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I Nanophotonic assemblies

Nanowires for Integrated Multicolor Nanophotonics**
Yu Huang, Xiangfeng Duan, and Charles M. Lieber*

Nanoscale light-emitting diodes (nanoL.EDs) with colors spanning from

the ultraviolet to near-infrared region of the electromagnetic spectrum
were prepared using a solution-based approach in which emissive
electron-doped semiconductor nanowires were assembled with nonemis-
sive hole-doped silicon nanowires in a crossed nanowire architecture.
Single- and multicolor nano LED devices and arrays were made with
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colors specified in a predictable way by the bandgaps of the I1I-V and
1I-VI nanowire building blocks. The approach was extended to combine
nanoscale electronic and photonic devices into integrated structures,
where a nanoscale transistor was used to switch the nanoLED on and
off In addition, this approach was generalized to hybrid devices consist-
ing of nanowire emitters assembled on lithographically patterned planar
silicon structures, which could provide a route for integrating photonic
devices with conventional silicon microelectronics. Lastly, nanolLEDs
were used to optically excite emissive molecules and nanoclusters, and
hence could enable a range of integrated sensor/detection “chips” with

multiplexed analysis capabilities.

Bottom-up assembly of nanoscale building blocks into in-
creasingly complex structures offers the potential to produce
devices with novel function since it is possible to combine in
a general way materials with distinct chemical composition,
structure, size, and morphology, in contrast to planar device
fabrication.'¥ Semiconductor nanowires (NWs)! and
carbon nanotubes®® are especially attractive building blocks
for assembling active and integrated nanosystems since the
individual nanostructures can function as both device ele-
ments and interconnects. This concept has been demonstrat-
ed in nanoelectronics with the assembly of a variety of devi-
ces, such as field-effect transistors (FETs)*”! and integrated
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Harvard University
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NW logic gates,** and in nanophotonics with the assembly
of, for example, individual light-emitting diodes™'! and
laser diodes.!""

The assembly of chemically distinct nanoscale building
blocks that would otherwise be structurally and/or chemical-
ly incompatible in a sequential growth process typical of
planar fabrication has received considerably less attention.
However, this capability of the bottom-up approach should
allow for assembly of nanostructures with function not read-
ily obtained by other methods and open new opportunities.
For example, planar silicon, which serves as the foundation
for the microelectronics industry, is poorly suited to many
photonic applications since it has a poor efficiency for light
emission."””! Here we demonstrate the assembly of a wide
range of efficient direct-gap III-V and II-VI NWs with sili-
con NWs (SiNWs) and planar silicon structures to produce
multicolor, electrically driven nanophotonic and integrated
nanoelectronic—photonic systems. The flexibility of our ap-
proach suggests potential for applications in integrated
sensor/detection systems, information storage, and other
areas of photonics.

Our approach to nanoscale photonic devices is based
upon sequential deposition of p-type and n-type NW mate-
rials into a crossed N'W architecture using directed fluidic
assembly™ (Figure 1a), where the cross points are electri-
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Figure 1. a) Schematic of the assembly of crossed NW heterojunc-
tions. First, a parallel array of A NWs (orange lines) is aligned on the
substrate using a fluidic assembly method, and then a second paral-
lel array of B NWs (green lines) is deposited orthogonally to achieve
a crossed NW matrix; b) left: schematics showing a nanoLED struc-
ture formed between a p-SiNW and a direct bandgap n-type NW and
its corresponding band diagram. Right: the table lists bandgaps of
different materials (at 300 K) used in this study.

cally addressable. In the crossed NW p-n structure, the n-
type NW is chosen to be a direct bandgap semiconductor
with efficient light emission and the p-type material is sili-
con, which has an indirect bandgap and inefficient light
emission (Figure 1b). The crossed NW heterostructures can
be described qualitatively by a staggered type-II band dia-
gram (Figure 1b, and Supporting Information),'” and will
emit light characteristic of the n-type NW element when the
applied forward bias voltage exceeds the bandgap; the indi-
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rect-gap SiNW is a passive optical component and used for
its well-defined electronic properties. Important features of
the crossed NW nanoLED concept include: a) the emitted
colors are limited only by the available direct-gap NW
building blocks; b) the active device area is of nanometer
dimensions, thus making these point light sources; c) the
crossed NW architecture enables the formation of single-
and multicolor arrays and integration of photonic and nano-
electronic elements, and d) the nanophotonic devices can be
assembled on both rigid and flexible substrates.

