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Logic Gates and Computation
from Assembled Nanowire
Building Blocks

Yu Huang,” Xiangfeng Duan,” Yi Cui,” Lincoln J. Lauhon,’
Kyoung-Ha Kim,? Charles M. Lieber'?t

Miniaturization in electronics through improvements in established “top-down”
fabrication techniques is approaching the point where fundamental issues are
expected to limit the dramatic increases in computing seen over the past several
decades. Here we report a "bottom-up” approach in which functional device el-
ements and element arrays have been assembled from solution through the use
of electronically well-defined semiconductor nanowire building blocks. We show
that crossed nanowire p-n junctions and junction arrays can be assembled in over
95% yield with controllable electrical characteristics, and in addition, that these
junctions can be used to create integrated nanoscale field-effect transistor arrays
with nanowires as both the conducting channel and gate electrode. Nanowire
junction arrays have been configured as key OR, AND, and NOR logic-gate struc-
tures with substantial gain and have been used to implement basic computation.

Fundamental physical constraints and eco-
nomics are expected to limit continued min-
iaturization in electronics by conventional

www.sciencemag.org SCIENCE VOL 294 9 NOVEMBER 2001

top-down manufacturing during the next one
to two decades (1, 2) and have thus motivated
efforts world wide to search for new strate-

gies to meet expected computing demands of
the future. Bottom-up approaches to nano-
electronics (2), where the functional electron-
ic structures are assembled from well-defined
nanoscale building blocks, such as carbon
nanotubes (3-8&), molecules (9-11), and/or
semiconductor nanowires (I/2—14), have the
potential to go far beyond the limits of top-
down manufacturing. For example, single-
walled carbon nanotubes (NTs) have been
used as building blocks to fabricate room-
temperature field-effect transistors (FETSs)
(3-5), diodes (6, 7) and recently, an inverter
(8), which represents a key component for
logic. However, the inability to control
whether NTs are semiconducting or metallic
(2, 5) makes specific device fabrication large-
ly a random event and poses a serious issue
for integration beyond the single—device el-
ement level. A potential solution to the prob-

'Department of Chemistry and Chemical Biology, 2Di-
vision of Engineering and Applied Sciences, Harvard
University, Cambridge, MA 02138, USA.

*These authors contributed equally to this work.
1To whom correspondence should be addressed. E-
mail: cml@cmliris.harvard.edu

1313



1314

# of Junctions

00 Lo-"20
WV

an

wh
15k
10—I I
5—
ok .l.ll
g

)

| "
0 2 4 6 8 1
Turn-on Voltage (V)

_—
<
E
Rl
=
%]
Bt
Tt
=]
Q
0 [ 1 1 B
-4 -2 0 2 4
Bias (V)
400z ,0F v (V):
r 200—§,H-IZT 1
' 5] A1)
— 01 azes,a 5 2
E 0 Gate (V) =
=
5 -200 S““"i“"]
G
=400 =1 1 1 Cl
-1.0 <05 0.0 05 1.0

Bias (V)

