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We demonstrate fabrication of vertically aligned, intrananowire p-n diodes by large-area epitaxial
growth of Si nanowires �NWs�. The axially modulated doping profile of p-n junctions is achieved
by in situ doping with alternating addition of dopants in the axial sequence during Au-assisted
chemical vapor deposition. We provide direct evidence of the intra-NW p-n junctions using
scanning local probes in both individual NWs and vertically aligned NWs at large areas. Our study
suggests implication for integrated electronics and optoelectronics based on bottom-up Si NWs.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3126037�

Semiconductor p-n diodes are one of the basic circuit
elements in various electronic, photonic, and photovoltaic
devices, such as field-effect/bipolar junction transistors,
photodiodes, and solar cells. Recently, various inter-/
intrananowire �NW� p-n junctions based on the so-called
bottom-up semiconductor NWs have been investigated by
employing group IV, III-V, and II-VI semiconductor NWs for
their unique optoelectronic properties at the nanometer
scale.1–5 Group IV semiconductor NWs are particularly in-
teresting not only due to their wide recognition in microelec-
tronics but also possible size effects in optical properties.6–8

Here we report a controlled growth of vertically aligned,9–12

intra-NW p-n diodes of Si NWs by large-area epitaxial
growth. The axially modulated p- and n-dopant profiles
within individual NWs are uniquely achieved by in situ dop-
ing during the Au-catalytic growth by high-vacuum chemical
vapor deposition �CVD�. We provide evidence that an indi-
vidual Si NW possesses an intra-NW p-n diode by spatially
resolved electrostatic force microscopy �EFM� and also con-
firm that the diode characteristics is maintained within the
vertically aligned array at large areas.

Single-crystalline Si NWs were grown by Au catalyst-
assisted CVD using 10% diluted SiH4 precursors in H2 in a
quartz tube furnace.8,13 We prepared Au catalysts by thermal
evaporation of 2-nm-thick Au films on oxide-etched �111� Si
substrates. Then the Au-coated Si substrates were immedi-
ately loaded into a quartz tube furnace, where the base pres-
sure is pumped down to below 10−6 Torr. We carried out
Au-catalytic NW growth at 690 °C under the SiH4 partial
pressure of 3.5 mTorr. In Fig. 1�a�, a scanning electron mi-
croscopy �SEM� cross-sectional view shows the vertically
aligned Si NWs with uniform lengths at a relatively large
area. Transmission electron microscopy �TEM� images in
Fig. 1�b� illustrate the initial growth stage of such vertical
NWs by vapor-liquid-solid mechanism.14,15 A high-
resolution TEM image of the interface between the NW and
a Si �111� substrate in the inset shows the NW grows along
the �111� direction, and the continuous crystal planes across

the interface without misfit dislocations or defects demon-
strate the well-established epitaxy between the �111�-oriented
NWs and Si �111� substrates. The top view SEM image in
Fig. 1�c� shows that the growth directions of Si NWs are
concentrated into four major orientations which correspond
to the four equivalent �111� directions, as indicated by white
arrows.16 We find the typical occurrences of the orientations
into the vertical �111� directions and the three nonvertical
�111� directions are 75% and 25%, respectively. We note that
the sidewalls of NWs in our growth are �112� faceted with
hexagonal shapes in the NW radial directions and a periodic
sawtooth shape along the NW axial direction, as in the inset.
The same structural modulations have been attributed to the
results of the interplay of geometry and surface energy of the
wire and liquid droplet, when Au-catalytic NW growth oc-
curs at high-vacuum CVD without the presence of back-
ground oxygen impurities.17

