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Abstract A new route to grow an ensemble of indium phos-
phide single-crystal semiconductor nanowires is described.
Unlike conventional epitaxial growth of single-crystal semi-
conductor films, the proposed route for growing semicon-
ductor nanowires does not require a single-crystal semicon-
ductor substrate. In the proposed route, instead of using
single-crystal semiconductor substrates that are character-
ized by their long-range atomic ordering, a template layer
that possesses short-range atomic ordering prepared on a
non-single-crystal substrate is employed. On the template
layer, epitaxial information associated with its short-range
atomic ordering is available within an area that is compara-
ble to that of a nanowire root. Thus the template layer lo-
cally provides epitaxial information required for the growth
of semiconductor nanowires. In the particular demonstra-
tion described in this paper, hydrogenated silicon was used
as a template layer for epitaxial growth of indium phos-
phide nanowires. The indium phosphide nanowires grown
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on the hydrogenerated silicon template layer were found to
be single crystal and optically active. Simple photoconduc-
tors and pin-diodes were fabricated and tested with the view
towards various optoelectronic device applications where
group III–V compound semiconductors are functionally in-
tegrated onto non-single-crystal platforms.

PACS 61.46.Km · 62.23.Hj · 63.22.Gh · 81.15.Gh ·
71.55.Eq · 78.55.Cr · 78.66.Ed · 81.05.Ea · 81.05.Gc ·
95.55.Rg · 81.10.-h · 91.60.Ed

1 Introduction

High-quality single-crystal substrates have been used for
epitaxial growth of high-quality semiconductor films when
large area is required for device fabrication. As a result, sig-
nificant efforts have been dedicated to developing epitaxial
growth processes that produce semiconductor films that are
homogeneous in composition and uniform in thicknesses
over required area. Even in the synthesis of nanometer-
scale semiconductor structures such as quantum dots and
nanowires, the use of single-crystal substrates is very com-
mon. For example, self-organized InAs quantum dots have
been extensively studied on single-crystal GaAs (100) [1].
Epitaxial growth of semiconductor nanowires generally
makes use of single-crystal substrates. The growth of group
III–V compound semiconductor nanowires has been demon-
strated almost exclusively on single-crystal substrates. In
Particular, GaAs or InP nanowires were grown on single-
crystal group III–V compound semiconductor substrates [2]
or on single-crystal Si substrates [3]. In the growth of semi-
conductor nanowires on single-crystal substrates, the sur-
face of a single-crystal substrate provides epitaxial informa-
tion (e.g., crystallographic symmetries and lattice constants,
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etc.) to “seed” nanowires in the early stage of their evolu-
tion.

A variety of growth mechanisms have been suggested
for the various types of nanowires [4, 5]. The growth of
nanowires can be viewed as a significantly complicated
process due partly to the mechanism that leads to quasi
one-dimensional shapes resulted from strong anisotropy in
growth rate in two different directions (i.e., directions per-
pendicular and parallel to a nanowire’s long axis). An-
other feature contributing to various complications of the
growth of nanowires is the presence of metal catalysts
(e.g., metal-catalyzed nanowires grown with the presence
of transition metal or noble metal particles) [6–8]. Catalyst-
free nanowire growth was also suggested [9–11], how-
ever the level of complications involved in analyzing the
growth of nanowires without metal-catalysts appears to be
much higher than that in metal-catalyzed nanowire growths.
Therefore, the discussion on the role played by single-
crystal substrates in the growth of nanowires, with or with-
out metal catalysts, appears to be still in its infancy. How-
ever, it is conceivable that if an individual nanowire seed
“sees” short-range atomic order within an area on the scale
that is comparable to or moderately larger than the size of
the nanowire seed, an individual nanowire would not be able
to tell whether it sits on a single-crystal substrate or a small
crystallite in a non-single-crystal substrate. Apparently the
major difference between the two cases is that two differ-
ent locations on the surface of a single-crystal substrate are
correlated with its specific crystallographic translational op-
eration, whereas two different small crystallites that exist
in a non-single-crystal substrate are not crystallographically
correlated. This implies that as long as geometrical synchro-
nization or organization among a group of nanowires is not
required, the use of a single-crystal substrate for the growth
of nanowires is not a required condition [12].