The NW building blocks used in these studies, including
direct bandgap III-V (e.g., GaN and InP) and II-VI (e.g.,
CdS and CdSe) materials, were prepared as single crystals
by metal-nanocluster-catalyzed growth."™ The bulk bandg-
aps of these semiconductors enable light emission from ul-
traviolet (UV, GaN) to near infrared (NIR, InP) as con-
firmed for individual NWs using photoluminescence meas-
urements."*!"l Electrical transport measurements made on
individual NWs in a FET geometry showed that the GaN,
CdS, CdSSe, CdSe, and InP NWs are all n-type with room-
temperature electron mobilities (100-5000 cm?®V~'s)!"1®!
that are comparable to bulk materials."” Previous studies
have demonstrated that boron-doped p-type SiNWs exhibit
carrier mobilities comparable to or better than bulk materi-
al.[()b,S]

Current-voltage (I-V) data for a typical p-Si/n-GaN
crossed NW junction (Figure 2a) shows well-defined current
rectification, as expected for a p-n diode with a turn-on
voltage of approximately 1 V. These data are consistent with
previous studies of n-GaN/p-Si diodes used as nanoelectron-
ic logic gates.’! The initial turn-on voltage, which approxi-
mates to the bandgap of Si, corresponds to injection of elec-
trons into the SINW from the n-GaN (see Supporting Infor-
mation). Notably, applying a forward bias to the p-n junc-
tion of greater than bandgap of GaN yields strong electrolu-
minescence (EL) at room temperature (Figure 2b). The EL
spectrum shows a peak maximum at ~365 nm consistent
with the GaN band-edge emission, and demonstrates that
crossed NW devices can function as UV nanoLEDs. Studies
of over 30 n-GaN/p-Si nanoLEDs yielded similar I~V and
EL results. Data plotted for four representative devices
(Figure 2¢) show several important points. First, light emis-
sion is detected when the bias voltage exceeds ~3.5 V. This
threshold is consistent with the 3.36 eV bandgap of GaN,
which when exceeded, leads to radiative recombination of
electron/hole pairs in GaN.”"! Second, the emission intensity
increases rapidly with voltage and exhibits a nearly linear
dependence on current above the threshold. The estimated
quantum efficiency (electron to photon) is approximately
0.1%. This efficiency is less than commercial LEDs, al-
though it could be improved by passivating surface traps
and using a larger bandgap p-type NW for hole injection.
Third, stable (>1h) UV output is observed in air at room
temperature at drive currents of ~2 uA. Lastly, the near-
field optical power densities, which are estimated 50 nm
from a typical UV nanoLED, are on the order of
100 Wem ™2 Notably, this value exceeds that needed in a
number of optical applications, such as lithography and
spectroscopy.
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Figure 2. a) /-V data recorded for a p-Si/n-GaN crossed NW junction.
Inset: scanning electron microscopy (SEM) image of a typical cross
junction (scale bar=1 pm); b) EL spectrum from the crossed p-Si/n-
GaN NW nanoLED with a peak at ~365 nm. Inset: EL image showing
a spatial map of the intensity with a maximum at the NW cross
point; c¢) emission intensity versus forward bias voltage for four dis-
tinct nanoLEDs. Inset: emission intensity versus injection current
relationship for the same four nanoLEDs; d) representative SEM
image of 3 p—n diodes formed by crossing three p-Si NWs over an n-
GaN NW; scale bar is 2 pm; e-g) three-dimensional EL intensity plots
of the three p—n diodes as a bias of 5.5V is added sequentially to
each Si NW with the GaN NW grounded.

