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ABSTRACT

A facile method to selectively grow vertically-aligned silicon nanowires (SiNWs) which can inherit the
doping concentration from its mother wafer, with controllable length, is demonstrated using the com-
bination of photolithography and aqueous electroless etching. The use of SU-8-2002, a chemically and
mechanically robust photoresist (PR) material, provided a high selectivity for the etching reaction on the
exposed surface of 1-wm-thick n* doped p-type (100) Si substrate, resulting in the fabrication of ~30-
pm-long vertically-aligned SINW photodiode arrays on the desired locations, while the areas covered
with SU-8-2002 remained unreacted. Optical and field emission scanning electron microscope analyses
confirmed that SINWs were selectively grown while retaining the shape of the PR patterns. The electrical
and optical measurements of the fabricated p-n* junction SINW photodiodes were compared to those
of reference planar p-n* junction Si photodiodes: the current density of the p—n* junction SiNW pho-
todiodes was approximately 3 times greater than that of the planar counterpart at the forward bias of
5V, which can be attributed to the high density of defect states on the rough surfaces of the synthesized
SiNWs, leading to the increased recombination efficiencies for the injected carriers. In addition, the pho-
toresponse of the p—n* SiINW photodiode arrays was 3.4 times higher than that of the planar device at

—3.5V due to the increase in the light scattering.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few decades, silicon nanowires (SiINWs) have been
widely pursued as promising candidates for building blocks in a
variety of novel electronic applications, owing to their outstand-
ing electrical, physical, and optical properties [1-5]. Numerous
techniques have been proposed for the fabrication of SiNWs, such
as vapor-liquid-solid (VLS) growth [6], solution phase synthe-
sis [7], lithography-related etching methods [8], laser ablation
[9], and template-assisted growth [10]. Although the aforemen-
tioned methods are adequate for the production of laterally- or
vertically-oriented NWs that have considerably high aspect ratios,
these methods are still hindered by diverse challenges, including
the control of the doping concentration, a hierarchical assembly,
large scale synthesis, and direct integration into multi-functional
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systems. Thus, a simpler method that allows the growth of SINWs
in a single cast is highly necessary to overcome the above issues.
As a consequence, an effective solution-based, called the aque-
ous electroless etching (AEE) method, has been devised to fabricate
SiNWs and enable the mass production of vertically-aligned SiNWs
with great ease [11-14]. In addition, this method allows for con-
trol of the NW doping concentrations, since the doping profile
is directly inherited from the mother Si wafer during the etch-
ing process [15]. Although Peng et al. showed that the SINW p-n
junction diode arrays could be fabricated using AEE method [16]
the suggested method was not applicable for the fabrication of
nanowire-embedded electronic devices. Recently, a few reports
have demonstrated a method to selectively grow SiNWs using the
AEE method [17,18], which would facilitate the fabrication of an
integrated circuit with SiNW-based devices. In the work of Wan
et al., hard mask layers such as Si3N4 and SiO, were used to selec-
tively grow SiNWs on the exposed surface of the Si substrate [17].
However, the low pressure chemical vapor deposition process for
the deposition of the Si3sN4 and SiO, mask layers was carried out
at over 600 °C, which may cause changes in the doping profile [19].
Furthermore, the maximum length of the SINWSs can be restricted to
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Fig. 1. Schematic illustration of the fabrication process of photodiodes based on
selectively grown p-n* junction SINWs.

the thickness of the mask layers due to the relatively poor selectiv-
ity of the hard masks in HF solution. In another report by Megouda
etal., SiNWs were selectively grown on desired areas using Au mask
layers with the AEE method, but their method was restricted to
the use of moderately-doped Si substrates, as Au-coated Si surfaces
may be etched as well when heavily-doped Si substrates are used
[18].