2 Structural concept

The structural concept of what is proposed is rather sim-
ple as schematically illustrated in Figs. 1(a)–(c). As postu-
lated in the introduction, a starting substrate can be chosen
from various types of non-single-crystals including amor-
phous and poly-crystalline materials (note that there are a
wide range of variations in this class of material, e.g., mi-
crocrystalline and nanocrystalline, etc.). Although a non-
single-crystal substrate can be chosen from such materials
as glass, metal, or ceramics, one of the requirements that
need to be carefully addressed when a non-single-crystal
substrate is selected is related to the fact that a non-single-
crystal substrate needs to withstand all successive process
steps. A selected non-single-crystal substrate has to be phys-
ically and chemically stable at every process step in the fab-

Fig. 1 Structural concept of the proposed route to grow semicon-
ductor nanowires on a non-single-crystal substrate is schematically
shown. A starting substrate in (a) can be chosen from various types
of non-single-crystal including amorphous and poly-crystal. Once an
appropriate non-single-crystal substrate is obtained, a template layer
is prepared on the non-single-crystal substrate as in (b). The template
layer can be made of a variety of materials as long as the template
layer “locally” exhibits short-range atomic ordering on its surface. Af-
ter nanowires are grown in (c), an ensemble of nanowires can be elec-
trically accessible through the template layer

rication process required for a device. This is why it is sig-
nificantly advantageous to design a series of device fabrica-
tion processes by placing a process step that can be carried
out at as low temperature as possible.

Once an appropriate non-single-crystal substrate is ob-
tained in Fig. 1(a), a template layer is prepared on the non-
single-crystal substrate as shown in Fig. 1(b). The template
layer can be made of a variety of materials as long as the
template layer “locally” exhibits short-range atomic order-
ing on its surface. It is this short-range atomic ordering that
is transferred, in the same sense as that in conventional epi-
taxial growth of a single-crystal film on a single-crystal sub-
strate, to semiconductor nanometer-scale structures such as
nanowires. When semiconductor nanowires are grown on
a surface of a single-crystal substrate, specific crystallo-
graphic information required for nanowire growth must be
linked to long-range atomic ordering that extends over sev-
eral centimeters on a single-crystal substrate. However, as
postulated earlier, it is conceivable that atomic ordering that
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exist on the scale comparable to or several times the diam-
eter of a nanowire is the quantity critically relevant to the
formation of epitaxial single-crystal nanowires.

Although semiconductor single-crystal nanowires have
been formed on non-single-crystal surfaces that were elec-
trically insulating [13–15] in order to establish an electri-
cal access to a single nanowire, it is more advantageous,
in specific applications, to form an ensemble of single-
crystal semiconductor nanowires with their one end elec-
trically connected onto a template layer as in Fig. 1(c). It
is further advantageous if electrical properties of the tem-
plate layer are explicitly controlled because then an ensem-
ble of nanowires can be electrically accessed through an
electrically conductive template layer. In the idea we are
proposing, two intriguing characteristics to be emphasized
are: (1) epitaxial growth of semiconductor nanostructures
can be achieved on a non-single-crystal substrate by em-
ploying a template layer that possesses short-range atomic
ordering, and (2) an ensemble of semiconductor nanowires
can be electrically accessed from external circuits by having
a template layer that is electrically conductive.

In our first demonstration, hydrogenated silicon (Si:H) in
either amorphous or microcrystalline phases was chosen as
the material for a template layer. Si:H is essentially a semi-
conductor that can be doped in a controlled manner to ex-
plicitly tune its electrical transport properties, which is sig-
nificantly advantageous when devices that require pn junc-
tions or ohmic contacts are designed. For instance, uninten-
tionally doped nanowires (intrinsic-type) can be sandwiched
between a p-type Si:H and an n-type Si:H layers to build a
pin diode as described in later sections.

