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Memristor crossbars were fabricated at 40 nm half-pitch, using
nanoimprint lithography on the same substrate with Si metal-
oxide-semiconductor field effect transistor (MOS FET) arrays to
form fully integrated hybrid memory resistor (memristor)/transis-
tor circuits. The digitally configured memristor crossbars were used
to perform logic functions, to serve as a routing fabric for inter-
connecting the FETs and as the target for storing information. As
an illustrative demonstration, the compound Boolean logic oper-
ation (A AND B) OR (C AND D) was performed with kilohertz
frequency inputs, using resistor-based logic in a memristor crossbar
with FET inverter/amplifier outputs. By routing the output signal of
a logic operation back onto a target memristor inside the array, the
crossbar was conditionally configured by setting the state of a
nonvolatile switch. Such conditional programming illuminates the
way for a variety of self-programmed logic arrays, and for elec-
tronic synaptic computing.
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he memory resistor (memristor), the 4th basic passive circuit
element, was originally predicted to exist by Leon Chua in
1971 (1) and was later generalized to a family of dynamical
systems called memristive devices in 1976 (2). For simplicity in
the exposition of this article, we will use the word “memristor”
to mean either a “pure” memristor or a memristive device,
because the distinction is not important in the context of the
present discussion. The first intentional working examples of
these devices, along with a simplified physics-based model for
how they operate, were described in 2008 (3, 4). A memristor is
a 2-terminal thin-film electrical circuit element that changes its
resistance depending on the total amount of charge that flows
through the device. This property arises naturally in systems for
which the electronic and dopant equations of motion in a
semiconductor are coupled in the presence of an applied electric
field. The magnitude of the nonlinear or charge dependent
component of memristance in a semiconductor film is propor-
tional to the inverse square of the thickness of the film, and thus
becomes very important at the nanometer scale (3).
Memristance is very interesting for a variety of digital and
analog switching applications (1, 2), especially because a mem-
ristor does not lose its state when the electrical power is turned
off (the memory is nonvolatile). Because they are passive
elements (they cannot introduce energy into a circuit), memris-
tors need to be integrated into circuits with active circuit
elements such as transistors to realize their functionality. How-
ever, because a significant number of transistors are required to
emulate the properties of a memristor (1), hybrid circuits
containing memristors and transistors can deliver the same or
enhanced functionality with many fewer components, thus pro-
viding dramatic savings for both chip area and operating power.
Perhaps the ideal platform for using memristors is a crossbar
array, which is formed by connecting 2 sets of parallel wires
crossing over each other with a switch at the intersection of each
wire pair (see Fig. 1).
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Crossbars have been proposed for and implemented in a
variety of nanoscale electronic integrated circuit architectures,
such as memory and logic systems (5-12). A 2-dimensional grid
offers several advantages for computing at the nanoscale: It is
scalable down to the molecular scale (13, 14), it is a regular
structure that can be configured by closing junctions to express
a high degree of complexity and reconfigured to tolerate defects
in the circuit (15-17), and because of its structural simplicity it
can be fabricated inexpensively with nanoimprint lithography (7,
18, 19). We previously demonstrated ultrahigh density memory
and crossbar latches (20). Recently, new hybrid circuits combin-
ing complementary metal-oxide-semiconductor (CMOS) tech-
nology with nanoscale switches in crossbars, called CMOS-
molecule [CMOL (21)] and field-programmable nanowire
interconnect [FPNI (22)], have been proposed. These field-
programmable gate array (FPGA)-like architectures combine
the advantages of CMOS (high yield, high gain, versatile func-
tionality) with the reconfigurability and scalability of nanoscale
crossbars. Simulations of these architectures have shown that by
removing the transistor-based configuration memory and asso-
ciated routing circuits from the plane of the CMOS transistors
and replacing them with a crossbar network in a layer of metal
interconnect above the plane of the silicon, the total area of an
FPGA can be decreased by a factor of 10 or more while
simultaneously increasing the clock frequency and decreasing
the power consumption of the chip (21, 22).