Here, we demonstrated a facile method to selectively grow
highly dense and vertically aligned SiNW arrays by using pho-
toresist (PR) patterns as mask layers in combination with the AEE
method. As aresult, itis possible to achieve SINWs with various pat-
terns that directly replicate the shapes of the PR patterns. Notably,
there were no restrictions in the length of the grown SiNWs since
the PR mask layer was insoluble to the HF solution, and the doping
concentration of the SiNWs remained unchanged throughout the
entire process as our process did not involve any thermal processes
with high temperatures. As a proof of concept, a p-n* junction
Si wafer was selectively etched to fabricate p-n* junction SiNW
photodiodes, and their electrical/optical properties were measured,
and exhibited higher performances compared to those of the planar
p-n* diodes. The forward current density of p-n* SiNW photo-
diode was approximately 3 times greater than that of the planar
photodiode at 5V owing to the increased recombination centers
by the increased surface area. The photocurrent of the p-n* SINW
photodiode increased as much as 3.4 times compared to that of the
planar device at —3.5V as a result of the increased light absorption
capabilities of the NW structures.

2. Experimental

An 8-inch single-polished p-type (10 +2 Q cm~1) silicon wafer
with (100) orientation and a thickness of ~0.725mm was
implanted with phosphorous ions (P*) (dose of 4 x 10! ions/cm?
at an acceleration voltage of 80 keV) and underwent a subsequent
activation process at 1000 °C for 90 min to fabricate a planar p-n*
junction substrate with a 1-pum-thick top n* layer (sheet resistance,
Rs =19 Q2/0). Fig. 1 schematically illustrates the procedure to fab-
ricate selectively grown p-n* SiNW photodiode arrays, which was
also used in our previous report of vertically-aligned SiNW synthe-
sis [20]. In detail, 1.5cm x 1.5 cm p-n* junction Si samples were
prepared and successively cleaned by ultrasonication in acetone,
ethanol, and de-ionized (DI) water for 5 min each. SU-8-2002 was
patterned on the cleaned samples to selectively expose the desired
locations on the surface using a photo mask aligner (MDA-400 M,
Midas System Co., Ltd.) equipped with a UV exposure light source
with a 350W intensity controlling power supply. The samples
were then immersed in an etchant composed of 4.9 M HF solu-
tion and 0.03 M AgNOs3 at 60 °C for 60 min. To remove the residual

silver nanoparticles and byproducts generated during the etching
process, the sample was immersed in a HNO3 solution (68 wt%)
for 1 min. Finally, the SU-8-2002 was removed through another
immersion in a solution mixture of 4.9 M HF and HNOs3 solution
(68 wt%) for a few seconds, followed by carefully rinsing with D.I
water and drying at room temperature. For electrical and optical
measurements, a 200-nm-thick transparent indium tin oxide (ITO)
was magnetron-sputtered (DC) under a square shadow mask with
the dimensions of 100 wm x 100 wm on the front (n*) side of the
sample, and the entire back (p) side of the substrate was thermally
evaporated with 100-nm-thick Au. Prior to the formation of the
top electrode ITO contact, a negative PR (AZ 5214, Clariant Pte Ltd.)
was spin-coated on the sample to isolate the SINWs from each other
and to prevent them from fracturing into pieces during the electri-
cal measurements, and exposed with oxygen plasma at the power
of 40 W for 10 min to remove the PR on the tips of the SINWs.

The morphologies of the selectively grown p-n* junction
SiNW were observed using optical microscopy, field emission
scanning electron microscope (FESEM) (JSM-6701F, JEOL Ltd.),
high-resolution transmission electron microscope (HRTEM) (FEI
Tecnai F20, Philips Electron Optics), and annular dark-field (ADF)
scanning TEM (STEM) (FEI Tecnai F20, Philips Electron Optics). The
ADF images were acquired by scanning a 3 nm probe across a spec-
imen and recording the transmitted high-angle scattering with an
annular detector (inner angle of ~44 mrad). The electrical and opti-
cal properties of the fabricated device were measured with a Kithley
236 source-measure unit under dark and light conditions (fluores-
cent room light, 50 W).

