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p-n Junctions in Silicon Nanowires
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Silicon nanowires composed of p-n junctions have been grown on 2 X 5 cm
glass substrates with a thin layer of indium tin oxide (ITO). These nanowires
- were grown both directly on ITO utilizing the vapor—solid (VIS) method, as well
as by vapor-liquid—solid (VLS) method, with a thin layer of gold as a catalyst.
Current—voltage analyses show p-n diode characteristics in both cases. When
a reverse dc bias was applied, these diodes responded to optical signals inci-
dent on the glass surface, showing potential solar-cell application and intrigu-
ing possibilities for future optical detection structures. Devices grown via the
VS method displayed better electrical properties compared to those produced

" via the VLS method.
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INTRODUCTION

Over the past few years, it has become evident
that the trend of continued down-scaling of silicon
integrated circuits to increase speed is reaching its
limit. To continue the trend predicted by Moore’s
Law, new nanoscale device structures will be
required to overcome the physical limitations of
overlapping electrical fields and current leakage of
the two-dimensional field-effect transistors. One
possible solution to overcome these limitations is
use of silicon nanowires (SNWs), which can poten-
tially produce one-dimensional (1-D), single-crystal
structures for fabrication of future electronic and
optoelectronic devices. The motivation of utilizing
1-D channels stems from the possibility of achieving
coherent or quantum transport of carriers. Semicon-
ductor nanowires, in particular SNWs, are particu-
larly attractive because their electrical conduction
can be predictably controlled by doping. To date,
doped individual SNWs have been utilized to dem-
onstrate a wide range of devices, ranging from field-
effect transistors to biosensors.”™ The NWs in these
devices were grown either by laser ablation or the
vapor-liquid—solid (VLS) method, with Au as the
catalyst in both methods.>® However, Au in contact
with Si leads to deep-level traps in Si; hence this
combination is avoided in the microelectronics indus-
try. Therefore, we have explored other methods, par-
ticularly the vapor-solid (VS) method of growing
SNWs which does not require Au.” We present below
our results of growth of p-n junctions in SNWs grown
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by VS and VLS methods, for comparison. The NWs
were grown on glass substrates for large-area appli-
cations, such as solar cells. The optical sensitivity of
these devices also opens up the possibility of using
these structures for fabricating charge-coupled devi-
ces (CCDs) and avalanche photodiodes (APDs).

EXPERIMENTAL DETAILS

In the VS method, control of degree of supersatu-
ration is critical because it determines the mor-
phology of the deposition.” For growth of NWs, low
supersaturation of the vapor-phase source is required,
whereas increasing it leads to deposition of a film.
In order to meet this condition, selection of an appro-
priate source is important. We found disilane to be a
suitable source for this method as it decomposes at
about 410°C and has two Si atoms per molecule,
therefore producing the necessary supersaturation
at relatively low temperatures. The substrates for
the SNW growth consisted of 2 em X 5 cm glass
(Corning 7059, Corning, NY) plates with a thin
(200 nm) polycrystalline film of indium tin oxide
(ITO). ITO is a transparent conductor that is com-
monly used as the front electrode in displays and
solar cells. It has a work function in the range of
4.60-4.75 eV, depending/on the processing condi-
tions, hence it has also been utilized for injecting
holes into organic semiconductors.®® For VLS growth,
the ITO surface was covered with a 1-2 nm thick Au
film or-10-nm diameter Au nanoparticles.

The SNW growth was carried out in a quartz
reactor that was placed in a horizontal furnace. The
flow rate of the source gases was controlled with
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electronic flow meters. Further details of the growth
system are presented elsewhere.'® The source of Si
was disilane (10%, balance Ar). Initially, diborane
(BoHg) was used as a B source to produce p-type
doping. After a series of growth parameters were
tested to optimize the doping conditions, the best
that we could produce were short, stubby wires.
This is probably due to a gas-phase catalytic reac-
tion similar to that which occurs between BoHg and
silane that leads-to an increase in deposition rate of
Si.'* We then switched the B source to trimethyl-
boron (TMB), which has been reported to produce
controllable B-doping of SNWs.»? This source
allowed B-doping of SNWs over a relatively large
range of B concentration and did not seem to affect
the NW morphology over the temperature range
examined. The source for n-type doping was phos-
phine (PHj), which was relatively stable over the
temperature range used for the NW growth. The
starting concentrations of the dopant sources were
100 ppm TMB in Hy and 100 ppm PHg in Ar.

