transmit-receive mode) or by a separate de-
tector coil or coils. Images are reconstructed
from the acquired data by Fourier transfor-
mation. Here, sagittal images (i.e., in a verti-
cal plane parallel to the bore of the magnet)
were acquired using a standard spin-echo se-
quence, in which after the exciting pulse a
further RF pulse refocuses the signal to form
an “echo.” Because only part of the data is
acquired at any one excitation, the process is
repeated and a time period (the repeat time or
TR) is allowed between excitations to allow
for the recovery of the magnetization. In this
study, TR was 400 ms and the echo time (7F)
was 15 ms. The FOV was 300 mm by 300
mm with a 256 X 128 data matrix recon-
structed to a 256 X 256 image matrix. A
single acquisition with no averaging was used
in all cases.

The first image (Fig. 4B) was obtained
using the “body coil” in transmit-receive
mode. This procedure allowed the precise
position of the thumb to be determined, so
that the subsequent images could be set up
accurately. Despite using increased gain, no
image could be detected with the small coil
alone (Fig. 4C). However, when the bundle
of 19 Swiss rolls, 200 mm long, was used to
couple the thumb to the receiver coil, a clear
image of the thumb was seen (Fig. 4D).

Note that the body coil image (Fig. 4B)
allows visualization of the full thumb. This
is because the whole of the thumb (and,
indeed, beyond) was excited by the RF
pulses, and hence was emitting signals. The
image obtained by flux guidance through
the Swiss rolls is limited by the spatial
extent of the flux that could be collected
(Fig. 4D). The ratio of the signal measured
in a region of the thumb located centrally
(10 mm above the free surface of the flux
guide) to that measured in a similar region
of interest placed in air gave a signal-to-
noise ratio (SNR) of 32 for the solenoid
with Swiss rolls. The precise SNR value
achieved is strongly dependent on the de-
tails of measurement because of the spatial
nonuniformity of the sensitivity pattern,
and it is also dependent on the coupling
between the flux guides and the receiver
coil. Without the Swiss rolls, no signal
from the thumb was detectable with the
solenoid coil.

The presence of the Swiss rolls intro-
duces negligible distortion of the main field
or the field gradients B,, because the ma-
terial has a relative permeability close to
unity at dc. Nor does it noticeably distort
the effect of the RF excitation field B,. The
spin excitation produced by B, is deter-
mined by its time integral. Because the
material is highly anisotropic, it only inter-
acts with B,, which is a rotating field, over
a very small angular range. Even strong
interactions result in only slight perturba-
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tions in response, provided they only occur
over a small fraction of each cycle, as in
this case.

We have demonstrated the unique prop-
erties of a microstructured magnetic mate-
rial operating in the RF band. The material
offers a range of frequency-specific perme-
abilities that can differ widely from unity.
The material was used here in an MRI
machine to guide the RF flux from an
object to a remote receiver coil with little
flux leakage, although the material itself
was not optimal. In effect, the material has
potential to change approaches to optimiz-
ing the coil filling factor in nuclear mag-
netic resonance systems in general, and
MRI scanners in particular (15, 16). Im-
proved material should allow much better
noise performance, and we expect this to
have a substantial impact on the RF
systems used in MRI equipment. Finally,
we note that the characteristics shown in
Fig. 2 indicate that there are frequencies at
which w = 0, when the material would act
as a screen, and further frequencies where
W is negative, leading to other unique ca-
pabilities. Exploiting this class of materials
could fundamentally change existing ap-
proaches to magnetic resonance imaging
and spectroscopy.
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Functional Nanoscale Electronic
Devices Assembled Using Silicon
Nanowire Building Blocks

Yi Cui' and Charles M. Lieber'-2*

Because semiconductor nanowires can transport electrons and holes, they could
function as building blocks for nanoscale electronics assembled without the
need for complex and costly fabrication facilities. Boron- and phosphorous-
doped silicon nanowires were used as building blocks to assemble three types
of semiconductor nanodevices. Passive diode structures consisting of crossed
p- and n-type nanowires exhibit rectifying transport similar to planar p-n
junctions. Active bipolar transistors, consisting of heavily and lightly n-doped
nanowires crossing a common p-type wire base, exhibit common base and
emitter current gains as large as 0.94 and 16, respectively. In addition, p- and
n-type nanowires have been used to assemble complementary inverter-like
structures. The facile assembly of key electronic device elements from well-
defined nanoscale building blocks may represent a step toward a “bottom-up”

paradigm for electronics manufacturing.