3. Results and discussion

Fig. 2a-d shows the optical micrographs of the selectively grown
p-n* junction SiNWs with various patterns after immersion in
the HF/AgNOs3 solution for 60 min. The patterns had rectangu-
lar shapes with dimensions of 200 pum x 400 pwm (Fig. 1a) and
200 pm x 250 pm (Fig. 1b), and 80-pwm-thick parallel line shapes
with line pitch of 130 wm (Fig. 1c), showing that SiNWs can be
grown in highly defined areas that inherit their original PR pat-
tern shapes. The patterned SiNW arrays exhibited a dark contrast,
which can be attributed to the decreased reflectance and increased
absorbance of light originating from the geometrical morphology
of the SiNWs [21]. The slightly uneven surface observed on the
exposed Si surface may have been created during the SU-8-2002
removal in the HF/HNO3 solution. In general, SU-8-2002 can be
removed by dissolving through a rapid thermal process in O, ambi-
ent [22]; however, immersing the sample in HF/AgNOs5 solution led
to a chemical deformation on the surface of the SU-8-2002 [23],
and it had to be stripped off by etching the surface of Si near the
SU-8-2002/Si interface layer.

To illustrate the possibility of our selectively grown vertically-
aligned p-n* junction SiNW arrays for direct integration into a
SiNW-containing circuit, p-n* junction SiNW photodiode arrays
consisting of repeated columns of 3 x 20 rectangular patterns of
SiNWSs were fabricated. The dimension of a single rectangle was
200 pwm x 400 pm. Fig. 3a-d shows the typical plan view and cross-
sectional view FE-SEM images of the selectively grown p—n* SiINWs
photodiodes prior to the top side ITO contact formation. The indi-
vidual patterns of the p-n* junction SiNW photodiode arrays had
widths of 100 wm and lengths of 200 pm (Fig. 3a). Fig. 3b, a higher
magnification FESEM image of the square area indicated by the
white dashed-line in Fig. 3a, confirmed that the SINWs were selec-
tively formed in the exposed Si surface only, where their diameters
were in the range of 100+30nm. A further magnified FESEM
image from the middle area of Fig. 3b is represented in Fig. 3c;
the vertically-aligned SiNWs are bundled at their tips, which may
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Fig. 2. Optical micrographs of the selectively fabricated p—n* junction SiNWs on the patterned Si substrate by immersing in a HF-AgNOs solution for 60 min at 60°C; the
pattern sizes are rectangles with dimensions of (a) 200 wm x 400 pm, (b) 200 wm x 250 wm, and (c) lines with widths of 80 wm and pitches of 130 wm.

have been induced by the capillary force of the drying liquid during
the drying process of the sample after rinsing with DI water [24].
Fig. 3d exhibits the highly-ordered SiNWs grown in the vertical
direction, which resulted from the use of a (1 00) Si substrate: the
(100) plane presented two covalent bonds symmetrically directed
into the reactive HF-AgNOs3 solution, leading to a geometry that
sterically prefers etching Si atoms along the (100) direction [25].
The synthesized SiNWs were uniform in terms of their lengths of
approximately 30 pm, with marginally shorter SiNWs observed in
the front row of the cross section. These NWs were mainly damaged
during the sample cleavage.

Fig. 3e is a typical TEM micrograph of a single p-n* junction
SiNW; substantial bright contrasts were exhibited within the SINW,
which correspond to its thickness variation, indicating the rough
nature of the SiNW surface [20]. This is a typical feature of the
SiNWs synthesized using the AEE method and it could also be
confirmed through the ADF STEM image in Fig. 3f. The brightness
contrasts of an ADF STEM image is associated with the atomic num-
ber Z and thickness variation of the specimen under observation;
since our specimen was a single SiNW, the dark contrasts were
directly originated from the thickness variations within the SINW.
Because the SiNWs were synthesized using a solution-based etch-
ing process, faceted surfaces were naturally obtained as expected
[26], which is in good agreement with the observations of our TEM
and ADF STEM images. Fig. 3g shows the HRTEM micrograph of the
SiNW taken along the (01 1) zone axis with a corresponding fast
Fourier transform (FFT) image in the inset; it can be confirmed that
the crystallinity of the SINW was not destroyed through the etching
process from its mother (100) Si substrate, and the dark contrast
at the interface of the SINW and SiO, demonstrated the faceted
surface roughness of the synthesized SINW.

