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Nanowires and nanotubes carry charge and excitons efficiently,
and are therefore potentially ideal building blocks for nanoscale
electronics and optoelectronics?. Carbon nanotubes have already
been exploited in devices such as field-effect** and single-
electron®® transistors, but the practical utility of nanotube com-
ponents for building electronic circuits is limited, as it is not yet
possible to selectively grow semiconducting or metallic
nanotubes”®. Here we report the assembly of functional nanoscale
devices from indium phosphide nanowires, the electrical proper-
ties of which are controlled by selective doping. Gate-voltage-
dependent transport measurements demonstrate that the nano-
wires can be predictably synthesized as either n- or p-type. These
doped nanowires function as nanoscale field-effect transistors,
and can be assembled into crossed-wire p—n junctions that exhibit
rectifying behaviour. Significantly, the p—n junctions emit light
strongly and are perhaps the smallest light-emitting diodes that
have yet been made. Finally, we show that electric-field-directed
assembly can be used to create highly integrated device arrays
from nanowire building blocks.

We prepared single-crystal InP nanowires with n- and p-type
doping by laser-assisted catalytic growth (LCG)”>"". Field-emission
scanning electron microscopy (FE-SEM) images of the doped
nanowires (Fig. 1a) show that the wires are up to tens of micro-
metres long, with diameters of the order of 10 nm. High-resolution
transmission electron microscopy (TEM) images (Fig. la inset)
show that the doped nanowires are single crystals with (111) growth
directions. To confirm the presence and type of dopants in the
nanowires, we have performed gate-dependent, two-terminal trans-
port measurements on individual wires, as the conductance will
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respond in an opposite way to changes in gate voltage (V) for n-and
p-type nanowires: V, > 0 will lead to an accumulation of electrons
and increase in conductance for the former, but will deplete holes
and reduce conductance for the latter'. Figures 1b and c show the
typical gate-dependent current—voltage (I-V) curves obtained
from individual Te- and Zn-doped nanowires, respectively. These
curves are linear or nearly linear at V, = 0, indicating that the metal
electrodes make ohmic contact to the nanowires. This ohmic nature
was substantiated by conductance and four-terminal measurements
(see Supplementary Information). The transport data recorded on
Te-doped nanowires (Fig. 1b) show an increase in conductance for
V, > 0, while the conductance decreases for Vg < 0. These data
clearly show that Te-doped InP nanowires are n-type. Gate-
dependent transport data recorded on Zn-doped nanowires show
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Figure 1 Doping and electrical transport of InP nanowires. a, A typical FE-SEM image of
Zn-doped InP nanowires. Scale bar, 10 wm. Inset, lattice resolved TEM image of one 26-
nm-diameter NW. The (111) lattice planes are visible perpendicular to the wire axis. Scale
bar, 10 nm. The TEM studies show that nanowires are typically coated with a 1-2-nm
amorphous overlayer. This thin layer is attributed to oxides formed when the nanowires
are exposed to air after synthesis. The overall composition of individual nanowires
determined by energy dispersive X-ray analysis was found to be 1:1 In:P, thus confirming
their stoichiometric composition. b and ¢, Gate-dependent /—V/behaviour for Te- and Zn-
doped NWs, respectively. Insets show the nanowire measured with two-terminal Ni/In/Au
contact electrodes. Scale bars, 1 wm. The diameter of the nanowire in b is 47 nm, while
that in ¢ is 45 nm. Gate voltages used in the measurements are indicated on the
corresponding /—V curves (right side). Data were recorded at room temperature.
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opposite changes in conductance with variation in Vy: for V, > 0,
conductance decreases and for V, < 0 conductance increases
(Fig. 1c). Zn-doped InP nanowires are therefore p-type.