Fig. 1. Crossed NW nanodevice elements. (A)
Turn-on voltage distribution for crossed NW
junctions. The green cross-hatched area indi-
cates the range for low turn-on voltage junc-
tions formed from as-assembled NW junctions,
and the red cross-hatched area indicates high
turn-on voltage devices after local oxidation of
the junction. (Top left inset) Histogram of turn-
on voltage for over 70 as-assembled junctions
showing a narrow distribution around 1 V. The
high turn-on voltage devices have a broad dis-
tribution but generally fall into the range of 5
to 10 V. (Top right inset) An example of an /-V
response for low (green) and high (red) turn-on
voltage elements. The red curve is multiplied by
1000 for better viewing. The inset inside the
top right inset shows a typical scanning elec-
tron micrograph (SEM) of a crossed NW device.
Bar: 1 wm. (B) /-V behavior for a 4(p) by 1(n)
multiple junction array. The four curves repre-
sent the /-V response for each of the four
junctions and highlight reproducibility of as-
sembled device elements. (Inset) An example of
a multiple crossed NW device. Bar: 2 um. (C)
Gate-dependent /-V characteristics of a crossed
NW-FET. The NW gate voltage for each /-V
curve is indicated (0, 1, 2, and 3 V). (Top left
inset) The red and blue curves show / versus
Vgate for n-NW (red) and global back (blue)
gates when the bias is set at 1 V. The transcon-
ductance for this device was 80 and 280 nS (V
= 1 V) when using the global back gate and
NW gate, respectively. (Bottom right inset) The
measurement configuration.
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lem of coexisting metallic and semiconduct-
ing NTs involves selective destruction of me-
tallic tubes (5), although such an approach
requires extensive top-down lithography and
subsequent processing to implement.
Semiconductor nanowires (NWs) have
also been used as building blocks for assem-
bling a range of nanodevices including FETs
(12, 13), p-n diodes (I3, 14), bipolar junction
transistors, and complementary inverters
(14). In contrast to NTs, these NW devices
can be assembled in a predictable manner
because the electronic properties and sizes of
the NWs can be precisély controlled during
synthesis (2—15) and methods exist for their
parallel assembly (/6). However, previous
NW and NT single device elements represent
only an initial step toward nanoelectronic
systems, which will require both the forma-
tion of device elements and integrated device
arrays in high yield. To this end, we report
assembly of p-type silicon (p-Si) and n-type
gallium nitride (n-GaN) NWs to form crossed
nanoscale p-n junctions and junction arrays in
which the electronic properties and function
are controlled in a predictable manner to
provide both diode and FET elements in high
yield. Importantly, nanoscale p-n junction
and FET arrays have been configured as OR,
AND, and NOR logic gates with substantial
gain, and these gates have been interconnect-
ed to demonstrate computation with a half-
adder. Our approach leads naturally through
the bottom-up paradigm to integration at the
nanoscale and represents a step toward the
creation of sophisticated nanoelectronics.
The single-crystal p-Si and n-GaN NWs
used in this study were synthesized by nano-
cluster-catalyzed methods described previ-
ously (14, 15, 17, 18) and had diameters of 10
to 25 and 10 to 30 nm, respectively, although
NWs as small as 2 nm can be prepared (15).
These NWs were chosen for our studies be-
cause the oxide coating on their surfaces can
be independently varied (/8) to enable good
control of junction electronic properties. To
demonstrate this feature, which is critical for
assembly of more complex integrated devic-
es, we have assembled and characterized the
electronic properties of a large number of
crossed p-Si/n-GaN junctions (/8) (Fig. 1).
Current-voltage (/-7) measurements show
that the p-Si/n-GaN crossed NW devices ex-
hibit current rectification characteristic of p-n
diodes with a typical turn-on voltage of about
1.0 V (Fig. 1A) (19). These results are highly
reproducible: Current rectification was ob-
served in over 95% of the more than 70
crossed p-n NW devices studied, and in ad-
dition, 85% of the devices exhibited low turn-
on voltages between 0.6 and 1.3 V (Fig. 1A,
top left inset). The reproducible assembly of
crossed NW structures with predictable elec-
trical properties contrasts sharply with results
from NT-based devices and has enabled us

also to explore the assembly and properties of
integrated p-n junction arrays. Importantly,
electrical transport measurements made on a
typical 4 by 1 crossed p-Si/n-GaN junction
array (Fig. 1B) show that the four nanoscale
cross points form independently addressable
p-n junctions with clear current rectification
and similar turn-on voltages. These data dem-
onstrate the high yield and reproducibility of
our crossed NW p-n devices and represent an
important and necessary step for the rational
assembly of more complex devices such as
logic gates (see below). ‘

