they are thermionically emitted over the barrier
to the Al contact. This is the mode of conduction in state B.
The bottleneck to conductionsthe region that dominates the
resistance of the structured is the alumina barrier layer. As

FIG. 2. Energy-band diagramsnot to scaled. The con-
duction band in the semiconductor represents the bot-
tom of the lowest quantized subband in the cylindrical
quantum wire:sad equilibrium, sbd under a small for-
ward bias when the conductance is low,scd under a
forward bias corresponding toVON when device is
poised to switch from the characteristic “B” to “A,”sdd
after switching from B to A is complete, andsed under
reverse bias when the characteristic “C” is traced and
just before switching to characteristic “D” with an ap-
plied biasVOFF. Reproduced with permission from J.
Nanosci. Nanotech.5, 753 s2005d.
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long as the traps states are unfilled with electrons, the barrier
is high, the current is small, and the device is in the low-
conductance state B. This situation is shown in Fig. 2sbd.

When the bias is increased toVON, the band bends just
enough that the lowest interface trap state energy approaches
within a kT energy of the quasi-Fermi level and gets filled
with electronsskT=thermal energyd. This situation is shown
in Fig. 2scd. This leads to a negative surface charge density
rs forming at the interface of the semiconductor and alumina.
The charges contributing tors snamely, the charges captured
by the interface trapsd flow in from the Au contact on the left.
Nothing flows in from the right since the alumina barrier is
fairly opaque and does not allow any appreciable current
through it. As the trap state is filled with electrons andrs

increases in magnitude, the electron concentrationn at the
interface increases. Since

EF − Ec = kT lnsn/Ncd, s1d

whereEF is the local Fermi level,Ec is the conduction-band
edge, andNc is the effective density of states in the conduc-
tion bandsfor this “qualitative” discussion, we will not dif-
ferentiate between Boltzmann and Fermi–Dirac statisticsd,
therefore, an increase in the electron concentration at the
interface pulls the conduction-band edge at the interface fur-
ther down below the Fermi level to increaseEF−Ec. This
pulls the next interface trap level down below the Fermi
level and it gets filled with electrons. This increasesrs even
more, resulting in more band bending at the interface and
more trap states getting pulled down below the Fermi level
to get filled. Thus, a chain reaction ensues. Traps are rapidly
filled till no more empty trap states are left. The system
quickly goes from the energy diagram in Fig. 2scd to Fig.
2sdd. Note that the interface charge screens the electric field
in the bulk of the semiconductor, so that electric field in the
bulk actually decreases with increasingrs, but the electric
field at the interface increases because of increased band
bending to accommodate more interface charges.

Once the state in Fig. 2sdd is reachedsand it is reached
quite abruptly because of the chain reactiond, the barrier is
significantly lowered and the thermionic emission current in-
creases tremendously since it depends exponentially on the
barrier height. Simultaneously, tunneling through the barrier
can also increase tremendously. At this point, the voltage
over the sample isVhigh, and we have switched to the high-
conductance state A from the low-conductance state B.

The time required for charges to flow in from the Au
contact stransit time through the semiconductord plus the
time required to fill the trapssdetermined by the capture
cross section of the traps and trap densityd is the time re-
quired to switch from the low- to the high-conductance state.

Once in the high-conductance state, the trapped charges
at the interface cannot escape through the alumina barrier
layer by tunnelingssince this barrier is quite opaqued, nor
can they travel against the potential gradient to the Au con-
tact on the left. Therefore, they remain trapped in the trian-
gular potential well at the interface and the high-conductance
state A persists for a long time until we loose the trapped
charge by some vestigial tunneling through the barrier and
some thermionic emission. This process takes at least 1 yr.

This is the origin of the nonvolatility in the high-conductance
state. In the low-conductance state, on the other hand, the
trap states are above the quasi-Fermi level and cannot get
filled spontaneously. This makes the low-conductance state
nonvolatile, as well.

The storage time in the high-conductance state is deter-
mined by a number of parameters, including the conduction-
band offset between CdS and alumina, density of traps, en-
ergy distribution of traps, band bending in the
semiconductor, and temperature. Not all of these quantities
are known at this time, so that we cannot estimate this quan-
tity theoretically. The storage time during the low-
conductance state also depends on the energy distribution of
the traps and the temperature.