Compared to previous reports [17,18], the method demon-
strated in our report is more readily achieved since the negative
PR (SU-8-2002) is commercially available at low costs and the
fabrication procedure does not include any high vacuum or high
temperature processes. In addition, the SU-8-2002 was barely
reacted in the HF solution, thereby providing a high selectivity
for the etching reaction to affect the unmasked areas only. Conse-
quently, a specific doping profile, inherited from its bulk structure,
could be obtained, and the length of the grown SiNWSs could be
easily controlled by varying the etching time. The masked area
is well-protected with the chemically stable SU-8-2002, and in
the unmasked area of the p—n* junction Si substrate, the follow-
ing chemical reactions took place during the formation of the
SiNWs using the AEE method. When the patterned p-n* Si wafer
was dipped in the etching solution HF/AgNOs3, silver nanoparticles
(AgNPs) were randomly formed on the unmasked surface of the
substrate as a result of the galvanic displacement reactions [11].
Subsequently, Si atoms underneath the AgNPs in the unmasked Si

surface were oxidized, and were consecutively etched vertically
with an aqueous HF solution. The chemical reactions during the
etching of the unmasked Si can be written as follows:

Si + 2H,0 — SiOy +4H™ +4e™ 1)

Si0, + 6HF — H,SiFg +2H,0 2)

To investigate the electrical and optical properties of the fabri-
cated p-n* SiNW photodiode arrays, the I-V characteristics of the
SiNW photodiode arrays were measured and compared to those of
a reference planar Si photodiode. Fig. 4 shows the current densi-
ties of the selectively grown p-n* SiNW and planar photodiodes.
A nonlinear and typical diode I-V characteristic can be seen in the
forward bias region. The threshold voltage of the selectively grown
SiNW photodiode arrays was approximately 0.78 V, which is within
the experimental uncertainties and thus can be regarded as the typ-
ical threshold voltage characteristic of a Si-based photodiode [27].
Notably, the current density of the planar device was higher than
that of the SINW-based device in the low forward bias region below
~2.2V, which can be ascribed to the higher recombination in the
depletion region at the low bias region [28]. The depletion region
of the planar device was substantially larger in volume than that of
the etched SINW-base device, suggesting that the larger amounts of
carrier recombination in the depletion region of the planar device
contributed to the higher currents.

In the forward bias region above ~2.2'V, the current density of
the p—n* SiNW photodiode arrays became larger than that of the
planar device, and the current density of the SINW photodiode
arrays was 3.09 times as much as that of the planar photodiodes
at the forward bias of 5V. We attribute the enlarged current to
a higher dependency of the current generation in the high volt-
age regime on the increased number of recombination-generation
centers, which originated from the surface defects of the SiINWs
synthesized using the AEE method [20]. The larger quantity of car-
rier recombination centers is highly associated with the decrease
in the minority carrier lifetimes (7, 7p), indicating that the resis-
tance to minority carrier injection has been reduced and thus, the
recombination efficiency increased. This process thereby leads to
the generation of higher currents. The relationship between the
minority carrier lifetimes and current density can also be explained
through the diode equation, where the forward current density can
be expressed as follows [29]:

J = Jeexp (&) 3)

where

- o{(%2)- (222)).
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Fig. 3. FESEM images of the fabricated p-n* junction SiNW photodiode arrays prior to the top ITO contact formation; (a) plan view, (b) magnified image of the region indicated
with a dashed rectangle in (a), and (c) magnified image of the center region of (b), and (d) cross-sectional view. (e) TEM and (f) ADF STEM micrographs of a single p-n*
junction SiNW and (g) HRTEM image of (e) on the surface.
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Fig. 4. Current-voltage (I-V) characteristic curves of the p-n* junction SINW and
planar Si photodiodes under dark conditions. The insets show I, (I/I;) as a function
of the forward bias at the low bias regime (right side inset) and threshold voltages
(left side inset).