The reproducibility and stability of the n-GaN/p-Si
nanoLEDs suggests that they could be assembled into ad-
dressable arrays. To test this idea we used fluidic assembly!"!
to make three junctions consisting of a n-GaN NW and
three crossed p-Si NWs (Figure 2d). Transport measure-
ments show that each of the three nanoscale junctions form
independently addressable p-n diodes with clear current
rectification. These p—n diodes each function as UV nano-
LEDs, where each source can be individually switched on or
off. Figure 2e-g shows a sequence of EL images where the
three nanoLEDs were sequentially turned on, and demon-
strate that the output intensity is similar for three sources.
We believe these array results highlight the potential of the
bottom-up approach for assembling integrated photonic de-
vices, and should be important in exploiting such nanoLEDs
in applications where parallel writing (e.g., lithography and
information storage) and spectroscopy (e.g., integrated sen-
sors) could be advantageous.

In addition, we assembled p—n junctions using p-Si NWs
and a variety of other n-type NW materials, including CdS,
CdSeS, CdSe, and InP to test whether our approach could
yield nanoLEDs with a broad range of outputs. Transport
measurements show that these p—n diodes behave similarly
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to p-Si/n-GaN p-n diodes. For example, -V data recorded
from a p-Si/n-CdS junction shows clear current rectification
(inset, Figure 3a). When the CdS-Si NW diode forward bias
voltage exceeds ~2.6 V, strong light emission from the cross
point is observed at room temperature. The emission maxi-
mum at ~510 nm corresponds to CdS band-edge emission.
Significantly, the light emission is so strong that it can be
readily imaged with a color CCD camera and is visible to
the naked eye in a dark room. The quantum efficiency of
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Figure 3. a) EL spectra from crossed p—n diodes of p-Si and n-CdS,
CdSSe, CdSe, and InP, respectively (top to bottom). Insets to the left
are the corresponding EL images for CdS, CdSSe, CdSe (all color
CCD), and InP (liquid-nitrogen-cooled CCD) nanoLEDs. The inset top-
right shows representative /-V and SEM data recorded for a p-Si/n-
CdS crossed NW junction (scale bar=1 pm); spectra and images
were collected at +5 V); b) schematic and corresponding SEM
image of a tricolor nanoLED array. The array was obtained by fluidic
assembly and photolithography with =5 pm separation between NW
emitters; c¢) normalized EL spectra and color images from the three
elements.

the CdS nanoLED device is estimated to be 0.1-1 %, which
is significantly higher than previously reported InP NIR
(~0.001 %) and GaN (see above) nanoLEDs. The enhanced
quantum efficiency may be explained in part by the intrinsi-
cally low surface state density for II-VI materials.""?!]
Moreover, studies of nanoLEDs based on CdSSe, CdSe, and
InP NWs showed EL peak maxima and images characteris-
tic of band-edge emission from the crossed junctions made
with these materials: CdS,;Ses, 600 nm; CdSe, 700 nm; and
InP, 820 nm (Figure 3a).

We have exploited the ability to form nanoLEDs with
nonemissive SiNW hole-injectors to assemble multicolor
arrays consisting of n-type GaN, CdS, and CdSe NWs cross-
ing a single p-type SiNW (Figure 3b). Normalized emission
spectra recorded from the array demonstrates three spatially
and spectrally distinct peaks with maxima at 365, 510, and
690 nm (Figure 3¢) consistent with band-edge emission from
GaN, CdS, and CdSe, respectively. In addition, color images
of EL from the array shows the green and red emission
from p-Si/n-CdS and p-Si/n-CdSe crosses, respectively
(inset, Figure 3¢). The ability to assemble different materi-
als and independently tune the emission from each
nanoLED offers substantial potential producing specific
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wavelength sources, and demonstrates an important step to-
wards integrated nanoscale photonic circuits. Although lith-
ography sets the integration scale of these multicolor arrays,
it should be possible to create much denser nanoLED
arrays via the controlled growth of modulated NW superlat-
tice structures,'” and/or the selective assembly of different
semiconductor materials.”