Here, we present the first feasibility demonstration for the
integration and operation of nanoscale memristor crossbars with
monolithic on-chip FETs. In this case, the memristors were
simply used as 2-state switches (ON and OFF, or switch closed
and opened, respectively) rather than dynamic nonlinear analog
device to perform wired-logic functions and signal routing for
the FETs; the FETs were operated in either follower or inverter/
amplifier modes to illustrate either signal restoration or fast
operation of a compound binary logic function, “(A AND B) OR
(C AND D),” more conveniently written using the Boolean
algebra representation as AD + CD, in which logical AND is
represented by multiplication and OR by addition. These exer-
cises were the prelude to the primary experiment of this article,
which was the conditional programming of a nanomemristor
within a crossbar array by the hybrid circuit. We thus provide a
proof-of-principles validation that the same devices in a
nanoscale circuit can be configured to act as logic, signal routing
and memory, and the circuit can even reconfigure itself.
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Fig. 1.
single nanocrossbar device showing the relative layout of the crossbar, the fan-out and the FETs. (B) Scanning electron microscope image of 1 nanocrossbar
region.

Results and Discussion

Fig. 1 shows 2 interconnected hybrid memristor-crossbar/FET
circuits. The Fig. 14 Inset illustrates the layout of each circuit:
4 linear arrays of FETs with large contact pads for the source,
drain and gate were fabricated to form a square pattern; the
memristor crossbar, which included fan out to contact pads on
both sides of each nanowire, was fabricated within the square
defined by the FETs but on top of an intervening spacer layer.
The metal traces to interconnect the crossbar fan-out pads and
the FET source/drain and gate pads were fabricated using
photolithography and Reactive Ion Etching (RIE) to create vias
in the spacer layer, followed by metal deposition and liftoff. A
magnified view of the crossbars is in Fig. 1B, showing the 21
horizontal (Upper) and 21 vertical (Lower) nanowires, each 40
nm wide, with a =20-nm-thick active layer of the semiconductor
TiO; sandwiched in between the top and bottom nanowires to
form the memristors.

Fig. 2 shows the typical current vs. voltage (I-V) electrical
behavior for the initial ON-switching of a nanoscale memristor
at a crossbar junction. The TiO; active layer of the as-fabricated
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Fig. 2. Representative |-V traces of a nanoscale memristor. The OFF device
has a high resistivity. A large positive bias (V > 4 V), with the resulting high
current, rapidly switches a memristor to a more conductive state, the
programmed-ON state. The stable operation window denotes the bias range,
which does not significantly change the junction conductance for either the
OFF or the programmed-ON state.
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A hybrid nanomemristor/transistor logic circuit. (A) Optical micrographs of 2 interconnected nanocrossbar/FET hybrid circuits. (Inset) Schematic of a

device is an effective electrical insulator as measured in the two
bottom traces for positive and negative voltage sweeps. When a
small amplitude bias sweep is applied to a junction, =2V < Vi, <
+2 'V, no resistance switching is observed within the typical sweep
time window of several seconds. However, when a positive voltage
larger than approximately +4 V is applied, the junction switches
rapidly to an ON state that is >10,000 times more conductive. This
conductance does not change perceptibly for at least 1 year when
a programmed device is stored “on the shelf,” but if subjected to
alternate polarity bias voltages, such a device will undergo revers-
ible resistance switching (4, 23), which is the basis for memristance.
The apparent existence of a threshold voltage for switching is
caused by the extremely nonlinear current-voltage characteristic of
the TiO; film (4); at low bias voltage, the charge flowing through
the device is very low, so resistance changes are negligible, but at
higher voltage the current is exponentially larger, which means that
the charge required to switch the device flows through it in a very
short time (and thus it is more properly a memristive device). In the
following, we will use this effective switching threshold voltage to
program memristive junctions to demonstrate logic operations of
the crossbar arrays.

Programmable Logic Array. The equivalent circuit for testing the
compound logic operation is shown schematically in Fig. 34. This
circuit computes AB + CD from 4 digital voltage inputs, Vs to
Vb, representing the 4 input values A to D, respectively. The
operations AB and CD are performed on 2 different rows in the
crossbar, and the results are output to inverting transistors, which
then restore the signal amplitudes and send voltages correspond-
ing to NOT(AB) and NOT(CD), or equivalently A NAND B and
CNAND D and denoted using Boolean algebra as AB and CD,
respectively, back onto the same column of the crossbar. There,
the operation AB X CD is performed and the result is sent to
another inverting transistor, which outputs the result