L,% = Dy x T, and (5)

L2 = Dpx1p (6)

Here, | is the forward current density, Js is the reverse saturation
current density, q is the electron charge, V is the applied voltage, n
is the diode ideality factor, k is the Boltzmann constant, and T is the
absolute temperature. D, and L, are the diffusion coefficient and
diffusion length of the electrons in the p region, respectively, while
Dy and L, represent the diffusion coefficient and diffusion length of
the holes in the n region, respectively. From Eqgs. (5) and (6), it can
be understood that the reduced 7, and 7, originated from the larger
numbers of recombination centers contributing to the increase of
the current density in the SINW p-n* junction diode as compared
to its planar counterpart. In terms of the leakage current densities,
a 3.74 times higher leakage current was obtained at —3.5V from
the p-n* junction SiNWs diode compared to that of the planar Si
photodiode, which can be explained by the same mechanism as
shown in Eq. (4).

Z.Chen et al. previously reported on the electrical properties of
porous Si homojunction p-n diodes [30]: a comparative analysis
on the properties of our planar and NW-based p-n* Si photodiodes
with that of the porous Si p—n diodes confirmed that our results
have significant validity. In particular, the diode ideality factors (n)
of our p-n* junction SINW photodiode arrays and planar photo-
didoes were calculated from equation 3 and compared to that of
the porous Si homojunction p-n diodes. From the inset of Fig. 3,
the n of the SiNW-based and planar device was 5.11 and 2.70,
respectively, at 300 K. For the planar Si photodiodes, the non-ideal
properties were mainly associated with the carrier recombination
in the depletion region [28]. The value of n increased notably in the
case of the p—n* junction SINW photodiodes, owing to the increased
number of surface defects that originated from the etching process.
The measured n of the porous Si p—n photodiodes was 3 at 300K;
the porous-structured photodiodes had more surface defects than
those of the planar Si photodiodes and less surface defects than
those of the SiNW-based photodiodes. Thus, it seems reasonable
that the diode ideality factors increased from the planar Si photodi-
odes to the porous p-n photodiodes, and to the p-n* junction SINW
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Fig. 5. Photocurrent densities of the p-n* junction SINWs and planar Si photodiodes
as a function of the reverse voltage under dark and light conditions.

photodiodes via the escalating number of carrier recombination
centers resulting from the surface defects.

Fig. 5 shows the photoresponses of the selectively grown p-n*
SiNW and planar Si photodiodes. The measured photocurrent of the
selectively grown SiNW p-n* junction photodiodes was approx-
imately 1.28 mA/mm? at the reverse bias of —3.5V and that of
the planar Si photodiodes was about 0.38 mA/mm?; the amount
of photocurrent was increased by nearly 3.4-fold in the SiNW-
based device as compared to that of the planar Si device. The
increased photocurrent of the p—n* junction SINW photodiodes can
be explained by the surface geometry of the SiNW-based photodi-
odes [20]. Since the roughness of the SiNW surfaces may enhance
the scattering of incident light, the light absorption could have
been improved. Owing to the increased light scattering, the path
of the traveling light was lengthened, resulting in elevated light
absorption [31].

4. Conclusion

In this paper, p-n* junction SiNWs were selectively grown with
the desired patterns using conventional photolithography process
and the AEE method, and then were fabricated into photodiode
arrays, where SU-8-2002 was adopted as a patterning mask mate-
rial due to its high chemical and mechanical stability. The electrical
and optical properties of SINW p-n* junction photodiode arrays
were investigated and compared to those of a reference planar Si
device with the same doping concentration; this process enhanced
the measured properties of the selectively grown SiNW p-n* junc-
tion based device compared to its planar counterpart. Due to the
increased number of recombination centers originating from the
inherent, abundant surface defects of the synthesized SiNWs, the
recombination efficiency improved greatly improved in the p-n*
SiNW photodiode arrays, leading a current density 3 times higher
than that of the planar Si photodiodes at the forward bias of 5V.
The photocurrent of the p-n* SiINW photodiode was also 3.4 times
larger compared to that of the planar device at 3.5V, which can be
primarily attributed to the increase in the light scattering of the
SiNW-based photodiodes.
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