Having established the controlled growth of vertical NW
arrays in an epitaxial manner, we further attempt to axially
modulate the doping profile along the NWs by in situ doping
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FIG. 1. �a� Cross-sectional view SEM image of vertically aligned Si NWs at
large areas. �b� TEM image of an individual Si NW epitaxially grown on a
Si �111� substrate. Inset is a high-resolution TEM image of the white box
area. The interface between the NW and the substrate is indicated by a
dotted line. �c� Top view SEM image of Si NWs grown on a Si �111�
substrate. The inset shows that the sidewalls of NWs are �112� faceted with
hexagonal shapes in the radial directions and periodic sawtooth shapes along
the axial direction. �d� Cross-sectional view SEM image of P-doped Si
NWs. �e� Cross-sectional view SEM image of Si intra-NW p-n diodes. The
dotted line indicates the location of the p-n junctions.
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with alternating addition of PH3 and B2H6 �100 ppm diluted
in H2� in the axial sequence during the SiH4 catalytic growth.
Nevertheless we found that the doping characteristics of the
axially modulated NWs are governed by the latter dopants in
the dopant feeding sequence, regardless of their types. We
attribute this observation to the fact that a significant amount
of the dopants may conformally incorporate into Si NWs
through their surfaces as well as the catalytic decomposition
in our growth conditions.3,4 This observation is in contrast to
an earlier report of Si NW p-i-n diodes by Yang et al.,3

where the axial doping modulation has been achieved with
the similar dopant precursors at a lower growth temperature.
Our growth occurs at a relatively higher temperature under
the lower base pressure of 10−6 Torr maintaining sufficiently
clean Si NW surfaces, and this may lead to Au migration on
Si NW surfaces during the growth.18 This surface state can in
turn activate conformal surface doping. It is known that un-
doped Si NWs grown by Au-catalytic growth using SiH4
tend to exhibit p-type characteristics due to their surface
states of hole accumulation, albeit they are relatively
insulating.19–21 Thus we attempt to achieve the axially modu-
lated doping by the sequential growth of n-type segments in
the presence of PH3 in the first step, followed by the second
growth step without the presence of PH3, to form p-type
segments �intrinsic segments�. Figure 1�d� is a cross-
sectional SEM image of P-doped Si NWs under the
PH3:SiH4 ratio of 1 :104, and demonstrates that the vertical
NW alignment is preserved upon in situ doping with a simi-
lar axial growth rate of 0.8–1.0 nm/s. We have observed that
the NW shape tends to be tapered with random orientations
when the PH3:SiH4 ratio exceeds over 3 :104.22 The subse-
quent growth of intrinsic NWs without the presence of PH3
maintains the vertical orientation, prolonged from the n-type
seed NWs, as shown in Fig. 1�e�.

Figure 2 shows the typical current-voltage �I-V� charac-
teristics of an individual, modulation-doped Si NW device,
as seen in the top inset of an SEM image.23 It shows a typical
current rectification with high current at forward bias
�2–3 V and suppression at reverse bias down to �−80 V,
suggesting the presence of the p-n junction within the NW

channel. We also employed EFM scanning probes in order to
spatially resolve electrical potential profiles along the indi-
vidual NWs upon the current flowing at various bias volt-
ages, as in Fig. 3. The contrast and the line profile in the
EFM phase shift at the forward bias of 10 V, in Fig. 3�c�,
show that the major potential drop occurs at the contact be-
tween the source and the p-type segment that is more insu-
lating than the n-type segment. By the separate two-probe
resistivity measurements �thus including the contribution of
contact resistance� of monolithic p-type �undoped� and
n-type NWs �P-doped�, we find the resistivity of 1.4�103

and 1.5�10−2 � cm, respectively. By sharp contrast, at the
reverse bias of �10 V, the major potential drop occurs on the
NW in addition to that at the contact, as seen in Figs. 3�d�
and 3�e�. This observation clearly illustrates that the current
flowing is limited by the more insulating p-type NW segment
in rectification, providing a large potential barrier within the
NW. The I-V curve at the low bias regime is fitted with the
diode model,