Our results are reproducible. Measurements made on more than
20 individual nanowires of each dopant type show gate effects in
each case that are consistent with the dopant used during synthesis.
In addition, Vj can be used to completely deplete electrons and
holes in n- and p-type nanowires such that the conductance
becomes immeasurably small. For example, the conductance of
the nanowire in Fig. 1b can be switched from a conducting (on) to
an insulating (off) state when V, = —20'V; thus it functions as a
field-effect transistor (FET). Conductance modulations as large as
4-5 orders of magnitude have been observed. The relatively large
switching voltage is related to the thick (600 nm) oxide dielectric
used in our measurements. This gate-dependent behaviour is
similar to that of metal-oxide-semiconductor (MOS) FETs!? and
recent semiconducting nanotube FETs**. An important distinction
of our work with respect to nanotubes is that predictable semi-
conducting behaviour can be achieved in every nanowire. Because
these InP nanowires are produced in bulk quantities, they represent
a readily available material for assembling devices and device arrays.

The availability of well-defined n- and p-type nanowire building
blocks opens up the possibility of creating complex functional
devices by forming junctions between two or more such wires. To
explore this opportunity, we have investigated n—n, p—p and p—n
junctions formed by crossing two n-type, two p-type, and one n-
type and one p-type nanowire, respectively. Significantly, the types
of junctions studied are controllable for every experiment as we can
select the types of nanowires used to produce the crossed junction
before assembly. Figure 2a shows a representative crossed nanowire
device formed from one of 29nm diameter and one of 40 nm
diameter.

Figures 2b and ¢ show I-V data recorded on n—-n and p—-p
junctions, respectively. The transport data recorded on the individ-
ual nanowires (AC, BD) show linear or nearly linear I-V behaviour
(green and blue curves in Fig. 2b and c respectively). As discussed
above, these results show that the metal electrodes make ohmic or
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Figure 2 Crossed nanowire junctions and electrical properties. a, FE-SEM image of a
typical crossed nanowire device with Ni/In/Au contact electrodes. The four arms are
designated as A, B, C, D for simplicity of discussion. Scale bar, 2 um. The diameters of
the nanowires are 29 nm (AC) and 40 nm (BD); the diameters of the nanowires used to
make devices were in the range of 20—75 nm. b—d, /-Vbehaviour of n—n, p—p and p—n
junctions, respectively. The green and blue curves correspond respectively to the /-V/
behaviour of individual n- and p-type nanowires in the junctions. The red curves represent
the /- behaviour across the junctions. The current recorded for the p- and n-type
nanowires in d has been divided by 10 for better viewing. Solid lines, transport behaviour
across one pair of adjacent arms; dashed lines, transport behaviour across the other three
pairs of adjacent arms. Data were recorded at room temperature.
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nearly ohmic contact to the nanowires, and hence will not make
significant contributions to the I-V measurements across junctions.
In general, transport measurements made across the n—n and p—p
junctions also show linear or nearly linear behaviour, and allow us to
infer two important points about crossed nanowire junctions. First,
interface oxide between individual nanowires does not produce a
significant tunnelling barrier, as such a barrier would lead to highly
nonlinear -V curves. Second, the I-V curves recorded through
each pair (AB, AD, CB, CD in Fig. 2) of adjacent arms are similar
and I(V) is smaller than through individual nanowires. These
results demonstrate that the junction dominates the transport
behaviour. Overall, our data indicate that crossed nanowires make
reasonably good electrical contact with each other, despite the small
contact area (107°~107""cm?) and simple method of junction
fabrication.