An interesting experimental observation was that the
storage time in the high-conductance state seems to depend
strongly on how narrow the nanowire is. We have made two
distinct sets of samples, one using anodization of alumina in
sulfuric acidssee Ref. 2 for the fabrication procedured, which
leads to nanowires with a diameter of 10 nm, and the other
using anodization in oxalic acid that leads to nanowires with
diameter of 50 nm. The latter set showed no discernible bi-
stability, even after testing many samples of this set. We
believe that this happens because the bistability is not suffi-
ciently long lived for observation in these samples. In other
words, the memory effect is too volatile in 50-nm diameter
wires. Because narrow wiress10 nmd result in nonvolatility
and wider wiress50 nmd do not, we find that small size is
important. We cannot identify precisely why smallness is im-
portant. It may be that in wider samples there are leakage
paths through the barrier layerseffective shortsd, which cause
the trapped charges to drain out quickly, making the high-
conductance state short lived. At this time, the origin of the
size dependence of the storage time remains a mystery.

So far, we have explained how switching from B to A
takes place. In order to switch back from A to B, the inter-
face charges contributing tors must be drained and the traps
emptied. If we apply a very high forward bias, we may ulti-
mately bend the aluminum oxide barrier enough that the
charges can tunnel outsor thermionically emitd across the
barrier to reach the aluminum contact. However, we never
apply such a large bias to avoid sample heating. Therefore,
the device cannot switch from the high-conductance state A
to the low-conductance state Bdirectly under forward bias.
We have to first apply a reverse bias and then switch the
device off.

When the bias is reversed, the bands bend in the oppo-
site direction. At low reverse bias, the trapped charge cannot
escape through the alumina barrier, nor can it flow out in the
other direction to the Au contact since it is trapped in the
triangular well at the interface. As long as the trapped charge
is there, the alumina barrier is held low and therefore the
device is in the high-conductance state C. This situation is
shown in Fig. 2sed. However, when the reverse bias is large
enough and the bands in the semiconductor bend so much
that the triangular potential well becomes too flat to contain
the charges, the trapped chargers can flow out to the left Au
contact. At this point, when the reverse voltage isVOFF, we
loose the interface charge. Since it is the interface charge that
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keeps the alumina barrier low, loss of this charge raises the
barrier again and causes the device to revert back to the
low-conductance state D. Thus, we can switch to the low-
conductance state D from the high-conductance state C.
Thereafter, if the voltage polarity is flipped and the device is
forward biased, we will end up in the state B since the barrier
remains high. This explains how one can switch from A to B.

The time to switch from the high-conductance state C to
the low-conductance state D depends on the time required to
release the trapped charges, plus the time required for these
charges to drift and diffuse through the semiconductor to the
Au contact. We have measured this time, and the details will
be reported in a different publication.

Finally, the model should explain why the magnitudes of
VON andVOFF are very different.VON is the voltage that must
be applied on the sample to pull the first trap level down to
within a kT or so of the Fermi level at the CdS/alumina
interface.VOFF, on the other hand, is the reverse voltage that
must be applied on the sample to tilt the conduction-band
notch in CdS, at the interface with alumina, just enough to let
the trapped charges escape. Since these voltages depend on
different quantities, they are expected to be significantly dif-
ferent. The quantities that determineVON are temperature
dependent so thatVON has significant temperature depen-
dence. On the other hand,VOFF is relatively temperature in-
dependent. At room temperature,VON is about 40 V in the
samples we have measured,2 while VOFF is 1–2 V.2 By rais-
ing the temperature, we can reduceVON and bring it closer to
VOFF. This is discussed in more detail in Sec. V.

The above modelqualitatively elucidates the bistability
and the observedI –V characteristic. It is a phenomenologi-
cal model and obviously cannot be used to extract “quanti-
tative” data. However, based on this model, we can estimate
some limits.

A. Trap density

One quantity that will be of interest to know is the trap
density responsible for the bistability and how many traps
participate in each nanowire. We can estimate a lower limit
on the trap density as follows.

Note that the voltageV applied on the sample is always
the sum of the voltages dropped over alumina and CdS. If we
assume that the alumina contains no charges, then Poisson’s
equation dictates that the electric field in the alumina is spa-
tially invariant. At the threshold of switching from the low-
to the high-conductance statefsee Fig. 2scdg, the voltage
across a nanowire isVON given by

VON = VCdS+ Ei8xi , s2d

whereVCdS is the voltage dropped over the CdS,Ei8 is the
sconstantd electric field in the alumina andxi is the thickness
of the alumina. Since at this point, there is still no interface
charge,«sEs8−«iEi8=0, whereEs8 is the interface electric field
in the CdSsat the interface with aluminad, and«s and«i are
the dielectric constants in the semiconductor and alumina.
Therefore, Eq.s2d can be recast as

