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Programmable nanowire circuits for nanoprocessors
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A nanoprocessor constructed from intrinsically nanometre-scale
building blocks is an essential component for controlling memory,
nanosensors and other functions proposed for nanosystems
assembled from the bottom up'~>. Important steps towards this goal
over the past fifteen years include the realization of simple logic
gates with individually assembled semiconductor nanowires and
carbon nanotubes™*®, but with only 16 devices or fewer and a single
function for each circuit. Recently, logic circuits also have been
demonstrated that use two or three elements of a one-dimensional
memristor array’, although such passive devices without gain are
difficult to cascade. These circuits fall short of the requirements for
a scalable, multifunctional nanoprocessor'®'' owing to challenges
in materials, assembly and architecture on the nanoscale. Here we
describe the design, fabrication and use of programmable and
scalable logic tiles for nanoprocessors that surmount these hurdles.
The tiles were built from programmable, non-volatile nanowire
transistor arrays. Ge/Si core/shell nanowires'> coupled to designed
dielectric shells yielded single-nanowire, non-volatile field-effect
transistors (FET's) with uniform, programmable threshold voltages
and the capability to drive cascaded elements. We developed an
architecture to integrate the programmable nanowire FETs and
define a logic tile consisting of two interconnected arrays with
496 functional configurable FET nodes in an area of ~960 pm’.
The logic tile was programmed and operated first as a full adder
with a maximal voltage gain of ten and input-output voltage match-
ing. Then we showed that the same logic tile can be reprogrammed
and used to demonstrate full-subtractor, multiplexer, demultiplexer
and clocked D-latch functions. These results represent a significant
advance in the complexity and functionality of nanoelectronic
circuits built from the bottom up with a tiled architecture that could
be cascaded to realize fully integrated nanoprocessors with comput-
ing, memory and addressing capabilities.

The programmable nanowire FETs (NWFETSs) incorporated a top-
gated geometry (Fig. 1a, left panel) using Ge/Si core/shell nanowires as
the semiconductor channel because previous work'> had shown that
this provided high yields of devices with uniform threshold voltages
and on-current characteristics. To realize programmable, non-volatile
NWEETSs, we implemented a trilayer Al,O3;-ZrO,-ALO; dielectric
structure (Fig. la, right-hand panels) for charge trapping'. For a
p-type Ge/Si nanowire channel, negative trapped charges increase
the hole density (Fig. la, top right) and positive trapped charges
decrease the hole density (Fig. 1a, bottom right) in the channel. The
modulation of carrier density by trapped charges shifts the threshold of
the NWEFET in a predictable and non-volatile manner. We grew the
Al,O3-ZrO,-ALO; dielectric structure by atomic-layer deposition
after fabrication of metallic source and drain nanowire contacts
(Methods). A cross-sectional transmission electron microscopy image
recorded from a representative device (Fig. 1b) shows that our NWFET
device consists of the designed structure with a 10-nm-diameter
germanium nanowire core, a 2-nm-thick concentric silicon shell and
conformal 2-nm Al,O3, 5-nm ZrO, and 5-nm Al,Oj; layers.

The gate response of a NWFET with a trilayer dielectric was char-
acterized in a device with six gate lines, a 1 X 6 node element (Fig. 1c,
inset). For these measurements, we used one gate line as the active gate
and the other gate lines were grounded. The drain-source current, I,
recorded as a function of drain-source voltage, V4, for different values
of gate voltage, V,, (Fig. 1¢), has the behaviour expected of a p-type
depletion-mode FET'. The conductance-V,, curves of the same
device with =6-V (Fig. 1d, blue) and =9-V (Fig. 1d, red) sweeps in
Vs show anticlockwise hysteresis loops that agree well with the
charge-trapping mechanism'. The hysteresis window increases by
~2V in the =6 to =9-V Vs sweeps, which is consistent with more
charge being trapped at larger voltages and the charge-trapping
model”. Significantly, these data demonstrate that two distinct states
are observed. After a gate bias of —6 V, the conductance of the NWFET
changed by >10° as V, varied between 0 and 2 V; in contrast, after a
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Figure 1 | Structure and characterization of the programmable NWFET.
a, Left: schematic of the top-gated NWFET; S, D and G correspond to source,
drain and gate, respectively. Right: representative hole concentration in a
p-type Ge/Si NWFET for two charge-trapping states illustrating carrier
accumulation for a negative trapped charge (top right) and depletion for a
positive trapped charge (bottom right) in the ZrO, layer. b, Cross-sectional
transmission electron microscopy image of a representative nanowire device,
with substrate surface (SiO,) and gate (Cr-Au) at the bottom and the top of the
image, respectively. Other components of the nanowire and dielectric layers are
labelled, and dashed lines define the boundary between different components.
Scale bar, 10 nm. ¢, I4-Vys curves recorded from a six-gate NWFET with