The good contact between crossed nanowires suggests that
functional devices should be possible, and thus we have explored
p—n junctions made from crossed p- and n-type nanowires. These
junctions can be made reproducibly by sequential deposition of
dilute solutions of n- and p-type nanowires with intermediate
drying. Typical I-V data recorded on a crossed p—n junction
(Fig. 2d) shows linear or nearly linear I-V for the individual n-
and p-type nanowire components (green and blue curves), which
indicates that they are ohmically contacted, and current rectifica-
tion across the p—n junction (red curves); that is, little current flows
in reverse bias, whereas there is a sharp current onset in forward
bias. This diode-like behaviour is similar to bulk semiconductor
p—n junctions, which form the basis for many critical electronic and
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Figure 3 Optoelectrical characterization of nanowire p—n junctions. a, Electrolumines-
cence (EL) image of the light emitted from a forward-biased nanowire p—n junction at
2.5V. Inset, photoluminescence (PL) image of the junction. Scale bars, 5 wm. b, EL
intensity versus voltage. Inset, /-V/characteristics; inset in this inset, FE-SEM image of the
junction itself. Scale bar, 5 wm. The n-type and p-type nanowires forming this junction
have diameters of 65 and 68 nm, respectively. ¢, EL spectrum of the junction shown in a.
The spectrum peaks at 820 nm. d, EL spectrum recorded from a second forward-biased
crossed nanowire p—n junction. The EL maximum occurs at 680 nm. Inset, EL image
showing that the EL originates from the junction region. Scale bar, 5 um. The n-type and
p-type nanowires forming this junction have diameters of 39 and 49 nm, respectively. The
colours in @ and the inset to d correspond to EL intensity, with black equal to zero counts
and white equal to the highest counts.
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optoelectronic devices. In a standard p—n junction, rectification
arises from the potential barrier formed at the interface between
p- and n-type materials”’. In the case of our nanowires, this
picture may be modified, owing to a thin oxide at the interface
(see Supplementary Information). When either type of junction
is forward biased, the barrier is reduced and a relatively large
current can flow through the junction; on the other hand, only a
small current can flow in reverse bias as the barrier is further
increased.

There are several reasons why the observed rectification can be
attributed to the p—n junction formed between the crossed p- and
n-type InP nanowires. First, the linear or nearly linear I-V behav-
iour of individual p- and n-type nanowires used to make the
junction shows that ohmic contacts have been made between
them and metal electrodes. This excludes rectification arising
from metal-semiconductor Schottky diodes'. Second, the I-V
behaviour of the junction determined through every pair (AB,
AD, BC, CD) of adjacent electrodes (red curves in Fig. 2d) exhibits
a similar rectification effect and current level, which is also much
smaller than the current level through the individual nanowires.
These results demonstrate that the junction dominates the I-V
behaviour. Third, four-terminal measurements in which current is
passed through two adjacent electrodes (for example, AB), while the
junction voltage drop is measured across two independent electro-
des (for example, CD), exhibit similar I-V curves with only a
slightly smaller voltage drop (0.1-0.2V) compared to the two-
terminal case (see Supplementary Information). Last, measure-
ments made on 10 independent p—n junctions showed similar
rectification in the I-V data; that is, significant current can only
flow through p—n junctions when the p-type nanowire is positively
biased.

The above data show unambiguously that we can rationally
assemble nanoscale p—n junctions. In direct-bandgap semiconduc-
tors like InP, the p—n junction forms the basis for optoelectronics
devices, including light-emitting diodes (LED) and lasers. To assess
such functions in our nanoscale devices, we have studied the
photoluminescence (PL) and electroluminescence (EL) from crossed
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Figure 4 Parallel and orthogonal assembly of nanowires with electric fields. a, Schematic
view of alignment by electric field. The electrodes (shown orange) are biased at 50—100V
after a drop of nanowire solution is deposited on the substrate (blue). b, Parallel array of
nanowires aligned between two parallel electrodes. The nanowires were suspended in
chlorobenzene and aligned using an applied bias of 100 V. ¢, Spatially positioned parallel
array of nanowires obtained following electric-field assembly using a bias of 80 V. Inset,
15 pairs of parallel electrodes with individual nanowires bridging each diametrically
opposed electrode pair. d, Crossed nanowire junction obtained using layer-by-layer
alignment with the electric field applied in orthogonal directions in the two assembly
steps. The applied bias in both steps was 80 V. Scale bars in b—d, 10 pm.
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nanowire p—n junctions. Significantly, EL can be readily observed
from these nanoscale p—n junctions in forward bias (Fig. 3a). A PL
image of a crossed nanowire junction (inset) shows two crossed
wire-like structures, and comparison of the EL and PL images shows
that the position of the EL maximum corresponds to the crossing
point in the PL image, thus demonstrating that the light originates
from the nanowire p—n junction.