The flow rates of disilane, TMB, and PHj; were

’adJusted so that B/Si and P/S1 1nlet gas ratios were

in the 1072 range. Total reactor pressure during
growth was about 2 torr, and the temperature was
420°C for VLS (ITO with Au) and 440°C for VS
(plain ITO). The growth process was started with
first introducing disilane and TMB into the reaction
chamber to produce SNWs with p-type ends in con-
tact with ITO. The growth continued for 10 min.
(~1 um NW length). The TMB flow was turned
off, PH3 was introduced into the reactor, and growth
continued for another 40 min. (~4 pm). The reason
for keeping the p-type section of the NW short will
be apparent later We estimated the NW density to
be ~10%° 2 and the diameters of the NWs grown
were in the 40——50 nm range. This distribution in
diameters should result in a corresponding spread
in their properties. These substrates were next
placed in an atomic layer deposition (ALD) reactor
to deposit a 0.4-um-thick layer of SiOy at 230°C.
ALD allows deposition of a very conformal film
around the NWs and fills the gaps between them
Details of ALD of SiO, is presented elsewhere.'®

Because ALD fills the gaps between the high density
of NWs, a thick film is not required. 14 Next, the SiOs

layer was etched back in several stages in dilute .

(10%) HF. Etching was stopped when the tips of
the NWs were visible with a scanning electron
microscope (SEM). The final step consisted of sput-
ter depositing Al dots 500 pm to 2 mm in diameter,
followed by a short (30 sec) anneal at 450°C in form-
ing gas (10% Hg, balance Ar). The Al dots formed the
back electrodes. Therefore, the active p-n sandwich
structure consisted of ITO/p-Si/n-Si/Al

NANOWIRE GROWTH MECHANISMS

As stated before, two growth mechanisms were
examined to produce p-n junctions in SNWs. Cur-
rently, the most common method utilized to grow
SNWs is VLS. In this technique, a thin film or nano-

' no significant amount of B on the surface. Similarly,

" eral wires. NWs with p-n junctions were also exam-
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particles of mostly Au are used to first catalytically
decompose the Si source molecule at a temperature
higher than the Si-Au eutectic temperature
(~360°C). Further decomposition of the Si source
will increase the Si composition in the eutectic,
which will return to equilibrium by precipitating
out excess Si in the form of a nanowire. In this
growth process, there are two poss1ble ways of incor-
porating the dopants into the nanowues Gold does
not form a eutectic with B or P.}® However, it is
possible that these dopant atoms are incorporated
into the eutectic and precipitated out together with
Si. The other possibility is diffusion of the dopants
into the NWs through the sidewalls. Based on dif-
fusivities of B and P in Si'® at a growth temperature
of 450°C and time of 30 min., we estimated the dif-
fusion lengths of boron to be ~3 X 107*® m and
about half of this for phosphorous. Hence, the latter
doping mechanism is less likely. Also, if this mech-
anism were significant, then it would have made
formation of longitudinal p-n junctions in NWs vir-
tually impossible, because the second dopant would
also penetrate into the previously doped region.

The second growth mechanism we examined was
vapor—solid, where the growth surface was ITO,
without any Au. Except for a slightly higher temper-
ature (440°C), all other growth parameters were the
same as for the VLS case. Once nucleated, a NW
grows by further decomposing the source gases at
the free end, where the dopants are apparently
incorporated. At this time it is not clear which ther-
modynamic mechanisms lead to the source gas(es)
decomposing at the free end and incorporation of
the dopants. Transmission electron microscopy
(TEM) analysis of undoped SNWs using energy-
dispersive x-ray spectroscopy (EDS) have shown
no detectable levels of either In or Sn from ITO
(results to be published separately). We have
applied this method successfully to grow SNWs on
other substrates than ITO, such as mica.

RESULTS

To determine the doping levels, several sets of
NWs were grown, some with B or P alone and others!
with p-n junctions. Samples consisting of B- or
P-doped NWs (grown under the same conditions as
the p-n junctions) were first characterized using
time-of-flight secondary ion mass spectroscopy
(TOFSIMS). In the case of B-doped NWs, initially
small signals of silicon and oxygen were detected,|
corresponding to a layer of native oxide. These peaks!
were followed by steady signals of silicon and boron.
The boron concentration was 5 X 10%° cm™2, which
was consistent over several areas probed. There was

in the case of P-doped SNWs, the phosphorous con-
centration was determined to be 3.4 X 10%° ¢cm™
This technique does not provide doping mformatlon]
of an individual NW but rather an average of sev-

ined with a STEM, where several of them were]
’ 1
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Fig. 1. High-resolution TEM view of P-doped cross-section of the
silicon nanowire.

individually probed along their length for B and P
using EDS. P was detected at a concentration of
about 3 X 10*® cm™3. A high-resolution TEM view
of a section of P-doped SNW is shown in Fig. 1. One
can see that there are no visible defects observable
at this doping concentration. Along the length of a
NW, P was detected up to a certain length and then
it dropped below the sensitivity of the instrument
over the rest of the length. In the B-doped region, no
B was detected, which was not surprising because
EDS is known to have a limitation for sensing light
elements. Still in the STEM mode, an alternate
technique known as electron energy-loss spectro-
scopy (EELS) was employed to detect B. Although
we could detect B in the section of NWs where it was
supposed to be, it was not possible to quantify its
concentration.