In addition, we have assembled optoelectronic circuits
consisting of integrated crosssd NW LED and FET ele-
ments (Figure 4a). Specifically, in a two-by-one array, one
GaN NW forms a p—n diode with the SINW and a second
GaN NW functions as a local gate as described previously.®!
Measurements of current and emission intensity versus gate
voltage (Figure 4b) show that the current decreases rapidly
with increasing voltage, as expected for a depletion mode
FET, and that the intensity of emitted light also decreases
with increasing gate voltage. When the gate voltage is in-
creased from 0 to 43V, the current is reduced from
~2200 nA to an off state, where the supply voltage is —6 V.
Advantages of this integrated approach include switching
with much smaller changes in voltage (0-3 versus 0-6 V)
and the potential for much more rapid switching. The ability
to use the nanoscale FET to reversibly switch the nanoLED
on and off is shown clearly in Figure 4c.

We have also investigated the potential of coupling the
bottom-up assembly of nanophotonic devices described
above together with top-down fabricated silicon structures,
since this could provide a new approach for introducing effi-
cient photonic capabilities into integrated silicon electronics.
We implemented this hybrid top-down/bottom-up approach
by using lithography to pattern p-type silicon wires on the
surface of a silicon-on-insulator (SOI) substrate, and then
assembling n-type emissive NWs on top of silicon structures
to form arrays consisting of p-n junctions at cross points
(Figure 5a). Conceptually, this hybrid structure (Figure 5b)
is virtually the same as the crossed NW structures described
above and should produce EL in forward bias. Notably, I-V/
data recorded for a hybrid p—n diode formed between the
p-Si and an n-CdS NW show clear current rectification (Fig-
ure 5¢) and sharp EL spectrum peaked at 510 nm (Fig-
ure 5d), which is consistent with CdS band-edge emission.
To explore the reproducibility of this new hybrid approach
we have also characterized arrays. For example, a 1x7
crossed array consisting of a single CdS NW over seven fab-
ricated p-Si wires (Figure 5e) exhibits well-defined emission
from each of the cross points in the array (Figure 5 f). Simi-
lar results were obtained for two-dimensional arrays, and
demonstrate clearly that bottom-up assembly has the poten-
tial to introduce photonic function into integrated silicon
microelectronics.

The localized EL from crossed NW nanoLEDs and
hybrid LEDs can result in near-field power densities greater
than 100 Wcm ™2, which is sufficient to excite molecular and
nanoparticle chromophores. To explore this important possi-
bility we use a CdS-based nanoLED to excite and record
the emission spectra from CdSe quantum dots (QDs) and
propidium iodide (a fluorescent nucleic acid stain;
Figure 6). Notably, the emission of CdSe QDs and propidi-
um iodide obtained by nanoLED excitation show essentially
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Figure 4. a) Schematic of an integrated crossed-NW FET and LED. The
LED—FET array is obtained by crossing two n-GaN NWs with one p-Si
NW. The p-Si NW is grounded and the first n-GaN NW is biased nega-
tively, thus forming a forward-biased p—n diode that functions as an
LED. The second n-GaN NW is positively biased, and forms a reverse-
biased p—n diode with the grounded p-Si NW and blocks current
through the second GaN NW. In this way, the positive-biased GaN
NW can function as a local gate to modulate the current flow through
the silicon NW and forms a nanoFET to modulate the current flow
through the nanoLED and emission intensity of the nanoLED. Inset: a
diagram of the equivalent circuit; b) plots of current and emission
intensity of the nanoLED as a function of voltage applied to the NW
gate at a fixed bias of —6 V. Inset: SEM image of a representative
device (scale bar=3 pm); c) EL intensity versus time relationship
when a voltage applied to a NW gate is switched between 0 and

+ 4V for a fixed bias of —6 V.

the same spectra (solid lines, Figure 6a,b) as those obtained
using much larger conventional excitation source (dashed
lines, Figure 6a,b; see Experimental Section). These results
demonstrate that nanoLEDs could function as excitation
sources for integrated chemical and biological analysis.