The I-V characteristics of the junction (Fig. 3b inset) shows clear
rectification with a sharp current onset at ~1.5V. The curve of EL
intensity versus voltage shows (Fig. 3b) that significant light can be
detected with our system at a voltage as low as 1.7V. The EL
intensity increases rapidly with bias voltage, and resembles the [—
Vbehaviour. The EL spectrum (Fig. 3¢) shows a maximum intensity
around 820 nm, which is substantially blue-shifted relative to the
bulk bandgap of InP (925nm). EL results recorded from a p—n
junction assembled using smaller diameter nanowires (Fig. 3d)
showed a larger blue-shift, and thus suggest that these shifts may
be due in part to quantum confinement" of the excitons, although
other factors also contribute (M.S. Gudiksen, JW., X.D. and C.M.L.,
unpublished results). The quantum efficiency (electron to photon)
of these initial devices is relatively low, ~0.001%, which is not
surprising as we have paid little attention to optimization. The
efficiency is actually comparable to that (~0.002%) of early bulk
InP LEDs"™. We attribute the low quantum efficiency to non-
radiative recombination via surface states, and believe that this
deleterious process can be reduced by surface passivation'>'¢,

Development of highly integrated devices based on nanowires
will require techniques to align and assemble these building blocks
into well-defined arrays. To demonstrate this next level of complex-
ity, we have exploited electric fields to align and position individual
nanowires into parallel and crossed arrays (Fig. 4a). A similar
approach has been discussed" elsewhere. The potential of this
approach was first demonstrated by aligning many nanowires
between parallel electrodes (Fig. 4b). FE-SEM images show that
nearly all of the wires are aligned perpendicular to the parallel
electrodes and along the direction of the electric field. Such electric-
field assembly of nanowires between an array of electrodes (Fig. 4c)
shows that individual wires can be positioned to bridge pairs of
diametrically opposed electrodes and form a parallel array. In
addition, by changing the field direction, the alignment can be
done in a layer-by-layer fashion to produce crossed nanowire
junctions (Fig. 4d). These data show that electric-field assembly
represents a viable strategy for organizing individual nanowires
with good directional and spatial control. We believe that highly
integrated functional devices would be readily accessible using our
nanowire building blocks in conjunction with this electric-field
and/or other assembly techniques'.

Taken as a whole, the results presented here provide a rational
approach for the bottom-up assembly of nanoscale electronic and
optoelectronic devices. The demonstrated ability to assemble active
devices in the absence of multi-billion-dollar fabrication lines is
critically important to the field, and we believe that it augurs well for
immediate and longer-term advances. We believe that the broad
range of nanowire materials now available' and the clearly defined
ability to control their electronic properties will make possible
nanoscale LEDs that cover the entire visible and near-infrared
range (for example, GaN nanowires for blue colours'). Nanoscale
light sources might be useful in creating new types of highly parallel
sensors and for optical interconnects in nanoelectronics. We con-
sider that the assembly of doped nanowire building blocks has great
potential for creating many other types of electronic devices—and
possibly even lasers. O

Methods
Nanowire synthesis and characterization

InP nanowires (NWs) were synthesized using LCG”". The LCG target typically consisted
0f94% (atomic ratio) InP, 5% Au as the catalyst, and 1% of Te or Zn as the doping element.
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The furnace temperature (middle) was set at 800 °C during growth, and the target was
placed at the upstream end rather than middle of the furnace. A pulsed (8-ns, 10-Hz)
Nd-YAG laser (wavelength 1,064 nm) was used to vaporize the target. Typically, growth
was performed for 10 min with NWs collected at the downstream, cool end of the
furnace.

Electrical characterization

Transport measurement on individual NWs were carried out using published
procedures''. NWs were first dispersed in ethanol, and then deposited onto oxidized
silicon substrates (600 nm oxide, 1-10 © cm resistivity), with the conductive silicon used
as a back gate. Electrical contact to the NWs was defined using electron beam lithography
(JEOL 6400). Ni/In/Au contact electrodes were thermally evaporated. Electrical transport
measurements were made using a home-built system with <1 pA noise under computer
control.