VON = VCdS+ s«s/«idEs8xi . s3d

After the switching is complete and the device is in the
high-conductance statefcorresponding to Fig. 2sddg, the elec-
tric fields in the semiconductor and alumina at the interface
are related by

«iEi − «sEs = rs, s4d

whereEs andEi are the electric fields at the interface on the
semiconductor and alumina side, respectively. The voltage
Vhigh on the device is given by

Vhigh = VCdS8 + s«sEs − rsdxi/«i , s5d

where we have used Eq.s4d to relate the electric field in the
alumina to the interface field in CdS. Obviously,Es.Es8 and
VCdS8 .VCdS. Therefore,

rs . «isVON − Vhighd/xi . s6d

In Ref. 2,VON was measured to be 40 V andVhigh was 10 V.
The relative dielectric constant of alumina is about 4 and the
thickness of the alumina barrier layer was determined in the
past by high-resolution transmission electron microscopy
sTEMd to be 20–30 nm.6 Therefore, we estimate thatrs

.3.54310−6 C/cm2. If we assume that each trap is singly
charged, then this corresponds to a trap density ofntrap=2
31013/cm2. Since the density of nanowires is about 5
31011/cm2, the number of traps in each nanowire is about
40. Therefore, we observe an effect associated with about40
trapped electronsin each nanowire.

B. Band bending and barrier lowering caused
by trapped charges

From the estimated concentration of trapped charges, we
can roughly estimate the amount of band bending or barrier
lowering caused by these charges. They reside in a discon-
tinuous quasi-two-dimensional layer at the interface of CdS
and alumina. Assuming that only one subband is filled, we
find that at the interface, the conduction-band edgeEc is
below the quasi-Fermi level in the left contactEFL by fsee
Fig. 2sddg

ntrap=
4pm*

h2 sEFL − Ecd, s7d

where 4pm* /h2 is the two-dimensional density of states.
Since the effective mass of electrons in CdS is 0.21

times the free-electron mass,7 we find that EFL−Ec

=71 meV.
In equilibrium state, there are hardly any carriers in CdS,

so that at best the Fermi level is close to the conduction-band
edge of CdS. Therefore, the trapped charges lower the barrier
by at least 71 meVs>3kTd by causing band bending. This
causes the thermionic emission current to increase by a fac-
tor of e3<20. The tunneling current also increases. The latter
is by far the dominant effect since the current actually in-
creases by a factor of 104.

V. TRANSPORT BEHAVIOR IN THE TWO
CONDUCTANCE STATES

Whenever we measure the conductance of a sample, ei-
ther in the off state or in the on state, we always measure the
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conductance of two “resistors” in parallel. One is the resistor
composed of the nanowires. The other is the resistor com-
posed of the surrounding alumina matrix, which also makes
electrical contact with the contact padsfsee Fig. 1sadg. When
the nanowires are in the high-conductancesond state, we can
ignore the second resistor since it has a much higher resis-
tance. However, when the nanowires are in the low-
conductancesoffd state, the second resistor cannot be ignored
and, in fact, may have lower resistance than the nanowires,
so that it could become dominant. To investigate this possi-
bility, we have measured the temperature dependences of the
I –V characteristics in both the high- and the low-
conductance states using a thermostatic chamber with a tem-
perature range of 20–200 °C.

A. Low-conductance state

The typical measuredI –V characteristics in the low-
conductancesoffd state under reverse biasscharacteristic Dd
are shown in Fig. 3. If the nanowires are the dominant trans-
port path, then current will flow mostly via thermionic emis-
sion over the barrier layer or tunneling. Otherwise, current
will flow through the alumina. In order to resolve between
these two possibilities, we have plotted the current–voltage
characteristics in coordinates lnsI /Vd vs V1/2. At high reverse
bias voltages, the characteristic in Fig. 3 is linear. This is not
consistent with anything except Poole–Frenkel emission
from the traps in the alumina. If tunneling or thermionic
emission was dominant, then the temperature dependence
will be very differentssee Ref. 7 for the temperature depen-
dences of various possible conduction processes through an
oxided. Therefore, we can conclude that in the off state, the
major conduction is through the alumina and not the nano-
wires. This means that in the off state, we do not even probe
the nanowires; we are probing the alumina instead. The
nanowires are switching the device from one state to another
by cutting in and out of conduction. This is why we call this
device “nanowire memory.”

A second conclusion that we can draw is that the traps in
the alumina tend to emit via the Poole–Frenkel mechanism.
In the Poole–Frenkel emission, theI –V relation is7

I , V expfsq/p«idd1/2V1/2/kT− qw/kTg, s8d

where d is the thickness of the effective potential barrier
surrounding a trap andw is the activation energy of the trap.
This relation nicely fits the observedI –V characteristicsat
high reverse bias voltages.