The sample preparation begins with a non-single crys-
tal semiconductor substrate (e.g., quartz substrate in this
case) shown in Fig. 1(a). As in Fig. 1(b), a Si:H tem-
plate layer that provides a surface possessing short-range
atomic ordering is prepared on the quartz substrate. Thick-
ness of the Si:H template layer is approximately 200 nm.
The Si:H template is deposited by, for instance, plasma-
enhanced chemical vapor deposition (PECVD) with silane
and hydrogen used as precursors. The thickness and depo-
sition conditions were carefully tuned to ensure that a large
number of nanometer-scale silicon crystallites which pro-
vide short-range atomic ordering were formed within an
amorphous matrix in the Si:H template layer. Three types
of Si:H template layers, unintentionally doped, boron-doped
(i.e., p-type), and phosphorous-doped (n-type), were pre-
pared. In addition to quartz substrates, various substrates in-
cluding, stainless steel (type 304), Si substrates coated with
a 300-nm chromium layer, and amorphous silicon dioxide
thermally prepared on a single-crystal Si substrate (i.e., a-
SiO2/Si) were used and covered by depositing a Si:H tem-
plate layer [16]. After the Si:H template layer is prepared,

Fig. 2 Reflection absorption infrared spectroscopy (RAIRS) data col-
lected from (a) an a-SiO2/Si substrate and (b) an as-deposited amor-
phous Si:H template layer on an a-SiO2/Si substrate

colloidal gold nanoparticles (Au–NPs) with nominal diame-
ter of 10 nm were dispensed onto the template layer. Subse-
quently, indium phosphide (InP) was grown by metalorganic
chemical vapor deposition using trimethyilindium and phos-
phine as precursors as in Fig. 1(c).

3 Characteristics of Si:H template layers

Figures 2(a) and (b) show reflection absorption infrared
spectroscopy (RAIRS) data collected from (a) an a-SiO2/Si
substrate and (b) an as-deposited Si:H template layer on an
a-SiO2/Si substrate. The RAIRS measurement was done in
nitrogen atmosphere at room temperature. The spectrum was
collected in the range of 2350–1900 cm−1 where several Si–
H vibration modes exist, [17] exhibiting the broad absorp-
tion spectrum in (b), while no peak was seen in (a). Fitting
the spectrum to known Si–Hn (n = 1–3) vibrational modes
revealed that the major component was the Si–H2 stretch-
ing mode at ∼2082 cm−1, suggesting that the major part of
the as-deposited Si:H template layer was amorphous silicon
(a-Si:H) [18]. It is conceivable that the as-deposited Si:H
template layer could further crystallize via either homoge-
neous or heterogeneous nucleation processes during subse-
quent InP nanowire growth even though the growth temper-
ature for InP nanowires is well below the glass transition
temperature range reported for amorphous silicon [19, 20].
Nanometer-scale silicon crystallites embedded in the amor-
phous matrix of the Si:H template layer and exposed at the
surface provided the epitaxial information during the InP
nanowire growth step.
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Fig. 3 Scanning electron microscopy (SEM) images of InP nanowires
on (a) the a-Si:H template layer surface and (b) a reference surface,
single-crystal GaAs(100) substrate

4 Characteristics of InP nanowires

InP deposited on the Si:H template layer prepared on an a-
SiO2/Si(100) substrate with the presence of Au–NPs was
found to form nanowires. Figure 3 shows scanning elec-
tron microscopy (SEM) images of InP nanowires on (a) the
a-Si:H template layer surface and (b) a reference surface,
single-crystal GaAs(100) substrate. In (a) all nanowires ap-
pear to be randomly oriented. In contrast, nanowires in (b)
are aligned along one of four 〈111〉 directions with respect
to [100]GaAs, indicating that the surfaces of the a-Si:H
layer works as a template for nanowire growth. Two differ-
ent crystal habits are identified in (a), suggesting that two
types of nanowires having different lattices co-exist, that is,
as evidenced in (a), two types of nanowires having either
triangular cross section (triangular nanowire) or hexagonal
cross section (hexagonal nanowire) co-exist. As clearly seen
in (a), the nanowires have tapered shapes with a wide base
and a sharp tip. Nominal geometrical dimensions of the two
types of nanowires are summarized as follows; the length is
approximately 1.5–2×10−6 m, and the lateral size at its bot-
tom is approximately 300–500 nm. Tapering angle (i.e., the
angle between a long axis and a side wall) is in the range
of 33–39◦. On a triangular nanowire, at least, one of the
three side walls that bound the nanowire exhibits significant
morphological roughness, which would be an indication that
there was a substantial nonuniformity in the growth rate in
the direction perpendicular to the long axis of the triangu-
lar nanowires. The hexagonal nanowire exhibits a number
of “kinks” along its ridge, which would indicate the exis-
tence of rotational twins generated during the growth. Pre-
liminary transmission electron microscopy studies indicated
that the InP nanowires have either zincblende (ZB) crystal
structure or wurtzite (WZ) crystal structure, presumably cor-
responding to the two types of nanowires having triangular
and hexagonal cross sections, respectively.