= AB + CD, following from De
Morgan’s Law, as an output voltage level on Vour. The signal
path is emphasized by the thick colored lines in Fig. 34:
red-blue—green from the inputs to the output. In red, 2
programmed-ON memristors are linked to a transistor gate to
perform as a NAND logic gate with the inputs /4 and V5 in one
operation or V¢ and Vp in the other. In blue, the outputs from
the first 2 logic gates are then connected to the second stage
NAND gate formed from 2 other programmed-ON memristors
and 1 transistor. The green line shows the output voltage.
This experiment began with the configuration of the array.
The conductivity of all of the crossbar nanowires was measured
by making external connections with a probe station to the
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Fig.3. Programmed memristor map and transistor interconnections. (A) Equivalent circuit schematic of the hybrid programmable logic array. The dashed lines
define the nanocrossbar boundary, the black dots are the programmed memristors, Va through Vp are the 4 digital voltage inputs and Voyr is the output voltage.
Vj and V; are the transistor power supply voltage inputs. A single nanowire has a resistance of ~33 k(), and 4 connected in series provides a ~130-kQ) on-chip
load resistor for a transistor. (B) Map of the conductance of the memristors in the crossbar. The straight lines represent the continuous nanowires, and their colors
correspond to those of the circuit in A. The broken nanowires are the missing black lines in the array. The squares display the logarithm of the current through
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each memristor at a 0.5-V bias.

contact pads at the ends of the fanout wires connected to each
nanowire, and those that were not broken or otherwise defective
are shown as straight black or colored lines in Fig. 3B. More than
90% of the addressable nanomemristors in a typical crossbar
passed the electrical test to show that they were in their desired
state, but in some cases a significant number of the memristors
were not addressable because of broken nanowires or other
structural problems not related to the junctions. After mapping
the working resources, the circuit to compute AB + CD was then
designed, which is what a defect-tolerant compiler for a
nanoscale computer would need to do (15). Each required
programmed-ON memristor was configured by externally apply-
ing a voltage pulse of +4.5 V across its contacting nanowires,
whereas all other memristors in the row and column of the target
junction were held at 4.5/2 = 2.25 V, a voltage well below the
effective threshold such that those junctions were not acciden-
tally programmed ON. Fig. 3B displays in various colors
the nanowires in the crossbar selected from those that were
determined to be good and the conductance map for the
programmed-ON memristors. The gray-scale squares display the
current through the individual memristors upon the application
of a test voltage of 500-mV bias. There was a large conductance
difference between the OFF state memristors (white, corre-
sponding to I <10 pA) and the programmed-ON junctions
(black, I =~ 1 uA). The conductance map can be compared with
the schematic circuit diagram in Fig. 34. The inputs Vs and Vg
are connected to the memristors at columns 3 and 4 and row 4.
Row 4 is also connected to a transistor gate, as can be seen from
Fig. 1A4. The inputs V¢ and Vp are connected to the junctions at
columns 9 and 10 and row 20. The 2 junctions routing the outputs
of the first stage transistors are at column 14 and rows 17 and 19.
The actual connections to the transistors can also be seen in the
photograph in Fig. 14.

The logic operations were tested with voltages in the 0- to 1-V
range to avoid any accidental programming of memristors in the
crossbar. The junction states must be robust with respect to a
voltage stress for both positive and negative biases, because the
signals are routed by the top and the bottom nanowires. The
operation of the AB NAND gate is described here. Two voltage
sources were connected to contact pads leading to 2
programmed-ON memristors sharing a single nanowire, the latter
being connected to the high impedance(s) of a transistor gate
or/and an oscilloscope. The output voltage of the NAND gate was

Borghetti et al.

1 Vwhen Vs = V5 =1V, which represented a binary 1 logic value,
or it was in the range 0.5 V to 0 V, which represented a binary 0.
The level 0.5 V was expected when 1 V and 0 V were applied to 2
identical junctions that essentially act as a voltage divider. In the
memristor-crossbar framework (9, 16, 24), this represents a wired-
AND gate, where the horizontal nanowire carries the output
voltage. The experimentally measured margin between the high (1)
and low (0) levels at the output of the wired-AND gate was 0.4 V
because of nonuniformities in the programmed-ON memristors. To
amplify the margin, the horizontal nanowire was connected to the
gate of an n-type silicon FET biased in the inverter mode, which
produced an inverted output voltage with a 0.8-V margin. A positive
voltage (V> ~ 1.5 V) was applied to the transistor drain through a
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Fig. 4. Operation of the logic circuit. (A) The time sequence of the input
voltage pulses used to represent the logic values 1 and 0 for the 4 inputs A
through D, and (B) the output voltage versus time that represents the 16
outcomes from the 4-input compound logic operation AB + CD. The operating
frequency was 2.8 kHz and the voltage margin separating the highest low
signal from the lowest high signal was 0.52 V.
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Fig. 5. Equivalent circuit schematic for the conditional programming dem-
onstration. The initially programmed memristors are marked by filled black
circles, and the target memristor for configuration by an open black circle. Va
and Vg are the logic value inputs; V4, V5, V4’ and V,' are the transistor voltage
supplies and V, addresses the target memristor.