Miniaturization of silicon electronics is being
intensely pursued (/), although fundamental
limits of lithography may prevent current
techniques from reaching the deep nanometer
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regime for highly integrated devices (2). The
use of nanoscale structures as building blocks
for self-assembled (3—6) structures could po-
tentially eliminate conventional and costly
fabrication lines, while still maintaining some
concepts that have proven successful in mi-
croelectronics. One-dimensional structures,
such as nanowires (NWs) and carbon nano-
tubes (NTs), could be ideal building blocks
for nanoelectronics (7, 8), because they can
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function both as devices and as the wires that
access them. Electrical transport studies of
NTs have yielded data supporting the possi-
bility of field-effect transistors (9, 10), low-
temperature single-electron transistors (//,
12), intramolecular metal-semiconductor di-
odes (/3, 14), and intermolecular-crossed
NT-NT diodes (/5). However, the use of NT
building blocks is limited, because the selec-
tive growth and/or assembly of semiconduct-
ing or metallic NTs (7, 8) is not currently
possible.

Successful implementation of a building-
block approach for the assembly of nanode-
vices and device arrays will require that the
electronic properties of the blocks be defined
and controlled. Recently, we demonstrated
that the carrier type (electrons, n-type; holes,

Fig. 1. Crossed SiNW junc-
tions. (A) Typical FESEM im-
age of a crossed SiNW junc-
tion with Al/Au contacts. The
scale bar is 2 um. The diam-
eters of the NWs used in
these studies ranged from 20
to 50 nm. (B through D) /-V
behavior of p-n, p-p, and n-n
junctions, respectively. The
black and green curves corre-
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p-type) and carrier concentration in single-
crystal silicon NWs (SiNWs) could be con-
trolled during growth, using phosphorous and
boron dopants (/6). We now report the ratio-
nal assembly of these well-defined SiNW
building blocks into functional electronic de-
vices in which critical junctions are formed
by the assembly of one or more SINW/SINW
crosses using p- and n-type materials.

The n- and p-type SiNWs were synthe-
sized by laser-assisted catalytic growth (/6).
Different junctions (e.g., n-n, p-p, and p-n)
were formed by sequential deposition of so-
lutions of n- and p-type materials or by ma-
nipulation, and contacts to the SINWs were
defined by electron beam lithography (16,
17). Field emission scanning electron micros-
copy (FESEM) was used to image a typical
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SiNWs, respectively. The red
curves represent /-V behavior
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curves correspond to four-
terminal /-V through the p-n
junction; the current values
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two-terminal /-V through p-p and n-n junctions, respectively. The solid lines correspond to data
from contacts 1-2, and the dashed lines correspond to data from the other three pairs (that is, 1

and 4, 2 and 3, and 3 and 4).

Fig. 2. Shown are n *-p-n
SiNW bipolar transistors.
(A) Schematics illustrating
the common base configu-
ration of an n *-p-n bipo-
lar transistor (79) and the
corresponding  structure
built from crossed SiINWs
(right). The n *-, p-, and
n-type SiNWs function as

C

emitter, base, and collec-
tor, respectively. (B) Typi-
cal FESEM image of SINW
bipolar transistor. The
three wires labeled as n ™,
p, and n were used as emit-
ter, base, and collector, re-
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recorded on an n*-p-n
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transistor with emitter and collector SINWs 15 wm apart. Curves 1 to 4 correspond to the data recorded
for emitter-base voltages of —1, —2, —3, —4V, respectively. Regime | and |l are separated by a dashed
line, corresponding to saturation mode and active mode, respectively. (D), The common base current

gain versus collector-base voltage.
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p-n junction assembled from 20-nm-diameter
p- and n-type SiNWs (Fig. 1A). Current ver-
sus voltage (/-V) data recorded on the indi-
vidual p- and n-type SiNWs (Fig. IB) are
linear and indicate that metal-SiNW contacts
are ohmic (/8, 19), and thus will not make a
significant contribution to the /-¥ behavior of
the junctions. Significantly, four-terminal /-V
measurements made on the p-n junction
formed at the NW-NW cross show good cur-
rent rectification (Fig. 1B). These nanoscale
junctions thus exhibit similar behavior to
bulk semiconductor p-n junctions.

Current rectification has been observed in
more than 40 p-n junctions assembled from
SiNWs in the cross geometry and, we be-
lieve, is a robust phenomenon for these NW
junction structures. We carried out additional
experiments to demonstrate that this diode
behavior is indeed due to the p-n junction
formed by the p- and n-type SiNWs. First,
four-terminal p-n junction transport measure-
ments made through different combinations
of the contacts show similar rectifying behav-
ior and current level (solid and dashed curves,
respectively; Fig. 1B), are similar to two-
terminal junction measurements, and show
that current is substantially smaller than that
through the individual SiNWs, demonstrating
that the junction dominates the /-/ behavior.
Second, transport data recorded on p-p (Fig.
1C) and n-n (Fig. 1D) junctions show linear
or nearly linear behavior, demonstrating that
interface oxide between individual SiNWs
does not produce a significant tunneling bar-
rier (20, 21), as such a barrier would lead to
highly nonlinear /-¥. Hence, our data show
that crossed SiNWs make good electrical
contact with each other despite the small
contact area (107'2 to 107'° cm?) and
simple method of junction fabrication, and
can exhibit good diode behavior in the case
of p-n junctions.