XRD profiles collected from the ensemble of InP nano-
wires shown in Fig. 3(a) are displayed in Fig. 4. As dis-
cussed, the two types of nanowires, ZB and WZ, are clearly

Fig. 4 XRD profile collected from the ensemble of InP nanowires is
shown, indicating that both WZ and ZB InP nanowires co-exist

Fig. 5 A set of micro-photoluminescence spectra collected from the
ensemble of InP nanowires at room temperature

distinguishable by indexing multiple well-resolved peaks
denoted as either ZB or WZ. The multiple peaks seen in
Fig. 4 indicate that the nanowires are randomly oriented with
respect to the surface normal of the substrate. A broad peak
(peak intensity ∼80 counts) spanning between 28 ∼ 29◦ can
be attributed to Si(111) associated with the a-Si:H template
layer, which suggests that the as-grown a-Si:H template
layer would have undergone solid-phase crystallization (i.e.,
microcrystalline silicon, mc-Si:H) during the InP nanowire
growth because an as-prepared Si:H template layer is amor-
phous.

A set of micro-photoluminescence (μ-PL) spectra col-
lected at room temperature is shown in Fig. 5. Each spec-
trum is plotted with the original PL intensity multiplied by a
factor denoted as ×100, ×10, and ×1 for better readability.
In the μ-PL measurement, a ensemble of InP nanowires was
excited with an Ar laser having beam diameter of approx-
imately 1.5 µm. Three different excitation power densities,
6 × 103, 6 × 102, and 6 × 101 W cm−2, were used for the
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three spectra (1), (2), and (3), respectively. Both peak in-
tensity and integral intensity were found to change nonlin-
early with the change in the excitation power density, which
suggests the presence of strong nonlinear carrier dynam-
ics within the ensemble of InP nanowires. Spectra (1) and
(2) were deconvoluted into two Lorentzian peaks centered
at 854 and 875 nm, which were shorter than the bandgap
wavelength of bulk ZB InP by 71 and 50 nm, respectively,
suggesting the presence of significant blue shift presumably
associated with strong quantum confinement [16].

The origin of the two Lorentzian peaks can be surmised
based on the XRD and the TEM analysis. Both ZB and WZ
InP nanowires were found to co-exist on the Si:H. Calcula-
tions of the electronic band offset between WZ and ZB at a
hetero-interface for various semiconductors suggest that the
bandgap of WZ InP differs from that of ZB InP by +84 meV
[21]. Blue shift caused by quantum confinement of exci-
tons has been reported to vary 50–110 meV depending on
the diameter (50–15 nm) of nanowires, [13] thus we assign
the two Lorentzian peaks to the emissions from the WZ InP
nanowires with quantum confinement and from the ZB InP
nanowires with quantum confinement. In the SEM image
shown in Fig. 3(a), the diameter of the tapered nanowires
changes from 300 to 10 nm along the growth axis, imply-
ing that radiative recombination of excitons must take place
within a volume close to the tip of the nanowires in order
for the level of quantum confinement to be observed. Resid-
ual strain along the direction perpendicular or parallel to the
growth direction of the nanowires could have also shifted
the bandgap energy [22] or split degenerate hole bands into
heavy hole and light hole sub-bands [23]. However, neither
the TEM nor the XRD analysis indicated measurable elas-
tic deformation that could have solely accounted for the ob-
served blue shift.

5 InP nanowire photoconductors

In fabricating photoconductors that implement InP nano-
wires, an amorphous surface was prepared by growing a
thick silicon dioxide (SiO2) layer on a 4-in. Si(100) sub-
strate as in Fig. 6(a). Subsequently, a stack of metal films
was deposited onto the SiO2 surface. The metal films were
patterned into a pair of planar ohmic electrodes. A heavily
doped n+mc-Si:H layer was deposited onto the patterned
metal electrodes. The n+mc-Si:H film was then patterned
into two segments spatially separated by 2 µm apart and
electrically isolated from each other. The processed wafer
was then coated with a suspension of colloidal Au parti-
cles with a nominal diameter of 10 nm. Finally, InP was
deposited by low-pressure metalorganic chemical vapor de-
position. InP grew into randomly oriented InP nanowires
formed selectively onto the n+mc-Si:H segments. The