I = Is�exp�e�V-RsI�/nKBT� − 1� , �1�

where Is is the saturation current, Rs is the series resistance of
NW, n is the ideality factor, KB is Boltzmann’s constant, and
T is the temperature. The best fit is achieved with Is
=0.03 nA, n=2, Rs=90 M�, as shown in the lower left
inset of Fig. 2. The ideal factor 2 usually suggests that
thermal-generation current becomes dominant rather than
diffusion current, and presumably in our diodes it can be
attributed to the low intrinsic carrier density in an undoped
p-type segment. Large series resistance may also be origi-
nated from the undoped p-type segment. It is notable that the
breakdown voltage, where the reverse current rapidly in-
creases, is marked at relatively large voltage ��−80 V�,
even after precluding the contribution of contact resistance to
the total resistance. We can then estimate the breakdown
field of the intra-NW p-n junction to be on the order of
	105 V /cm, which is comparable to the breakdown field of
intrinsic Si.24 Particularly, as in the lower right inset of Fig.
2, we have found that the onset of the breakdown voltages
negatively shifts with decreasing temperatures from all mea-
sured eight diodes. This negative temperature dependence of
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FIG. 2. �Color online� I-V characteristics of an individual Si NW p-n diode.
The upper inset is the SEM image of the individual Si NW p-n diode. The
lower left inset shows the I-V data at the low bias regime with a diode model
fit. The lower right inset shows temperature-dependent I-V characteristics of
the individual Si NW p-n diode.
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FIG. 3. �Color online� �a� EFM measurement setup. �b� AFM image of the
individual Si NW p-n diode �c� EFM image at forward bias �10 V� applying
at p-type region. �d� EFM image at reverse bias ��10 V� applying at p-type
region. �e� EFM phase shift data along the dotted lines in the upper EFM
images.
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the reverse-bias breakdown is in marked contrast to Si NW
avalanche p-i-n photodiodes2,3 synthesized by alternating
p- /n-doping using gas-phase dopants, where the breakdown
voltage shows the positive temperature dependence. The re-
verse junction breakdown is primarily associated with the
doping profile and its resultant potential barrier within the
junction. Our NW p-n diodes are different from the usual
p-i-n NW diodes, in that they exploit surface-mediated
p-type segments forgoing extrinsic p-type dopants of un-
doped segments, thus we speculate that this discrepancy can
be attributed to the different surface state profiles along the
junction. It should be also reminded that our NW sidewalls
are in a periodic sawtooth shape, as mentioned above, and
this also can affect the reverse junction leakage. This point is
under further investigations by using other local probes, such
as spatially resolved photocurrent measurements.

Finally we have further investigated I-V characteristics
of the array NW p-n diodes using a current sensing atomic
force microscopy �cs-AFM�, as seen in the inset of Fig. 4.
Here the vertical p-n diode NWs were grown on heavily
n-type doped Si substrates, and the electrical contact to the
top of NWs has been made using a PtIr5 coated tip. In order
to ensure the reproducible electrical contacts between NWs
and the cs-AFM tip, we lowered the scanning tip down be-
low the top of NW arrays until the observed current was
stably saturated. At various positions within the NW arrays,
the I-V characteristics are consistently rectifying with a simi-
lar forward bias current. Typically we observed the forward
bias current at 10 V of 	5 �A. By a simple comparison
with Fig. 3, this current amplitude can be regarded as a sum
current contributed from about 25 NWs without considering
inhomogeneous contacts between constituent NWs and the
local tip electrodes. As a reference, we also prepared un-

doped NW arrays grown on heavily p-type doped Si sub-
strates by the same manner, as indicated in the right inset. As
shown in Fig. 4, the current of the undoped NWs is symmet-
ric for forward and reverse bias, and its amplitude is also
suppressed by two orders of magnitude. This direct compari-
son demonstrates that fabrications of intrananowire p-n di-
odes arrays can be available by large-area epitaxial growth
based on the controlled growth.
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FIG. 4. �Color online� I-V characteristics of the vertically aligned, intra-NW
p-n diodes and the monolithic p-type Si NW bundle, measured using cs-
AFM tips. The low inset shows the schematic of the measurements. The
relative size and the density of NWs are not scaled with respect to the tips
for clarity.
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