In addition to these low turn-on voltage
diodes, high turn-on voltage p-n junctions
can be used as nanoscale FETs (Fig. 1C).
Specifically, a p-channel FET with both a
nanoscale conducting channel and a
nanoscale gate is formed from a n-GaN/p-Si
crossed NW structure; we refer to these struc-
tures as crossed NW FETs (cNW-FETs). The
high turn-on voltage junctions required to
assemble c¢NW-FETs were reproducibly
formed by increasing the oxide layer thick-
ness at the junctions by either thermal oxida-
tion of the SINWs (/8) or by passing a high
current through the junction in the air (20).
Transport data recorded on over 50 p-n junc-
tions prepared in this way (Fig. 1 A) show that
turn-on voltages greater than 5 V can be
achieved in nearly quantitative yield, while
still maintaining good conduction through in-
dividual NWs. The corresponding I-V data
recorded on a typical cNW-FET, where the
n-GaN NW is used as a nano-gate, exhibit a
large decrease in conductance with increasing
gate voltage (Fig. 1C) (21). Specifically, the
conductance can be changed by a factor of
more than 10° with only a 1- to 2-V variation
in the nano-gate, whereas the conductance
changes by only a factor of 10 when a global
back-gate is used (Fig. 1C, top left inset). We
attribute the high sensitivity of the cNW-
FETs to the intrinsically thin gate dielectric
between the crossed NWs, although a com-
plete understanding of this new type of FET
will require further investigation. The repro-
ducibility, large gate response, and potential
for nanoscale integration make the cNW-
FETs attractive for assembling more complex
electronic devices in which FETs are critical
elements (22). In addition, these characteris-
tics contrast recent work on NTs (3-5, 8) that
have used either global back gates, which are
incompatible with independent device func-
tion, or lithographically defined local gates,
which use and are constrained by convention-
al lithography to obtain nanoscale structures.

The high-yield assembly of crossed NW
p-n junctions and cNW-FETSs enables the bot-
tom-up approach to be used for formation of
more complex and functional electronic de-
vices, such as logic gates. To demonstrate the
flexibility of these NW device elements, we
have investigated both diode- and FET-based
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logic (23). First, a two-input OR gate was
realized by using a 2(p) by 1(n) crossed p-n
junction array with the two p-Si NWs as
inputs and the n-GaN NW as the output (Fig.
2A). In this device, the output is low (logic 0)
when both input voltages are low (0 V), and
the output is high (logic 1) when either or
both of the input voltages are high (5 V) (Fig.
2B), where a high input corresponds to for-
ward bias of the corresponding p-n junction.
The output-input (¥,-¥;) voltage response
(Fig. 2B, inset) shows that ¥ increases lin-
early with ¥; when one input is set low (0 V),
except for the region near 0 V. This low-
response region is due to the finite turn-on
voltage of the p-n junctions and produces a
logic output typically 0.4 to 0.2 V less than
the input voltage. Small reductions in ¥ do
not affect the operation of our logic gates
because the low turn-on voltage contributions
are reproducible and can be readily accounted
for in defining the 0 and 1 states. The V_-V;
data also show a nearly constant high output
when the second input is set high (5 V). The
experimental truth table for the 1 by 2 crossed
NW device (Fig. 1C) summarizes the input-
output response and confirms that this NW
device behaves as a logic OR gate. We also
note that assembly of more p-n junctions
would produce a multiple input OR gate, i.e.,
a 1 by r junction array for an n-input OR
gate.

We have also fabricated an AND gate
from a 1(p-Si) by 3(n-GaN) multiple junction
array (Fig. 2D). In this structure, the p-Si NW
is biased at 5 V; two of the GaN NWs are
used as inputs, and the third is used a gate
with a constant voltage to create a resistor by
depleting a portion of the p-Si NW. The logic
0 is observed from this device when either
one or both of the inputs are low (Fig. 2E),
because ¥; = 0 corresponds to a forward-
biased, low-resistance p-n junction that pulls
down the output (logic “0”). The logic 1 is
observed only when both inputs are high,
because this condition corresponds to re-
verse-biased p-n -diodes with resistances
much larger than that of the constant resistor,
i.e., there is a small voltage drop across the
constant resistor and a high voltage is
achieved at the output. The V-V, data (Fig.
2E, inset) shows constant low ¥V when the
other input is low and nearly linear behavior
when the other input is set at high. The truth
table for the NW device (Fig. 2F) summarizes
the input-output response and confirms that
this device functions as a logic AND gate.