Fig. 6 InP nanowire photoconductor is schematically shown in (a).
A planar structure in which InP nanowires can be selectively formed on
n+mc-Si:H surface offers great flexibility and simplification in build-
ing devices that employ an ensemble of InP nanowires. Shown in (b)
is an SEM top-view image collected on a representative InP nanowire
photoconductor consisting of a pair of metal ohmic electrodes (labeled
E1 and E2) in a coplanar configuration that allows us to perform high
speed testing

nanowires bridged the gap by either fusing themselves or
bridging across the gap between the two n+mc-Si:H seg-
ments. A planar structure in which InP nanowires can be
selectively formed on n+mc-Si:H surfaces offers great flex-
ibility and simplification in building devices that employ an
ensemble of InP nanowires. We used this planar structure to
evaluate photoconductive properties of an ensemble of InP
nanowires.

Shown in Fig. 6(b) is an SEM top-view image collected
on a representative InP nanowire photoconductor consisting
of a pair of metal ohmic electrodes (labeled E1 and E2) in a
coplanar configuration that allows us to perform high-speed
testing [24, 25]. The two n+mc-Si:H segments were entirely
covered by InP nanowires, whereas very few nanowires
were observed elsewhere even though the Au nanoparticles
were dispersed uniformly over the entire surface. The fact
that the nanowire growth was selectively catalyzed on the
n+mc-Si:H segments suggests that short-range atomic or-
der on the surfaces of the n+-Si:H segments is a required
condition for nanowire growth as postulated. A large num-
ber of randomly oriented nanowires are clearly seen on the
two n+mc-Si:H segments. Detailed inspection by viewing
from the side revealed that many of the nanowires approach-
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ing from the two facing n+mc-Si:H segments collided and
“fused” together in free space, which established multiple
electrical paths that bridged the two n+mc-Si:H segments.
The random orientation manifested by the nanowires en-
sures that these nanowires collide and fuse together.

DC current–voltage (IV) characteristics of the InP nano-
wire photoconductor were measured at room temperature
and plotted in Fig. 7(a). The IV characteristics are remark-
ably symmetric with respect to 0 V and essentially ohmic,
revealing a clear contrast to nonlinear characteristics ob-
served in ZnO nanowires bridging two Zn electrodes [26].
Photoresponse was obtained by illuminating the device with
a laser beam at 633 nm. A 633-nm laser beam with vari-
ous optical powers (6 × 10−7 to 5 × 10−6 W) was used to
illuminate the gap between the two n+mc-Si:H segments
filled with InP nanowires. As a control, the device prior
to the InP nanowire growth was also evaluated. The pho-
tocurrent collected from the control (i.e., the one without
InP nanowires) was approximately 0.5 nA at all bias volt-
ages with the highest illumination level, which was approx-
imately three orders of magnitude smaller than those ob-
tained from the device with InP nanowires, suggesting the
presence of negligible leak current in the structure without
InP nanowires. In Fig. 7(b), a set of data points in different
colors at a specific incident optical power represents resis-

Fig. 7 DC current–voltage (IV) characteristics of the InP nanowire
photoconductor are shown in (a). Photoresponse shown in (b) was ob-
tained by illuminating the device with a laser at 633 nm with varying
optical power

tivities of the InP nanowires obtained at various bias volt-
ages. As in a metal–semiconductor–metal photoconductor,
the resistivity at a specific bias voltage decreases as the in-
cident optical power increases. The resistivities seem to sat-
urate at 9.5 × 10−2 ohm-cm, as the illumination increases,
suggesting a finite total volume provided by a limited num-
ber of nanowires available for the generation of electron-
hole pairs. We also examined the photoresponse under il-
lumination with monochromatic light at 1550 and 780 nm
(i.e., below and above the bandgap of bulk InP at 300 K)
with a comparable optical power density to that used for the
633-nm illumination to assess the contribution from excess
carriers that could have been thermally generated. The pho-
tocurrents obtained under the 780-nm illumination are ap-
proximately 20 times larger than those measured under the
1550-nm illumination at any given bias voltage and opti-
cal power density, which suggests that the contribution from
thermally generated carriers to the photocurrent is negli-
gible. Unlike other nanowire-based photodetectors, the re-
sponse of our nanowire photoconductor was insensitive to
the polarization of the incident light. This is presumably be-
cause the InP nanowires are randomly oriented.