Vs = 8 (black), 3 (red), 0 (blue) and —8 V (magenta) (G3), and G1, G2, and
G4-G6 grounded. Inset, scanning electron microscopy image of the device. The
small black arrow indicates G3. Scale bar, 1 um. d, Semi-logarithmic plot of
conductance versus Vy, for the same device as in c, recorded for +6-V (blue)
and *9-V (red) sweeps at Vg, = 0.5 V; arrows represent sweep/hysteresis
direction.
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gate bias of +6 V, the conductance change was less than 50% over the
same Vg, range. We thus define the former state as ‘active’, because the
NWFEFET behaves like an active transistor, and define the latter state as
‘inactive’, because the device behaves like a passive interconnection.
Neither programmed state shows degradation on the timescale of a day
(Supplementary Fig. 1). The stable programmability of individual
NWEFETs between the active and inactive states allows distinct func-
tional circuits to be realized from arrays as described below.

We initially investigated the potential of these multi-input program-
mable NWFET: for building integrated circuits with two coupled nano-
wire elements (Fig. 2a, left panel), where the first element, NW1, had
four independently configurable input gates, G1-G4, and the second
element, NW2,hadasingleinput gate connected to the output (drain) of
NWI. In this demonstration, the first and third gate nodes of NW1 and
the gatenode of NW2 were setto the active state (Fig. 2a, green dots),and
theother gatenodes were setto theinactivestate (Methods). With source
voltagesof 2.5and 3 V applied to NW1 and NW2, respectively, input G1
was switched between 0 and 1 V while G2-G4 were held at 0 V (Fig. 2a,
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Figure 2 | Coupled NWFET devices and PNNTA architecture.

a, Characterization of a nanowire-nanowire, coupled multigate device. Left:
schematic of the device. Green dots indicate the gate nodes that were
programmed as an active state. Top right: input signals to G1-G4. Bottom right:
output signals from NW1 (Vig, blue) and NW2 (V,,, red). b, Design of the unit
logic tile for integrated nanoprocessors containing two PNNTAs, block 1
(upper left) and block 2 (lower right), comprising charge-trapping nanowires
(pink) and metal gate electrodes (grey). The PNNTAs are connected to two sets
of load devices (red). Lithographic-scale electrodes (blue) are integrated for
input and output. Each PNNTA provides programmable logic functionality of
up to approximately eight distinct logic gates. More-complex logic functions
can be computed through the hierarchical interconnection of unit logic tiles in
linear arrays (Supplementary Fig. 2).
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top right). Notably, simultaneous measurements of the output voltage
from NW1, Vi, and NW2, V., with the 0- and 1-V GI input varia-
tions (Fig. 2a, lower right), show that Vi is switched between high
(2.2-V) and low (0.2-V) levels and that V,, is toggled between low
(0.6-V) and high (3.0-V) levels. Similar switching of the Vig and Vi
levels was recorded when the input to the other active node, G3, was
varied and G1, G2, G4 held at 0 V. However, no switching of the Vig
and V,, levels was observed when the input voltage on either of
the inactive input nodes, G2 and G4, was changed from 0 to 1V.
These results show that our programmable NWFET functions as a
transistor switch in its active state and that multiple switches can be
coupled together by feeding the output of one FET into the input gate of
another, and thus suggest that assembly of programmable NWFETSs
into a suitable architecture could yield integrated circuits capable of
processing.