The significance of identifying the precise emission
mechanism is the following. When the device switches from
the on state to the off state, the traps must emit the captured
charges. This process will determine the time to switch off
the device. In order to engineer this time, we need to estab-
lish the precise mechanism by which the trapssin either bulk
alumina or those at the interface with CdSd release the
charges. If it happens to be the Poole–Frenkel mechanism,
then we may be able to shorten this time by raising the tem-
perature, although that will also adversely affect the nonvola-
tility. We are currently investigating this scenario.

B. Temperature-dependent transport in the off state,
trap barrier, and trap energy

We can estimate the thickness of the effective potential
barrier that traps electrons in a trap from the slope of the
lines in Fig. 3, by fitting the lines with Eq.s8d. The value we
obtain isd=2 mm. This value is very close to the total thick-
nesst of the alumina layer between the Al and Au contacts.
This suggests that all of the alumina layers surrounding a
trap act as barriers to a captured charge.

The temperature dependence of the reverse bias conduc-
tancesI /Vd in characteristic D is shown in Fig. 4scurvead at
a reverse bias voltage of −10 V. The activation energy of the
traps, estimated from this curve, isw=0.17 eV. Therefore,
we expect a dominant trap level to reside about 0.17 eV
below the conduction band of alumina. In order to verify
this, we carried out Fourier transform infraredsFTIRd spec-
troscopy of the alumina matrix. We lifted off the matrix by
dissolving the underlying aluminum in HgCl2 and transferred

FIG. 3. The typicalI –V characteristics under reverse bias in the low-
conductance statescharacteristic “D”d, measured at two different tempera-
tures. The dominant conduction mechanism at high reverse bias voltages
appears to be the Poole–Frenkel emission from traps in the alumina.

FIG. 4. Temperature dependence ofsad reverse bias low conductancesin
characteristic “D”d at a reverse bias voltage of −10 V, andsbd forward bias
high conductancesin characteristic “A”d at a forward bias voltage of 0.25 V.
The activation energy of the traps estimated from curvea is 0.17 eV.
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the matrix to a sapphire substrate. Contacts to the matrix
were made on the top and at the bottom with silver paint
before the transfer. We then monitored the infrared absorp-
tion while we applied a voltage between the contacts. This
voltage is dropped across the “barrier layer” and stresses it.
A sharp absorption peak close to 0.3 eV appeared when the
applied voltage exceeded 60 Vssee Fig. 5d. Since the barrier
layer width is 20–30 nm, the corresponding electric field
across it is 20–30 MV/cm. The height of this peak increased
when the voltage was increased to 80 V and then decreased
slightly stabilizing at 100 V. Further increase of the voltage
did not affect the peak height indicating that the electrical
stress is creating a trap state below the conduction-band edge
of alumina and infrared photons with an energy of 0.3 eV are
exciting electrons from this trap state to the conduction band.
We tested six samples and all but one showed this peak. The
onset voltage varied between 60 and 80 V and the peak sta-
bilized beyond 100 V in all cases. The peak always appeared
at a center frequency corresponding to 0.3 V. This indicates
that there is a major trap level about 0.3 eV below the con-
duction band of alumina. Since these samples are not com-
patible with traditional deep-level transient spectroscopy
sDLTSd measurements, we cannot, at this time, probe deeper
traps that are not accessible by FTIR spectroscopy.

The trap energy found from temperature dependence of
reverse bias conductancesw=0.17 eVd is only about one-half
of that found from the infrared absorptionsw=0.3 eVd. This
discrepancy can be explained by the fact that the reverse bias
is distorting the potential well associated with the traps,
thereby making it appear shallower than it actually is.

C. Temperature-dependent transport in the on state

The temperature dependence of the conductancesI /Vd in
the high-conductance state under forward biasscharacteristic

Ad is shown in Fig. 4scurvebd at a voltage of 0.25 V. The
conductance did not depend on temperature within our ex-
perimental accuracy. This is consistent with the model pre-
sented in Sec. IV. When the device is turned on, current
flows via either thermionic emission over the barrier or tun-
neling fsee Fig. 2sddg. While the former is temperature de-
pendent, the latter is not. Since we observe no perceptible
temperature dependence, we conclude that the main mecha-
nism of transport in the high-conductance state is by tunnel-
ing through the barrier.