6 InP nanowires on a quartz substrate

Figure 8 is an SEM image of InP nanowires on mc-Si:H pre-
pared on a quartz substrate. Similar to those seen in Fig. 3(a),
all nanowires are randomly oriented. As in Fig. 3(a), two
different crystal habits are also identified in Fig. 8, suggest-
ing that two types of nanowires having different lattices co-
exist. As observed in Fig. 4, the presence of two types of InP
nanowires having either fcc (ZB InP) or hcp (WZ InP) lattice
was confirmed by x-ray diffraction measurements shown in
Fig. 9. Diffraction angles for both ZB and WZ were calcu-
lated by assuming that the In-P bond length was the same for
both structures. The ZB peaks are located very close to those
for WZ, making it difficult to clearly resolve both signals
however, the ZB(002) peak at 30.5 degrees confirms that InP

Fig. 8 A representative scanning electron microscopy (SEM) image of
randomly oriented InP nanowires grown on mc-Si:H template layer on
a quartz substrate having both triangular and hexagonal cross sections



Ensembles of indium phosphide nanowires: physical properties and functional devices integrated 1011

nanowires having fcc lattice are present. Additional peaks at
24.8, 28.2, and 36.6 degrees are separated from the calcu-
lated ZB diffraction peaks and confirm that InP nanowires
having hcp lattice are present as well. Few peaks coincide
with InP neither in fcc nor in hcp lattice, however these
peaks not indexed were due to x-rays diffracted from ei-
ther the sample holder or the quartz substrate. The peak at
28.25 degrees matches well with Si(111) despite the orig-
inal layer being amorphous. The deposition of InP would
have caused the silicon to adopt localized order during the
growth as is reported [16]. Overall characteristics are com-
parable to those seen in Fig. 4.

Raman spectroscopy was also carried out on an ensem-
ble of InP nanowires grown on a 100-nm-thick mc-Si:H
layer on a quartz substrate as shown in Fig. 10. The mea-
surements were made using a 514-nm laser as an exci-

Fig. 9 The XRD profile collected from InP nanowires grown on an
mc-Si:H template on a quartz substrate shows the presence of fcc and
hcp InP (zincblende and wurtzite, respectively)

Fig. 10 The Raman spectrum collected from an ensemble of InP
nanowires with excitation at 514 nm. The two peaks at wavenumber
shifts of 298 and 347 cm−1 correspond to TO and LO phonon branches
of bulk InP, respectively

tation source. Two distinguishable peaks were detected at
wavenumber shifts of 298 and 347 cm−1, which closely
matched the transverse optical (TO) and longitudinal optical
(LO) phonon branches of bulk InP at 298 and 334 cm−1 [27]
and 303.7 and 345 cm−1 [28], respectively. In comparison
of Raman shifts between InP bulk and the ensemble of InP
nanowires, the slight differences would indicate the contri-
bution (e.g., mode softening due to size effects and large
surface to volume ratio) from peculiar features associated
with nanowires. Further studies using Raman spectroscopy
are currently underway.

7 InP nanowire p-i-n diodes

Nanowire p-n junction diodes with a p-n junctions built
into a nanowire have been formed by in-situ doping during
nanowire growth [29, 30] or assembled by crossing a p-type
and an n-type nanowire [31]. We fabricated a novel p-i-n
diode by having randomly oriented InP nanowires bridge p-
type and n-type mc-Si:H prepared on a quartz substrate [32].
The structure of the p-i-n diode is schematically depicted
in Fig. 11. First, a bottom ohmic contact was formed on
a quartz substrate. A stack of n-type mc-Si:H, amorphous
SiOx insulator, and p-type mc-Si:H (500/300/500 nm) was
deposited by plasma-enhanced chemical vapor deposition.
The SiOx insulator prevents electrical shorting between the
n-type and p-type mc-Si:H layers. Short-range atomic or-
der present on the surface of the mc-Si:H layers provides
epitaxial information for nanowire nucleation and growth,
while their high doping level ensures that ohmic contacts
are formed with low contact resistance. Subsequently, the
top ohmic contact was patterned. Using the top ohmic con-
tact as a self-aligned hard mask, a circular mesa was formed