In addition, a logic NOR gate was assem-
bled by using a 1(p-Si) by 3(n-GaN) cNW-
FET array (Fig. 2G). The NOR gate was
configured with 2.5 V applied to one cNW-
FET to create a constant resistance of ~100
megohms, and the p-SiNW channel was bi-
ased at 5 V. The two remaining n-GaN NW
inputs act as gates for two cNW-FETs in

www.sciencemag.org SCIENCE VOL 294 9 NOVEMBER 2001
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series. In this way, the output depends on the
resistance ratio of the two cNW-FETSs and the
constant resistor. The logic 0 is observed
when either one or both of the inputs is high
(Fig. 2H). In this case, the transistors are off
and have resistances much higher than that of
the constant resistor, and thus most of the
voltage drops across the transistors. A logic 1
state can only be achieved when both of the
transistors are on, i.e., when both inputs are
low. The V_-V, relation (Fig. 2H, inset) shows
constant low ¥, when the other input is high,
and a nonlinear response with large change in
V., when the other input is set low. Analysis
of these data and those from similar struc-
tures demonstrates that these two-input NOR
gates routinely exhibit gains in excess of five,
which is substantially larger than the gain
reported for complementary inverters based
on Si-NWs (74) and carbon NTs (§). High
gain is a critical characteristic of gates be-

cause it enables interconnection of arrays of
logic gates without signal restoration at each
stage (24). The truth table for this NW device
(Fig. 2I) summarizes the V-V, response and
demonstrates that the device behaves as a
logic NOR gate. Lastly, our multiple-input
logic NOR gates can function as NOT gates
(simple inverters) by eliminating one of the
inputs.

The predictable assembly of logic OR,
AND, and NOR (NOT) gates enables the
organization of virtually any logic circuit and
represents a substantial advance compared
with previous studies of NTs and molecular
systems. First, the controllable electronic
characteristics of the NW building blocks and
reproducible properties of the devices assem-
bled from these blocks contrast with the
much lower control achieved to date with
NTs (3-8). We believe that predictable and
reproducible assembly of device elements
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Fig. 2. Nanowire nano-logic gates. (A) Schematics of logic OR gate constructed from a 2 by 1
crossed NW p-n junction. (Insets)' An example SEM (bar: 1 um) of the assembled “OR" gate and
symbolic electronic circuit. (B) The output voltage versus the four possible logic address level
inputs: (0,0); (0,1); (1,0); (1,1), where logic 0 input is 0 V and logic 1 input is 5 V (same for the
below). (Inset) The output-input (V- -V,) relation. The solid and dashed red (blue) lines show V-V,
and V-V,, when the other input is 0 (1). (C) The experimental truth table for the OR gate. (Dl
Schematlc of logic AND gate constructed from a 1 by 3 crossed NW junction array. (Insets) A
typical SEM (bar: 1 pm) of the assembled AND gate and symbolic electronic circuit. (E) The output
voltage versus the four possible logic address level inputs. (Inset) The V- -V, where the solid and
dashed red (blue) lines correspond to V-V, and V -V,, when the other input is 0 (1). (F) The
experimental truth table for the AND gate EG) Schematlc of logic NOR gate constructed from a
1 by 3 crossed NW junction array. (Insets) An example SEM (bar: 1 um) and symbolic electronic
circuit. (H) The output voltage versus the four possible logic address level inputs. (Inset) The V_-V,
relation, where the solid and dashed red (blue) lines correspond to V,-V;, and V,-V,, when the other
input is O (1). The slope of the data shows that device voltage gain is larger than 5. ll) The measured
truth table for the NOR gate.
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and arrays is especially important for integra-
tion without resorting to extensive top-down
lithography to connect to those NT devices
that function. Second, the use of crossed NW
devices and arrays leads naturally to integra-
tion at the nanoscale and should be contrasted
with NT (3-5, §) and molecular (9-11) de-
vices, where the element sizes reported to
date (length for NTs and area for molecules)
have been determined by the same top-down
lithography used in conventional electronics.