D. Temperature dependence of VON

We have also studied the temperature dependences of the
threshold voltages for switching. Under forward biasschar-
acteristic Bd, we measuredVON as a function of temperature
and found that it decreases substantially with increasing tem-
peraturesFig. 6d. According to our model,VON is the voltage
required to bring the first trap level within akT or so of the
Fermi level. Therefore, it depends on the energy distance
between the first trap level and the Fermi level, as well as the
thermal energykT. The thermal energy alone will cause a
linear temperature dependence ofVON. The energy distance,
on the other hand, is determined by the band bending in the
semiconductor and the energy location of the trap level. Both
these quantities are temperature dependent. The band bend-
ing depends on temperature since the Debye screening length
in a nondegenerate semiconductor is temperature dependent.
The trap level could also be temperature dependent. If new
empty traps become available at higher temperaturessthey
could be filled at lower temperatures but empty at elevated
temperaturesd that could cause a temperature dependence of
the trap level. Finally, the capture rate of a trap isC=svth,
wheres is the capture cross section andvth is the thermal
velocity. Since the latter depends on temperature, a trap, al-
ready close to the Fermi level but which did not have a
sufficient capture rate at room temperature and therefore was
not effective, can become effective at elevated temperatures.
This can significantly reduce the energy distance between the

FIG. 5. Infrared absorption in anodic alumina before and after being
stressed by high electric fields. The experimental setup is shown in the inset.
There is a peak at a photon energy of 0.3 eV which appears only after
stressing past 60 V. This voltage is dropped across the barrier layer, result-
ing in an average electric field of 20–30 MV/cm across this layer. We
believe that this peak is indicative of the creation of traps in the barrier layer
as a result of the high-field stressing. The height of this peak increases to a
maximum at 80 V and then decreases slightly stabilizing at 100 V. The peak
itself may correspond to the excitation of electrons from the generated trap
state to the conduction band in alumina.

FIG. 6. Temperature dependences of the threshold voltagesVON andVOFF.
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first trap level and the Fermi level, which, in turn, will dras-
tically reduceVON.

The dependence ofVON on temperature is shown in Fig.
6 in coordinates lnVON vs 1/T. At high temperatures, this
dependence becomes approximately exponential and the
characteristic activation energy of this dependence is found
to be about 0.34 eV. It is important to note thatVON can be
as small as 5 V at elevated temperaturessas opposed to 40 V
at room temperatured. It is reassuring to find that the switch-
ing voltage can be lowered to a reasonable values,5 Vd by
raising the temperature. This will also have the beneficial
effect of reducing the switch off time by increasing the emis-
sion rate of traps, but it will impair the nonvolatility because
it will increase charge leakage by promoting thermionic
emission over the confining barrier.

E. Temperature dependence of VOFF

Under reverse biasscharacteristic Cd, we measured the
temperature dependence ofVOFF, which is plotted in Fig. 6 in
coordinates of lnsVOFFd vs 1/T. The activation energy of this
dependence is too small to be measured reliably andVOFF

does not appear to depend on temperature within the experi-
mental accuracy we can achieve. This is also consistent with
the model in Sec. IV. The device is turned off by causing
sufficient band bending in the semiconductor to allow the
trapped interface charges to escape to the Au contact. The
band bending has a temperature dependence in anondegen-
eratesemiconductorsas mentioned befored because the De-
bye screening length depends on temperature. However, in a
degenerate semiconductor, the band bending is determined
by the Thomas–Fermi screening length rather than the Debye
screening length. The Thomas–Fermi length is independent
of temperature. In the presence of trapped charges, the semi-
conductor conduction band may be pulled well below the
Fermi levelfas shown in Figs. 2sdd and 2sedg making it de-
generate. In that case, we do not expect significant tempera-
ture dependence of the band bending.

VI. CONCLUSIONS

We have proposed and experimentally tested a model to
explain an electronic bistability observed in electrochemi-
cally self-assembled nano wires embedded in an anodic alu-
mina matrix. This bistability effect is robust, repeatable, and
very long lived. It has applications in nonvolatile memory
leading to extremely high-density static random access
memorysSRAMd.

Within the framework of the model, we have established
transport mechanisms in the on and off states, estimated a
lower limit on the number of traps per nanowire that cause
the bistability effect, identified a likely trap discharge mecha-
nism, and carried out measurements to establish the tempera-
ture dependence of the threshold voltages required to switch
the device from one state to the other. We have shown that
the threshold voltage for switching the device offswhich is
,40 V at room temperatured can be reduced to 5 V by rais-
ing the temperature to 200 °C, while the threshold voltage
for switching the device onswhich is only 1–2 V at room
temperatured is more or less temperature independent.
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