Fig. 11 Schematic shows a p-i-n diode employing randomly oriented
InP nanowires prepared on a quartz substrate
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Fig. 12 DC current–voltage measurements were performed on the
InP nanowire pin-diode at room temperature (red curve). Prior to the
nanowire growth, a control device without InP nanowires was tested
(blue curve)

by etching the top n-type mc-Si:H layer, the SiOx insula-
tor, and the bottom p-type mc-Si:H layer. Then, the wafer
was covered with a blanket SiOx layer, and then the SiOx

layer was etched to expose only the side wall of the mesa.
Colloidal gold nanoparticles (diameter ∼10 nm) were ap-
plied onto the processed wafer and naturally collected along
the sidewall of the etched mesa. Unintentionally doped InP
nanowires were grown on the exposed sidewalls of the n-
type and p-type mc-Si:H layers After nanowire growth, the
blanket SiOx layer was stripped off to access the top and
bottom ohmic contacts.

As shown in Fig. 12, DC current–voltage measurements
were performed on the InP nanowire p-i-n diode at room
temperature. Prior to the nanowire growth step, a control
device without InP nanowires was tested. In the control de-
vice without InP nanowires, the measured current was in
the noise level of the measurement system, suggesting leak-
age between the top n-type mc-Si:H layer and the bottom
p-type mc-Si:H layer was negligible. Rectifying characteris-
tics were clearly seen in the current–voltage characteristics
collected from the InP nanowire p-i-n diodes. By fitting the
curve to an exponential function from 0 to 0.5 V, the ideality
factor (n ∼ 3.9) was extracted. Above 0.5 V, the nanowire
series resistance (M� range) dominated the current–voltage
measurements. This may indicate that only a limited num-
ber of nanowires are bridging. The reverse leakage current
at −1 V bias was ∼25 nA, and reverse breakdown was not
observed over the measured range. This demonstrates the
feasibility of fabricating an ensemble of high-quality InP
nanowires into a diode structure with p- and n-type mc-Si:H
prepared on a non-single-crystal substrates.

8 Summary

In summary, a new route to grow an ensemble of single-
crystal semiconductor nanowires was described. Unlike con-
ventional epitaxial growth of single-crystal semiconduc-
tor films, the proposed route for growing semiconductor
nanowires does not require a single-crystal semiconductor
substrate. On a non-single-crystal substrate, epitaxial in-
formation required for nanowires is provided by a tem-
plate layer prepared on a non-single-crystal substrate. In
the particular demonstration described in this paper, doped
Si:H was used as a template layer for epitaxial growth of
InP nanowires so that an ensemble of InP nanowires were
be electrically accessed through the doped Si:H template
layer. The InP nanowires grown on a Si:H template layer
were found to be single crystal and optically active. Sim-
ple photoconductors and p-i-n diodes were fabricated with
InP nanowires, and their DC current–voltage characteristics
were examined. The photoconductors exhibited very linear
current–voltage characteristics. When illuminated, the re-
sistivity of the ensemble of InP nanowire photoconductors
decreased as the incident optical intensity that excited the
InP nanowires increased. Distinctive rectifying characteris-
tics were obtained from the nanowire p-i-n diodes. The pro-
posed structure that employs an ensemble of semiconductor
nanowires appears to be a promising semiconductor plat-
form that does not require an expensive single-crystal sub-
strate and that would be suitable for various optoelectronic
devices as demonstrated by the photoconductors and the p-
i-n diodes.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. D. Bimberg, M. Grundmann, N.N. Ledentsov, in Quantum Dot
Heterostructures (Wiley, New York, 1998)

2. M. Yazawa, M. Koguchi, K. Hirutna, Appl. Phys. Lett. 58, 1080
(1991)

3. L.C. Chuang, M. Moewe, C. Chase, N.P. Kobayashi, C. Chang-
Hasnain, S. Crankshaw, Appl. Phys. Lett. 90, 043115 (2007)

4. A.I. Persson, B.J. Ohlsson, S. Jeppesen, L. Samuelson, J. Cryst.
Growth 272, 167 (2004)

5. R.S. Wagner, W.C. Ellis, Appl. Phys. Lett. 4, 89 (1964)
6. P. Paiano, P. Prete, N. Loverginea, A.M. Mancini, J. Appl. Phys.