133-k() load (which was formed from a configured set of nanowires
in the rows of an adjacent crossbar, shown schematically in Fig. 34)
to keep the FET output voltage in the 0- to 1-V range when the gate
voltage was swept from 0 V to 1 V.

The NAND gate with inputs V¢ and Vp had the identical
operation mode with similar voltages and margin. The second
logic stage was similar to the first stage NANDs but (i) the signals
were delivered from integrated transistors rather than external
voltage sources and (ii) there was a possible cross-talk channel
between the nanowires shown schematically as red and blue in
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Fig. 6.

Fig. 34, if the memristor between those two wires had a
nonnegligible conductivity. In fact, the entire circuit behaved as
the expected AB + CD logic operation and had a 0.52-V margin
between the high and low signals at Vour at an operating
frequency of 2.8 kHz. Fig. 44 shows the time dependence of the
4 voltage pulse traces Va to Vp acting as the inputs to the
compound logic operation, and Fig. 4B shows the 16 results of
the 4-input logic operation measured as the voltage on Vour.
The speed of the circuit was actually limited by the load on the
output transistor, which had to charge the parasitic capacitance
of the measurement cabling. There was a second transistor
connected to the top of the vertical nanowire shown as blue in
Fig. 34 that, when biased in follower mode, could increase the
operating frequency of the 4-input logic operation to 10 kHz, but
at the price of a lower margin (0.21 V) and restricted voltage
range (—0.6 Vto —1.3 V).

Self-Programming of a Nanocrosshbar Memristor. The above exper-
iments were existence proofs for several proposed hybrid architec-
tures involving wired logic (24) and routing in a configured crossbar
(5,9, 10, 12, 16). A completely different type of demonstration is
the conditional programming of a memristor by the integrated
circuit in which it resides, which illustrates a key enabler for a
reconfigurable architecture (21, 22, 25), memristor based logic (24)
or an adaptive (or “synaptic”) circuit that is able to learn (26, 27).
Based on a portion of the hybrid circuit described above, we showed
that the output voltage from an operation could be used to
reprogram a memristor inside the nanocrossbar array, which could
have been used as memory, an electronic analog of a synapse or
simply interconnect, to have a new function.

The electrical circuit is shown schematically in Fig. 5. For
simplicity, the operation used was a single NAND with inputs V5
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Self-programming demonstration. (A) Input (red) and output (blue) voltages for testing the conditional programming, where the inputs do not include

a true event for the AND operation. (B) Input (red) and output (blue) voltages where the inputs do include a true event for the AND operation-the memristor
switched ON rapidly after the rising edge (6 ms) of the A = 1,B = 1 pulse pair. (C) Conductance map of the crossbar after the conditional programming, to be
compared with the previous map in Fig. 2B. The target memristor is indicated by a blue circle. The color pattern of the nanowires refers to the schematic circuit
of Fig. 5. (D) I-V traces of the target memristor before and after the conditional programming experiment, which show that the device switched from an open
or OFF state to a highly conductive ON state after the single programming pulse from the logic operation shown in B.
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and Vg, but it could be any digital or even analog signal that
originates from within the circuit. The output signal (green lines
in Fig. 5) was routed through a memristor to a 2nd stage
transistor that delivered a voltage Vour to the target junction
(circled in Figs. 3B and 6C). This transistor was biased in the
follower mode: V] = +1 V was applied to the drain and V3 =
—4 'V through a 133-k() resistor was applied to the source. The
amplification factor was ~0.8, and the resting bias Vouyr = Vs
was —1 V. The target memristor addressing voltage Vj for the
target memristor was tweaked to +3.2 V, such that the voltage
drop across this junction was slightly below the threshold (Vy —
Vs = 4.5 V) when the circuit was at rest.