To exploit the unique properties of our programmable NWFETs,
while simultaneously recognizing assembly limitations, we have
developed a scalable system architecture in which both the locations
and the interconnections of transistors are decided after fabrication.
This architecture was formulated with the concept of building extended
nanoprocessor systems consisting of arrays of interconnected logic
tiles'>' (Supplementary Fig. 2). The unit logic tile (Fig. 2b), refined
both by extensive simulation'' and by experiment, consists of two
programmable, non-volatile nanowire transistor arrays (PNNTAs).
The tile is sized to be able to execute a program equivalent to a small
number of logic gates, and functions as follows. Metal electrodes are
used to gate nanowires in the block-1 PNNTA (Fig. 2b, upper left), and
the output of the nanowires is connected by metal electrodes to static
load devices. By programming selected nanowire gate nodes to the
active transistor state, NOR logic gates® can be mapped into block 1.
The outputs of this NOR logic circuit are passed over and used as gate
inputs to the block-2 PNNTA (Fig. 2b, lower right) that is also pro-
grammed with NOR logic gates. In this way, the outputs of the logic
circuits in block 1 can be used to drive the circuit in block 2, thus
making it possible to form two-level networks of logic gates in the unit
tile that represent arbitrary Boolean functions.

We realized the key architectural tile by fabricating PNNTAs as
shown schematically in Fig. 3a (Methods). Briefly, a parallel array of
Ge/Si nanowires was assembled by shear-printing'’, source and drain
electrodes were defined by electron beam lithography (EBL), atomic-
layer deposition was used to deposit the Al,O;-ZrO,-ALO; charge-
trapping structure and then a second step of EBL was used to define
input gate lines. In this way, two blocks of NWFETs were fabricated,
namely block 1 (Fig. 3a, left) and block 2 (Fig. 3a, right), which corre-
spond to the unit tile of our PNNTA architecture (Fig. 2b). Dark-field
optical microscopy and scanning electron microscopy images (Sup-
plementary Fig. 3) reveal a total of 496 programmable NWFET devices
laid out in two separate arrays with a total area of ~960 umz, where
each device node consists of a single nanowire crossed by a gate line.
The average area per node, ~1.9 um?, is relatively large in these proof-
of-concept studies but does not represent a lower limit, as previous
studies demonstrating close-packed nanowire assembly'” and the scal-
ing of charge-trapping devices'® indicate that an area 10°-fold smaller,
~0.0017 pm?, is achievable.

To realize functional logic with the PNNTA tile requires uniform
device characteristics among individual nanowire elements. Specifically,
the deviation of the threshold voltage, Vy,, in both the active and the
inactive state must be smaller than the difference in Vi;, between the two
states. We characterized the Vy, values of 70 NWFET nodes from block
1 of the fabricated PNNTA structure in both the active and the inactive
state (Fig. 3b). Notably, we found that 60 of 70 nodes (86%) in the active
state had Vy, values =2 V and that 61 of 70 nodes (87%) in the inactive
state had Vy, values =3.5 V (Fig. 3b). The high yield of NWFET devices
reflects the uniformity of the Ge/Si nanowire building block'?, and
controlled assembly™ allows any defective elements to be excluded
readily from the functional circuit. For the demonstration of logic
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Figure 3 | Fabrication, structure and logic function of a PNNTA tile.

a, Schematic of key components of the two-block PNNTA tile, including
assembled and patterned Ge/Si nanowires (cyan) with source and drain
electrodes (blue), and charge-trapping trilayer gate dielectric (purple) and
metal gate lines (grey). The fabricated structure consists of two blocks of
NWFEFETs, block 1 (left) and block 2 (right). b, Distribution of Vy, from 70
NWPEFET nodes in block 1 in the PNNTA tile. The blue and red bars represent
the Vy, values of devices in inactive and active states, respectively, with

circuits, we selected devices with average Vi, values of 1.0 = 0.4 and
3.7 £ 0.5V for active and inactive states, respectively (Supplementary
Fig. 4). Similarly, the chosen NWFET nodes in block 2 had Vi, values of
1408 and 4.0 = 0.3V for active and inactive states, respectively.
The distinction between Vy, values for both states in both blocks of the
PNNTA tile providearelatively wide, ~2-V, window for circuit operation.