100, 094305 (2006)
7. T.I. Kamins, S. Sharma, A.A. Yasseri, Z. Li, J. Straznicky, Nan-

otechnology 17, s291 (2006)
8. N. Skolld, L.S. Karlsson, M.W. Larsson, M.-E. Pistol, W. Seifert,

J. Trägårdh, L. Samuelson, Nano Lett. 5, 1943 (2005)
9. C.J. Novotny, P.K.L. Yu, Appl. Phys. Lett. 87, 203111 (2005)

10. M. Mattila, T. Hakkarainen, H. Lipsanen, H. Jiang, E.I. Kaup-
pinen, Appl. Phys. Lett. 89, 063119 (2006)



Ensembles of indium phosphide nanowires: physical properties and functional devices integrated 1013

11. J. Noborisaka, J. Motohisa, T. Fukui, Appl. Phys. Lett. 86, 213102
(2005)

12. N.P. Kobayashi, S.-Y. Wang, C. Santori, R.S. Williams, Appl.
Phys. A 85, 1 (2006)

13. M.S. Gudiksen, J. Wang, C.M. Lieber, J. Phys. Chem. B 106, 4036
(2002)

14. S. Vaddiraju, A. Mohite, A. Chin, M. Meyyappan, G. Sumanasek-
era, B.W. Alphenaar, M.K. Sunkara, Nano Lett. 5, 1625 (2005)

15. P.X. Gao, C.S. Lao, W.L. Hughes, Z.L. Wang, Chem. Phys. Lett.
408, 174 (2005)

16. N.P. Kobayashi, S.-Y. Wang, C. Santori, R.S. Williams, Jpn. J.
Appl. Phys. 46, 6346 (2007)

17. M.H. Brodsky, M. Cardona, J.J. Cuomo, Phys. Rev. B 16, 3556
(1977)

18. H. Fujiwara, M. Kondo, A. Matsuda, Surf. Sci. 497, 333 (2002)
19. M. Stutzmann, in Handbook of Semiconductors, ed. by S. Maha-

jan, vol. 3A (North-Holland, Amsterdam, 1994), p. 663
20. C.A. Angell, C.T. Moynihan, M. Hemmati, J. Non-Cryst. Solids

274, 319 (2000)
21. M. Murayama, T. Nakayama, Phys. Rev. B 49, 4710 (1994)
22. H. Asai, K. Oe, J. Appl. Phys. 54, 2052 (1983)

23. M.B. Derbali, J. Meddeb, H. Maaref, D. Buttard, P. Abraham,
Y. Monteil, J. Appl. Phys. 54, 503 (1998)

24. N.P. Kobayashi, V.J. Logeeswaran, M.S. Islam, X. Li,
J. Straznicky, S.-Y. Wang, R.S. Williams, Y. Chen, Appl.
Phys. Lett. 91, 113116 (2007)

25. V.J. Logeeswaran, A. Sarkar, M.S. Islam, N.P. Kobayashi,
J. Straznicky, X. Li, W. Wu, S. Mathai, M.R.T. Tan, S.-Y. Wang,
R.S. Williams, Appl. Phys. A 91, 1 (2008)

26. J.B.K. Law, J.T.L. Thong, Appl. Phys. Lett. 88, 133114 (2006)
27. S.G. Romanov, C.M. Sotomayor Torres, H.M. Yates, M.E. Pem-

ble, V. Butko, V. Tretijakov, J. Appl. Phys. 82, 380 (1997)
28. A. Mooradian, G.B. Wright, Solid State Commun. 4, 431 (1966)
29. K. Haraguchi, T. Katsuyama, K. Hiruma, K. Ogawa, Appl. Phys.

Lett. 60, 745 (1992)
30. L. Samuelson, Mater. Today 6, 22 (2003)
31. X.F. Duan, Y. Huang, Y. Cui, J.F. Wang, C.M. Lieber, Nature 409,

66 (2001)
32. S. Mathai, N.P. Kobayashi, X. Li, J. Straznicky, S.-Y. Wang,

M.R.T. Tan, D. Houng, R.S. Williams, InP nanowire diodes on
quartz substrates, in 8th IEEE Conference on Nanotechnology, Ar-
lington, TX, USA (2008), pp. 538–540


	Ensembles of indium phosphide nanowires: physical properties and functional devices integrated on non-single crystal platforms
	Abstract
	Introduction
	Structural concept
	Characteristics of Si:H template layers
	Characteristics of InP nanowires
	InP nanowire photoconductors
	InP nanowires on a quartz substrate
	InP nanowire p-i-n diodes
	Summary
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