Because p-n junctions represent the basic
element of many devices (/9), including am-
plifiers and switches, we have explored the
possibility of assembling such devices at the
nanometer scale using our n- and p-type
SiNWs. First, the assembly and transport
properties of bipolar transistors (/9), which
are active devices capable of current gain,
have been investigated. The conventional
structure of a bipolar transistor (Fig. 2A, left)
requires three distinct material types: for ex-
ample, a highly doped n-type (n*) layer,
which is the emitter (E), a p-type base (B),
and an n-type collector (C). Significantly, this
basic n*-p-n structure can be easily realized
(22) by assembling n*- and n-type SiNWs
across a p-type SiNW base (Fig. 2A, right,
and Fig. 2B).

Transport measurements made on the in-
dividual n*-, n-, and p-type SiNWs, and the
n*-p and p-n NW junctions showed that the
metal contacts to individual SiNWs were
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ohmic or nearly ohmic and that the junctions
were rectifying. The behavior of the bipolar
transistor was assessed from measurements
of the collector current as a function of C-B
voltage (Fig. 2C); the n™-SiNW emitter was
set at different forward bias values (curves 1
through 4) for these measurements. In gener-
al, the collector current is relatively constant
(versus C-B voltage) in region II (Fig. 2),
corresponding to the collector in reverse bias
with only a very small leakage current, and
this current value increases as the emitter
forward bias/injected current is increased
(23). This large flow of collector current in
reverse bias demonstrated transistor action.
Hence, these simple SiNW-based bipolar
transistors exhibit behavior similar to that
found in standard planar devices (19), and
moreover, can exhibit very good current gain.

The common base current gain, defined as
the ratio of the collector current to emitter cur-
rent (Fig. 2D), and corresponding common
emitter current gain, defined as the ratio of

A Vhias
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) T ol
S -3 QO 200 |- 4
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Voltage (V)
“1=
0 -
0 -50 -100
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Fig. 3. SINW complementary inverters. (A)
Standard representation (79) of a complemen-
tary inverter formed using n- and p-type field-
effect transistors (top) and a schematic of a
similar structure assembled from n- and p-type
SiNWs (bottom). In the NW device, one end of
the n-type NW is biased at negative voltage
and one end of the p-type NW is grounded. The
back gate voltage is V;, and the other ends of
the p- and n-type NWs are connected as V..
(B) V,,, versus V;, for a p-n complementary
inverter-like structure. The inset is the /-V
curves of p-type NW in the inverter. Curves 1
to 5 correspond to /-V at back gate voltage —50,
-30, -10, 0, and 10 V, respectively.
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collector current to base current, have values of
0.94 and 16, respectively. The relatively large
current gain observed in these simple devices
suggests several important points. First, the ef-
ficiency of electron injection from emitter to
base must be quite high. We believe that effi-
ciency reflects our ability to control doping in
these nanowires and produce the desired n*-p
E-B junction. Second, these relatively large cur-
rent gains have been achieved in a device (Fig.
2) with a large (15 wm) base width, suggesting
that the mobility of injected electrons can be
quite high in the SiNWs. These observations
also indicate clear directions for improving the
SiNW bipolar transistors. For example, it will
be interesting to study the current gain as a
function of base width, because it is possible to
assemble structures with separations of the n*
and n NWs on the order of 100 nm or less.
We have also carried out preliminary ex-
periments to explore the assembly of other
types of devices using these SINW building
blocks. Specifically, the ability to prepare n-
and p-type NWs enables the assembly of
complementary inverter-like structures (Fig.
3), which in analogy to conventional Si tech-
nology, could exhibit the low static power
dissipation critical to highly integrated nano-
electronics. The lightly doped p- and n-type
SiNWs used in the inverters show large gate
effects and can be completely depleted (Fig.
3B, inset). The output voltage from the de-
vice (V) varies from negative (high) to zero
as the input gate voltage (V) from positive
to negative; that is, the signal is inverted.
From the slope of transfer characteristics,
we calculate a voltage gain of 0.13. The
low gain exhibited by our initial devices
could be improved by preparing SiNW
building blocks that switch on and off at
lower voltages (24). Nevertheless, the
present devices still exhibit the low static
power dissipation expected of a comple-
mentary inverter-like structure; that is, the
SiNW complementary device has a static
dissipation of 0.5 to 5 nW in either high or
low states, whereas a single SINW device
has a power dissipation 103 to 10* larger.
Our studies demonstrate a rational ap-
proach for building key nanoscale electron-
ic devices from SiNWs that have controlled
carrier type and concentration, and thus
represent a step toward a “bottom-up” par-
adigm for electronics manufacturing. Al-
though these studies have focused on the
assembly and properties of single SINW-
based devices, combination of this ap-
proach with emerging methods for hierar-
chical assembly (25, 26) could enable par-
allel and scalable organization of complex
electronic devices on a bench top.
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