Lastly, we have interconnected multiple
AND and NOR gates to implement basic
computation in the form of an XOR gate (Fig.
3A), which corresponds to the binary logic
function SUM, and a half adder (Fig. 3B),
which corresponds to the addition of two
binary bits. The XOR gate is configured by
using the output from AND and NOR gates
as the input to a second NOR gate, whereas
the logic half adder uses an additional logic
AND gate as the CARRY. The truth table for
the proposed logic XOR is summarized in
Fig. 3C. Importantly, the experimental V-V,
transport data for the XOR device (Fig. 3, D
and E) show (i) that the output is logic state 0
or low when the inputs are both low or high,
and logic state 1 or high when one input is
low and the other is high; and (ii) that the
response is highly nonlinear. The linear re-
sponse region corresponds to a voltage gain
of more than five and is typical of the devices
measured to date. This large gain achieved in
an XOR configured from CNW-FET NOR

REPORTS

gates and a low-gain diode AND gate is due
to the high gain of the cNW-FET NOR gates.
We believe that further improvements in de-
vice performance could be obtained by using
cNW-FET elements for all of the logic ele-
ments (24). Importantly, the data summa-
rized in the experimental truth table (Fig. 3F)
demonstrate that the response is that of the
binary logic SUM operation, and thus that we
have implemented a basic computation with
the NW logic devices.

Overall, we believe that our predictable
and reproducible bench-top assembly of
nanoscale crossed p-n diode and cNW-FET
elements and arrays, which have enabled the
demonstration of all critical logic gates and
basic computation, represents an important
step toward integrated nanoelectronics built
from primarily bottom-up versus top-down
approaches. Further improvements can be
made by assembling NWs directly onto pre-
defined metal electrode arrays (25) and by
creating more highly integrated circuit ele-
ments by feeding the output from NW to NW.
Implementing these approaches could elimi-
nate the conventional lithography used to
wire-up devices in this study. In addition, in a
crossbar array with 5-nm diameter NWs, it
would be possible to achieve device densities
approaching 10'%/cm?, which is off the
present semiconductor road map for top-
down manufacturing. To achieve this goal of
bottom-up manufacturing in the future will
require substantial work—for example, in de-
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putation. (A) Sche- A
matic of logic XOR
gate constructed with
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for the logic half adder. The logic half adder was obtained by using the XOR gate as the SUM and

an AND gate as the CARRY.

veloping much greater sophistication in as-
sembly and further improving materials
synthesis.
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Logic Circuits with Carbon

Nanotube Transistors
Adrian Bachtold,* Peter Hadley, Takeshi Nakanishi, Cees Dekkerf

We demonstrate logic circuits with field-effect transistors based on single
carbon nanotubes. Our device layout features local gates that provide excellent
capacitive coupling between the gate and nanotube, enabling strong electro-
static doping of the nanotube from p-doping to n-doping and the study of the
nonconventional long-range screening of charge along the one-dimensional
nanotubes. The transistors show favorable device characteristics such as high
gain (>10), a large on-off ratio (>10°), and room-temperature operation.
Importantly, the local-gate layout allows for integration of multiple devices on
a single chip. Indeed, we demonstrate one-, two-, and three-transistor circuits
that exhibit a range of digital logic operations, such as an inverter, a logic NOR,
a static random-access memory cell, and an ac ring oscillator.

The anticipated limits to the further miniatur-
ization of microelectronics have led to in-
tense research directed toward the develop-
ment of molecular electronics (7). The use of
single-wall carbon nanotubes has stimulated
these efforts, because these molecules exhibit
a range of suitable properties for nanoelec-
tronics. Various basic single-nanotube com-
ponents have recently been demonstrated,
such as molecular wires, diodes, field-effect
transistors, and single-electron transistors (2—
8). The next challenge in the development of
molecular electronics is to go beyond single-
molecule components and integrate such de-
vices onto a chip to demonstrate digital logic
operations. Here, we report such logic cir-
cuits composed of single-nanotube field-ef-
fect transistors. In addition to the realization
of logic circuits, our new device layout also
enables substantial electrostatic doping for
modest gate voltages, which allows us to
study the nonconventional screening of
charge along the one-dimensional nanotubes.

Our nanotube transistors have a local gate
that is insulated from the nanotube by a gate
oxide layer of only a few nanometers thickness.
In previous circuits, the gate consisted of an

Department of Applied Physics, Delft University of Tech-
nology, Lorentzweg 1, 2628 C] Delft, Netherlands.