Electrical response of these SNWs with p-n junc-
tions were characterized with an HP-4145B ana-
lyzer. A typical I-V curve of a junction grown by
the VS method is shown in Fig. 2 (solid line), which
shows a standard diode characteristic. Note that the
response shown is a composite of several NWs under
the Al electrode. Also note that, in Fig. 2, the driving
voltage is rather high for these NW structures. This
is caused by the contact to the ITO layer being made
at the edge of these devices, and the current had to
pass through about 1 cm of this slightly resistive
layer. The response of devices grown via VLS is also
shown in Fig. 2 (narrow line). The current of the
VLS-grown device was multiplied by 4 in order to
show its profile on the same plot as the VS-grown
device. The I-V curves of these devices were not as
smooth, had high resistance, and often tended to
break down at lower voltages. It is not obvious that
presence of Au is responsible for this behavior in
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Fig. 2. IV curves of the p-n junctions grown via VS (wide line) and
VLS (narrow line) methods.

these devices, because near-ideal I-V response from
VLS-grown SNW with Au as a catalyst has been
reported.’” Hence, it is possible that this behavior
is due to our conditions for the VLS growth not
being optimum. :

It can be argued that the I-V profiles recorded are
due to thermionic emission currents of two back-to-
back Schottky diodes formed at the SNW-metal
junctions. To address this, we examined each con-
tact separately. First, p-type SNWs were grown on
ITO using the VS technique. The I-V curves showed
a little nonlinearity, but there was no threshold
voltage for the current flow. The n-type SNWs were
grown on heavily doped (~10%° ¢cm™%) P-doped Si
substrates. Au nanoparticles were used as catalysts,
employing the VLS method to achieve the NW
growth. In this case the I-V curves were ohmic. In

both cases, Al was used as the back electrode.

Hence, the diode characteristics we observe most
likely originate at the p-n junction in the SNWs.
The optical response of these diodes was exam-
ined by applying a reverse dec bias and illuminating
them with a pulsed light source. The signal pro-
duced was viewed on an oscilloscope, as shown in

Fig. 3. The light source was an Ar laser operating at’

514.5 nm, attenuated to 3 wW, passed through a
chopper, and defocused to a beam size of about 5
mm. The light beam was incident on the glass side
of the diode. The p-n junction was kept close to the
glass substrate (by keeping p-Si segments short) to
maximize photocarrier generation, which enhanced
the photodiode signal. The dc bias was typically
between 4 and 5 V.

Several issues regarding doping of Si nanowires
remain to be addressed. For example, although we
can see presence of dopants in the NWs, we do not
know what fraction of these dopants are activated.
To examine this, several samples were annealed at
650°C for 1 min. presence of forming gas, just after
NW growth. In all cases, the I-V profiles degraded.
This could be due to out-diffusion of the dopants.
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Fig. 3. Optical response of a reverse-biased nanowire p-n junction
monitored on an oscilloscope. Horizontal and vertical scales are
5 msec/div. and 20 mV/div., respectively.

The other issue is segregation of dopants at the
Si/oxide interface. When doped Si is oxidized,
the dopant could preferentially segregate in Si or
the oxide.’® This could present a problem when
these NWs undergo thermal cycles during device
fabrication. For example, suppose during the device
fabrication process, these NWs experience a total
temperature of 800°C for 30 min. in dry oxygen.
Using SILVACO simulation, we determined that

growth of an oxide layer on the NW during this

temperature cycle will lead to depletion of B concen-
tration by an order of magnitude at the interface. In
the case of n-SNWs, under the same conditions, the
P concentration will increase by about 40%.
SUMMARY

In summary, we have demonstrated large area
growth of 40-50 nm diameter Si NWs that are
doped longitudinally to produce p-n diodes. The
NWs grown using the VS method displayed superior
properties compared to those grown via the VLS
method, where Au was used as a catalyst. These
structures display typical diode I-V characteristics
and respond to optical signals, which raise intrigu-
ing possibilities for solar cell as well as future CCD
and APD applications. Besides p-n junctions, one
should be able to extend this process to produce
p-i-n structures. Although we have demonstrated
the feasibility of fabricating large areas of NWs with
p-n junctions, the unique advantage of these nano-
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scale structures will be realized only when the Sj
NW diameters are <5 nm.'%?° At this scale, Si
should have a direct bandgap and the carriers
within the NWs will be transported by quantum
conductance.
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