The two-block PNNTA tile was initially programmed to function as
a full adder, an important combinational circuit in the arithmetic logic
unit in modern digital computers. Figure 3¢ illustrates the configura-
tion of the one-bit full-adder logic circuit comprising two blocks with
the output of block 1 (Fig. 3¢, left-hand box) fed into block 2 (Fig. 3c,
right-hand box) as input through external wiring. The programmed
active node pattern (Fig. 3c, green dots) determines the circuit func-
tion, and in this case the outputs S and C,,, represent the sum and
carry-out of the summation of inputs A + B + C, respectively, with
S=A®B®C and Coy=A'B+A-C+ B-C. The symbols ‘@’, ’ and
‘+’ represent logical XOR, AND and OR, respectively. Typical voltage
transfer functions of the resulting circuit for power-supply voltage,
Vpp, 0f 3.0V (Fig. 3d) show that as the input levels of A, B and C
are swept from logic state 0 (0 V) to logic state 1 (3.5 V), the outputs S
and C,y, switch from logic 0 (both 0V) to logic 1 (2.0 and 2.7V,
respectively). From this data, the peak voltage gains of C,, and S
(Fig. 3d, lines tangential to data) are found to be 10 and 4, respectively.
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Vas = 0.5 V. ¢, Circuit design implementing a one-bit full adder. /A, /B and /C
denote the complementary inputs of A, B and C, respectively. The left- and
right-hand dashed boxes outline block 1 and block 2, respectively. d, Voltage
transfer function for S (red) and C, (blue) from input states (0, 0,0) to (1,1, 1).
The dashed tangent lines show the maximal voltage gains of the outputs.

e, Output voltage levels for S and C,, for six typical input states. f, Truth table of
full-adder logic for the six input states in e. The measured output voltages are
shown in brackets.

The larger-than-unity gain and the matching of input-output voltage
levels are crucial for potentially cascading the logic tiles (Supplemen-
tary Fig. 2). Further tests showed that the output of S and C,,, for six
typical input combinations (Fig. 3e) all had similar output ranges:
0-0.6 V for logic state 0 and 2.0-2.7 V for logic state 1. The expected
and experimental results for a full adder are summarized in a truth
table (Fig. 3f), which shows good consistency for this fundamental
logic unit. The Vi, value of some active NWFET nodes shifted with
the 3-V source bias and precluded switching behaviour for the (A, B,
C) =(0,1,0) and (0, 1, 1) inputs for a consistent input voltage range
(0-3.5V). We note that optimization of logic operations can be
achieved by tuning Vpp and the load resistance, together with adjust-
ment of Vy, through the choice of top-gate metal'”. Nonetheless, the
large voltage gain and matching of input-output voltage levels
described here show the potential to integrate the prototype device
into large-scale integrated circuits such as a multi-bit adder in a cascade
configuration.

Notably, the same PNNTA tile can be used to perform a range of
distinct logic operations because we can reproducibly and independently
reprogram the active and inactive nodes in both blocks (Methods and
Supplementary Fig. 5). To illustrate this key point, we first repro-
grammed the same tile shown in Fig. 3 to function as a full subtractor
(Fig. 4a). The two outputs of the reprogrammed circuit, D and Boy,
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Figure 4 | Multifunctional PNNTA architecture. a, Schematic of a circuit
implementing a full subtractor. b, Output of D (red) and B, (blue) of the full
subtractor implemented with the same PNNTA structure shown in Fig. 3 with
eight input states. ¢, Truth table of the full subtractor with measured output

represent the difference and borrow, respectively, of the subtraction of
inputs X — Y — B, with D=X®Y®B and By =BX®Y)+XY,
where X represents the logical negation of X (that is, the complementary
input). Measurements of D and B, for different X — Y — B input
combinations (Fig. 4b) show that the output voltage levels for logic state
0 (0-0.01V) and logic state 1 (0.04-0.08 V) are well separated and
represent robust states. Moreover, the truth table summarizing the
expected and experimental results for the full subtractor (Fig. 4c) shows
full and correct logic for this processing unit. In addition, we used the
same tile to program and demonstrate multiplexer and demultiplexer
circuits (Supplementary Fig. 6), showing the capability and flexibility
of the PNNTA to fulfil the core functions of combinational circuit
elements.

Significantly, we can also use our nanowire tile as a sequential circuit
element, which represents another critical component beyond the
scope of combinational elements. To do so, we mapped a D latch®,
a sequential logic circuit capable of information storage, onto the unit
tile (Fig. 4d). The D-latch circuit (Fig. 4d, upper panel) is composed of
four NOR gates with a positive-feedback connection between the out-
put, Q, and inputs to NOR gates 2 and 3 (Fig. 4d, upper panel). As a
consequence, Q equals input data, D, when clock, E, is in logic state 1
but retains its previous value when E is switched into logic state 0. We
implemented the NOR gates in the tile using NW1-NW3 in block 1
and NW8 in block 2 (Fig. 4d, lower panel), and formed the positive
feedback by connecting the output to an input gate in block 1. An
important constraint on realizing the D-latch logic is that there must
be a successful feedback loop (output Q of block 2 back to block 1;
Fig. 4d), which requires matching of input and output voltage levels.

voltages shown in brackets. d, Schematics of logic (upper) and circuit design
(lower) of a D latch implemented with the same PNNTA tile used in

a—c. e, f, Output, Q, waveforms (green) at two sets of clock (E, red) and data (D,
blue) inputs.