*Present address: Laboratoire de Physique de la Ma-
tiére Condensée, Ecole Normale Superieure, 24 Rue
Lhomond, 75005 Paris, France.

+To whom correspondence should be addressed. E-
mail: dekker@mb.tn.tudelft.nl

www sciencemag.org SCIENCE VOL 294 9 NOVEMBER 2001

oxidized Si wafer (6, 7, 9), the tip of an atomic
force microscope (/0-12), a second nanotube
(13), an ionic solution (/4), or a capping Al
film (/5). The layouts of these devices do not
allow integration of multiply connected devices
(16). For example, the most popular nanotube-
transistor layout uses a backgate, which applies
the same gate voltage to all transistors on the
chip. In contrast, our gate consists of a micro-
fabricated Al wire with a well-insulating native
AL, layer (17), which lies beneath a semi-
conducting nanotube that is electrically contact-
ed to two Au electrodes (Fig. 1, A and B). In
this configuration, the Al,O, thickness of a few
nanometers is much shorter than the separation
between the contact electrodes (~100 nm), en-
abling an excellent capacitive coupling between
the gate and the nanotube. Moreover, different
local Al gates can easily be patterned such that
each one addresses a different nanotube transis-
tor. This layout thus allows the integration of
multiple nanotube field-effect transistors
(FETs) on the same chip (Fig. 1C).

Our nanotube circuits are realized in a three-
step process. First, Al gates are patterned using
electron beam lithography (/8) on an oxidized
Si wafer. The insulating layer consists of the
native oxide that grows by exposing the sample
to air. The precise thickness of this layer is
difficult to determine, but is on the order of a
few nanometers (/9). Second, single-wall car-
bon nanotubes produced by laser ablation are
dispersed on the wafer from a dichloroethane
suspension. With an atomic force microscope,
those nanotubes are selected that have a diame-
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ter of about 1 nm and that are situated on top of
the Al gate wires. Their coordinates are regis-
tered with respect to alignment markers. Finally,
contact electrodes and interconnect wires are
fabricated with electron-beam lithography by
evaporating Au directly on the nanotube without
an adhesion layer.

Very strong doping of the nanotube channel
can be achieved with this layout (Fig. 2A) (20).
Starting from a negative gate voltage V,, the
current [ first decreases, then becomes immea-
surably small, and finally increases again. This
indicates that ¥ shifts the Fermi level succes-
sively from the valence band (accumulation re-
gime) to the gap (depletion), and finally to the
conduction band (inversion) of the semicon-
ducting nanotube. The nearby Al gate thus
makes it possible to change the doping of the
nanotube over the full range from the p- to the
n-doped regime.

Our nanotube transistors can be classified as
enhancement-mode p-type FETs (21), because a
strong modulation of the current through the
nanotube FET is possible when a small negative
gate voltage is applied. The current versus bias
voltage V., characteristics (Fig. 3) are typical for
FETs (22). From the data in Figs. 2 and 3, we
can extract a transconductance of our nanotube
transistors of 0.3 S and a lower limit of the
on/off ratio of at least 10°. The maximum cur-
rent at which the nanotube transistor can operate
is on the order of 100 nA and the on-resistance
is 26 megaohms for ¥, =-13 Vand ¥, =-13
V.

For any further development of operational
logic circuits, a gain (>1) at large bias voltage
is a crucial requirement, because the output of
one logic structure must be able to drive the
input of the next logic structure. The output
typically has to provide a voltage swing of
about 1 V. Figure 3 indicates that in our tran-
sistors, a change in the output by more than 1 V
occurs when the input voltage is changed by 0.1
V. This indicates a large-signal gain >10. A
large gain combined with a large output
swing can be obtained because the gate is so
close to the nanotube. Our technique allows
for a much larger gain than has been achieved
with thick gate oxides or planar gates used in
previous nanotube FETs (6, 7, 9, 23).

A major point of our report is that small
circuits combining our nanotube transistors can
be used for a variety of logic elements. Here, we
describe our demonstration of an inverter, a
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