Junctions (n—n and p—p) were obtained by random deposition. We first deposited NWs
onto oxidized silicon substrates using relatively high concentrations, determined the
positions of crossed NWs, and then defined electrodes on all four arms of the cross by
electron beam lithography. Ni/In/Au electrodes were used to make contact to the NWs.

p-njunctions were obtained by layer-by-layer deposition. First, a dilute solution of one
type (for example, n-type) of NW was deposited on the substrate, and the positions of
individual NWs were recorded. In a second step, a dilute solution of the other type (for
example, p-type) of NW was deposited, and the positions of crossed n- and p-type NWs
were recorded. Metal electrodes were then defined and transport behaviour was measured.

Optoelectrical characterization

EL was studied with a home-built micro-luminescence instrument™. PL or scattered light
(514 nm, Ar-ion laser) was used to locate the position of the junction. When the junction
was located, the excitation laser was shut off, and then the junction was forward biased. EL
images were taken with a liquid-nitrogen-cooled CCD camera, and EL spectra were
obtained by dispersing EL with a 150 lines mm™" grating in a 300-mm spectrometer.
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Crystalline silicon is an indirect-bandgap semiconductor, making
it an inefficient emitter of light. The successful integration of
silicon-based electronics with optical components will therefore
require optically active (for example, direct-bandgap) materials
that can be grown on silicon with high-quality interfaces. For well
ordered materials, this effectively translates into the requirement
that such materials lattice-match silicon: lattice mismatch gen-
erally causes cracks and poor interface properties once the mis-
matched overlayer exceeds a very thin critical thickness. But no
direct-bandgap semiconductor has yet been produced that can
lattice-match silicon, and previously suggested structures' pose
formidable challenges for synthesis. Much recent work has there-
fore focused on introducing compliant transition layers between
the mismatched components®™. Here we propose a more direct
solution to integrating silicon electronics with optical compo-
nents. We have computationally designed two hypothetical direct-
bandgap semiconductor alloys, the synthesis of which should be
possible through the deposition of specific group-IV precursor
molecules® and which lattice-match silicon to 0.5-1% along
lattice planes with low Miller indices. The calculated bandgaps
(and hence the frequency of emitted light) lie in the window of
minimal absorption in current optical fibres.

Bulk silicon is an indirect-bandgap semiconductor, that is the
lowest-energy transition from valence to conduction bands involves
a change in crystal momentum. Such materials are typically not
suitable for optical applications since nonradiative events dominate
the interband transitions. However, silicon is nearly surrounded by
direct-bandgap elemental (unary) and compound semiconductors
in the periodic table. Moving downwards from Si, the unary group-
IV materials acquire larger cores containing d electrons; these states
affect the conduction band states through orthogonality require-
ments and changes in the overall volume. On moving from silicon
to germanium to tin, the 'y conduction band (as labelled in silicon)
at k = 0 drops in energy until, in grey tin, the material acquires a
direct (and vanishing) bandgap at k= 0. Moving across the
periodic table, GaAs, a prototypical direct-bandgap semiconductor,
differs from Si or Ge in that the constituents have different
electronegativities. The resulting antisymmetric component in the
crystal potential flattens the bands and opens the bandgap. In
addition, the I'q point of the conduction band drops relative to
the other points in the band until it becomes the bottom of the
conduction band in most of the well-known direct-bandgap group
M-V and II-VI semiconductors.

These well-known results suggest that perhaps one can combine
these mechanisms: larger cores and partial ionicity, within alloys
containing only group-IV elements wherein the difference in rows of
the periodic table provides the contrast in electronegativity. Such a
system is likely to require the presence of tin to obtain a direct
bandgap’™'; the combination of tin (which is substantially larger
than silicon) with carbon (which is substantially smaller than
silicon) not only affords the greatest contrast in electronegativity
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