Measurement of Q as a function of repetitive E and D pulses (Fig. 4e)
shows that Q follows D when E is switched to logic 1 (3.6 V) at time
points 16 and 33 s but retains its previous value when E is switched to
logic 0 (0 V) at 7,24 and 41 s, as expected for a D latch. The robustness
of this sequential logic circuit was tested further by inputting a more
complex data waveform (Fig. 4f), where measurements of Q demon-
strated sharp logic operation by following D with high fidelity in the
time intervals 16-24 and 33-41 s. Moreover, the voltage range of out-
put, Q (0-2.2'V), closely matches that of input data, D, and clock, E.
Our nanowire logic tile has novel features in comparison with pre-
vious circuits based on bottom-up nanoscale elements'**~. First, the
architecture enables us to enhance by a factor of at least three the com-
plexity of nanoelectronic circuits assembled from the bottom up (56
devices of two-block, coupled logic rather than =16 uncoupled devices
in a single block in previous work* ), and correspondingly has led to
circuits exceeding simple logic realized using nanowires*™, carbon
nanotubes”™ and memristors’. Second, our circuits show a maximal
voltage gain of ten, which is comparable to previous reports on simple
nanowire and carbon nanotube logic devices*® and represents a signifi-
cant advantage over passive memristor devices’, where gain is =<1. Gain
is crucial for signal restoration'®'! and makes the PNNTA architecture
suitable for larger-scale processors. Third, the reversible programming
of individual NWFET nodes in the tile provides great versatility, as
shown by the combinational and sequential circuit elements reported
above. Reconfigurable logic has been realized using memristor com-
plementary metal-oxide-semiconductor (CMOS) hybrid circuits®,
where the microscale CMOS layer is responsible for logic operation
and memristors are responsible for reconfigurable signal routing. Our
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architecture, however, represents the first example of a system integrat-
ing nanoscale devices that combine both logic and programmability
functions. These bottom-up nanowire circuits also have limitations in
comparison with conventional CMOS circuits, although projections
suggest that the density, speed and power consumption can be further
improved for our array architecture (Supplementary Information).

In summary, we have demonstrated a programmable and scalable
architecture based on a unit logic tile consisting of two interconnected,
programmable, non-volatile nanowire transistor arrays. Each NWFET
node in an array can be programmed to act as an active or an inactive
transistor state, and by mapping different active-node patterns into the
array, combinational and sequential logic functions including full
adder, full subtractor, multiplexer, demultiplexer and D-latch can be
realized with the same programmable tile. Cascading this unit logic tile
into linear or tree-like interconnected arrays, which will be possible
given the demonstrated gain and matched input-output voltage levels
of NWFET devices, provides a promising bottom-up strategy for
developing increasingly complex nanoprocessors with heterogeneous
building blocks**. In the near term, particularly promising for this
architecture and the low-power devices it contains are simpler, tiny,
application-specific nanoelectronic control processors’; such ‘nano-
controllers’ might make possible very small embedded electronic sys-
tems and new types of therapeutic device.

METHODS SUMMARY

We synthesized the Ge/Si core/shell nanowires using a nanocluster-catalysed
methodology described previouly'’. Growth of the charge-trapping gate dielectric
shells by atomic-layer deposition was carried out in a vacuum system (Savannah-
100, Cambridge NanoTech) at 200°C, using trimethylaluminium, tetrakis
(dimethylamino)zirconium and water as precursors. The three layers were deposited
without interruptions in between. Standard EBL and thermal evaporation were used
to form metal electrodes (Ni for source and drain and Cr-Au for top gate). We used
the focused ion beam technique to prepare a cross-sectional sample of the NWFET
device, and used lubricant-assisted contact printing to prepare axially aligned Ge/Si
nanowire arrays. EBL and inductively coupled plasma reactive jon etching were used
to pattern the nanowires. Electrical measurements were made with a computer-
controlled, analogue input-output system (National Instruments). A custom-
designed 96-pin probe card (Accuprobe) was used to access devices in the
PNNTA array electrically.
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