Fig. 64 shows the 2 input and the output signals when the
inputs V5 and V3 did not include a TRUE event for the A AND
B operation. The output voltage remained essentially constant at
the resting voltage. Fig. 6B shows /oyt when the inputs included
a TRUE event, for which the output voltage reached —1.45 V
and the voltage drop across the memristor exceeded the thresh-
old voltage (Vy — Vour = 4.65 V). After only 6 ms at such bias
above the threshold, the measured Vour jumped from —1.45 V
to +0.5 V as the result of the large increase in conductivity of the
junction separating V; from Vouyr, indicating that the memristor
had been programmed-ON.

To verify the programming of the junction, the conductance
map of the entire crossbar (Fig. 6C) and the target memristor
I-V characteristic (Fig. 6D) were measured. Comparing Fig. 6 C
with Fig. 3B shows the programming of the crossbar was changed
by the logic operation. However, there were also two undesired
effects. The memristor connecting the column 7 and row 5
nanowires suffered a slight relaxation of its programmed state,
and an additional memristor connecting column 20 with row 6 was
apparently programmed. The latter effect could have been caused
by an unanticipated leakage path in the array during the program-
ming event, or given its placement it was most likely the result of an
accidental electrical discharge during the sample handling.

Summary. We built and tested hybrid integrated circuits that
interconnected two 21 X 21 nanoscale memristor crossbars and
several conventional silicon FETs. This prototype was first a
necessary step to develop the processing procedures that will be
needed for physically integrating memristors with conventional
silicon electronics, second a test bed to configure and exercise
the building blocks of several proposed hybrid memristor/
transistor architectures (9, 15, 16, 17, 21, 22, 24-27), and finally
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a successful proof-of-principles demonstration of the ability of
such a system to alter its own programming. The particular
demonstrations involved the simultaneous routing of multiple
signals through a nanocrossbar from and to FETs and the
realization of a Boolean sum-of-product operation, where the
FETs provided voltage margin restoration and signal inversion
after the wired-AND operations and impedance matching to
improve the operating frequency. The self-programming of the
memristor crossbar constituted the primary result of this re-
search report and illuminates the way toward further investiga-
tions of a variety of new architectures, including adaptive
synaptic circuits (26, 27).

Methods

Construction of the hybrid circuits began with the fabrication of n-type FETs on
silicon-on-insulator (SOI) wafers to prove that the entire process was compatible
with CMOS processing techniques. The process is similar to that reported in ref. 28
and is briefly described here. The SOl wafer with a 50-nm-thick Si device layer was
first ion-implanted with boron to a doping level of 3 X 10'8/cm3. The source and
drain regions where the transistors would be located were then ion-implanted
with phosphorous to a doping density of 102%cm3. A 5-nm-thick oxide was
thermally grown as the gate dielectric layer over the channels with lateral
dimensions of 3 X 5 um? defined by the photolithography process. Aluminum
was then deposited to construct the gate, source, and drain contacts of the n-type
FETs. Subsequently, 300 nm of plasma-enhanced chemical vapor deposition
(PECVD) oxide was deposited as a protective, passivation layer to cover the FET
arrays. Then, an additional 700-nm layer of UV-imprint resist was spin coated onto
the wafer and cured to act as a planarization layer. The nanocrossbars were
fabricated on top of this substrate with UV-imprinting processes for each layer of
the nanowires and their fanouts to the electrical contact pads. The active mem-
ristor layer, which was deposited on top of the first layer of metal wires by 5 cycles
of blanket electron-beam evaporation of 1.5-nm Ti films immediately followed
by an oxygen plasma treatment, was sandwiched between the top and bottom
nanowires. A RIE process was used to remove the blanket titanium dioxide
between the top nanoelectrodes. Finally, to make electrical connections between
the nanocrossbar fanouts and the FET terminals, photolithography was used to
define the location of vias that were then created by RIE through the planariza-
tion and PECVD silicon oxide layers. Al metal was evaporated through the vias to
connect the appropriate nanowire contact pads with their corresponding FET
terminals and probe pads to complete the hybrid circuit. The net yield of addres-
sable and functional memristive devices observed in these experiments was only
~20%, which was mainly due to broken leads and/or nanowires to the nano-
junctions resulting from the unoptimized imprinting process. However, >90% of
the addressable memristors were operational when tested.
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