In summary, we have demonstrated a broad range of
multicolor and multifunction nanophotonic devices and
small circuits assembled from semiconductor NW building
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Figure 5. a) Schematic illustrating the fabrication of hybrid structures.
A silicon-on-insulator (SOI) substrate is patterned by standard elec-
tron-beam or photolithography followed by reactive-ion etching.
Emissive NWs are then aligned on to the patterned SOI substrate to
form photonic sources; b) schematic of a single LED fabricated by
the method outlined in (a); c) I~V behavior for a crossed p-n junc-
tion formed between a fabricated p*-Si electrode and an n-CdS NW;
d) EL spectrum from the forward-biased junction; €) SEM image of a
CdS NW assembled over seven p*-Si electrodes on a SOI wafer
(scale bar=3 pm); f) EL image recorded from an array consisting of a
CdS NW crossing seven p*-Si electrodes. The image was acquired
with +5 V applied to each silicon electrodes while the CdS NW was
grounded.

blocks. We believe that these studies represent a new path-
way towards integrated nanophotonic systems and could
impact a number or areas including intra- and inter-chip op-
tical interconnects and communications for the next genera-
tion of computing systems, ultrahigh density optical infor-
mation storage, high-resolution microdisplays, and multi-
plexed chemical/biological analysis. Our studies demonstrate
the potential of nanoLEDs in this latter area, and we be-
lieve this is especially promising since arrays of different
color nanoLED sources could be combined with microflui-
dics in lab-on-a-chip systems to produce highly integrated
analytic systems that might enable applications ranging
from high-throughput screening to medical diagnostics.
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Figure 6. a) Emission spectrum (solid line) from CdSe QDs excited
using a p-Si/n-CdS NW nanolLED; the QD emission maximum was
619 nm. The increasing intensity on the shorter wavelength side of
the emission peak corresponds to the tail of the CdS nanoLED. The
dashed red line is the spectrum of pure CdSe QDs excited with an
Ar-ion laser; b) emission spectrum (solid line) from propidium iodide
excited using a p-Si/n-CdS NW nanoLED. The dashed red line is the
emission spectrum of propidium iodide obtained in aqueous so-
lution (Fluorolog, ISA/Jobin Yvon-Spex).

Experimental Section

Nanowire synthesis: Compound semiconductor NWs (GaN,
CdS, CdSSe, CdSe, InP) were synthesized using laser-assisted
catalytic growth (LCG)."™ The LCG target typically consisted of
95% of the respective semiconductor material and 5% Au as
the catalyst. The furnace temperature was set at 700-900°C
during growth, and the target was placed at the upstream end of
the furnace. A pulsed (8 ns, 10 Hz) Nd-YAG laser (1064 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. SiNWs were synthesized using a Au-nanocluster-cata-
lyzed process using silane and diborane as reactant and dopant,
respectively.l6a15¢

Assembly of crossed NW devices: The crossed NW devices
were assembled onto Si/SiO, substrates (600 nm oxide) using a
layer-by-layer fluidic directed assembly.™ Electrical contact pat-
terns were defined using electron-beam lithography (JEOL 6400),
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and Ni/In/Au contact electrodes were thermally evaporated from
pure metals. Electrical transport measurements of individual
NWs or crossed NW junctions were made using a home-built
system with <1 pA noise under computer control.

Optoelectrical characterization: Photoluminescence (PL) of
individual NWs and electroluminescence (EL) of crossed NW
junctions were characterized with a home-built microlumines-
cence instrument.”!”! PL or EL images were taken with a liquid-
nitrogen-cooled CCD camera, and the spectra were obtained by
dispersing emission with a 150 linesmm™" grating in a 300 mm
spectrometer.

Quantum dot and dye experiments: CdSe QDs were dis-
persed in hexane and then deposited over the nanoLED devices.
An aqueous solution of propidium iodide (1 mgmL™"; Molecular
Probes, Inc.) was deposited directly onto a substrate containing
p-Si/n-CdS NW nanolLEDs. Spectra were recorded from the NW
cross points as described above and previously.*'”! The emis-
sion spectrum of the propidium iodide aqueous solution was re-
corded using a commercial instrument (Fluorolog, ISA/Jobin
Yvon-Spex).
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