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Study on Optical Properties and Structure of Silicon Nanowires
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Abstract

Silicon wafers were etched in HF/AgNO; solution with temperature varying from 35°C to 30°C for 40 minutes

followed by wet etching in HNO; using Ag nanoparticle

§ to synthesize the nanowires. Optical and structural

characterizations performed on the synthesized nanowires using techniques like UV/VIS spectroscopy, SEM and
XRD are reported. Over maj ority of the spectrum, the reflectance of all the nanowire films are less than 3%. The
absorptions of the nanowire films are found to be over 95% for the total silicon band edge. The sizes of nanowires

are found to be within ~Snm to ~32nm.
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1. Introduetion

I'he potential of Silicon nanowires (SINWs) 1n photovoltaic
application is very high and it has been studied in the
present paper. The importance of clectrochemistry in Si
microelectronic  technology  has given rise 1o intense
rescarch activity ', In particular, silicon shows novel
propertics  in  solutions containing
hydrofluoric acid: the complex electrochemical ctching
behaviour has raised considerable rescarch interest.

electrochemical.

Electroless metal deposition (EMD) and clectroless etching
have been widely investigated and now the EMD technique
has been extended to the fabrication of
nanostructures.

various

The high aspect ratio of the nanowires (typically on the
order of 100 to 1000) and sharp dielectric contrast with
surroundings leads to optical anisotropy as observed in
mdividual silicon nanowires”. Morcover. sub- w avelength
diameters and proximity, combined with micron scale
length may lead to interesting optical properties such as.
low reflectance and high absorption, as we have shown in
this paper.

I'he remarkably reduced reflective property of SiNWs
suggests the nanostructures as a candidate for anti-reflective
surface  structures.  The  strong  broadband absorption
indicating the interaction of light of varying wavelength
with SINWs which implies its potentialitics to enhance the
PV etficiency of silicon based solar cell’.

The high performance light trapping shemes have the
potential to  enhance  short-circuit photocurrent, and
thm‘c]f'mc cfficiency in various solar cells by as much as
25%".

2. Synthesis Mechanism of Silicon Nanowires

The method we have used to synthesize the silicon
nanowires is based on the galvanic displacement reaction,
This implics that there is a cathodic process where
reduction of metal ions take place and an anodic process

where the oxidation of Si atoms occur. Both the process
oceur simultaneously at the Si surface, while the charge is
exchanged through the Si substrate. Ag salt has highly
positive equilibrium reduction potentials. Thercfore. the
galvanic displacement reaction on Si with Ag salts s
expected 1o oceur by the injection of holes into the valence
band (VB). The electrons used to reduce the metal salt are
the silicon-silicon bonds on the Si surface. This leads to the
subsequent dissolution of the Si substrate in presence of HIY
solution.

The energy levels of the Ag /Ag system lie well below the
S1 VB edge in HF/AgNO5 solution. Thus as a consequence
of the presence of bonding electrons. the reduction ol Ag
10ns is not limited by the Minority carrier concentration,
Simultancous electrochemical processes including cathodic
and anodic reactions occur on the Si surface exposed to the
fluoride solution containing Ag” ions. Surface Si atoms are
oxidized (anodic reaction) and supply the electrons for the
Ag  reduction (cathodic reaction). The corresponding
reaction can be outlined by the two halficell reactions:
Equation (1) (cathodic reaction) and Equation (2) and
Equation (3) (anodic reaction), which occur underncath Ag
nanoparticles,

Cathodic Reaction :

Ag'+evg->Ag(s) (1)

Anodic Reaction:

Si(s) = 2H,0 > SiO, +4H " + 4e (2)

S10,(s) + 6HF - » H,SiF, + 2H,0 (3)
Ag particles on the Si surface oxidize the Si underncath it
and produce SiO;. Simultancousely the dissolution of Si0-
form underneath the Ag particles occurs in the presence of
HF acid. Thus the Ag particles gradually sink into the bulk
silicon and the silicon nanowire arrays gradually cmerge
with the elapse of treatment time.
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3. Experimental Details

The ultrasonic bath solvent ¢leaning sequence was followed
n our experiment. In the etching solution, the concentration
of AgNQO; and HF was
respectively. The formation of SINWs has been done using

0.02mol/l.  and 5.3mol/L.

a simple indigenously developed Teflon cell for EMD.

The samples were treated differently with each sample
ctched in different temperature. Three samples have been
treated in temperatures 35%, 40°. 457°C and three samples
were treated in 50°C. Each sample was dipped i the

solution for 40 minutes.

After etching in HF/AgNQOs, solution the samples with 35°,
40° and 43°C teatment temperature were further etched
with HNO;. The samples treated in 50°C temperature were
Kept unetched.

'he obtained samples were contained of residual Ag layer
and other contaminations which were removed by copiously
cleaning with DIW as long as the residual layer has not

come ofl
4. Characterization of the Nanowires

Three characterization techniques have been performed for
synthesized nanowires namely 1) Scanning Electron
Microscopy (JEOL JSM- 6490 LA) 2) X-ray diffraction
(PW 3040 X'Pert PRO) 3) UV-spectroscopy (UV 1201V) to
study the morphology. to find the nanosizes and the spectral
behaviour of the as synthesized samples. respectively.

5. Results and Discussion

5.1 Scanning Electron Microscopy (SEM)

Figure | shows SEM images of the as synthesized samples
treated in 50°C  temperature which shows traces of

nanoswires.
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Fig. 1:(a) Top view tmage of the as synthesized samples;

(b) Cross- sectional image of the as- synthesized sample

An abundant amount of Ag particles can be seen as further
etching has not been done after etching with HF- based

agueous solution containing silver nitrate.

Our experimental results indicate that the oxidation and
dissolution of the S1 substrate do not occur alongside the Ag
deposits, but beneath them. Peng et al.” also proposed in his
report that oxidation and dissolution of the Si substrate
occur underneath the deposited silver particles i the
presence of aqueous ferric nitrate.

Moreover, Morinaga et al.” and Kim et al.” have reported
that  electrochemical Cu  deposition  simultanecusly
accompanies the localized oxidation and dissolution of
silicon. which take place underneath the deposited Cu and
induces pits in the same position as a result of etching with
dilute HF solution. Recently. Mitsugi et al.® reported pit
formation induced by Cu contamination in dilute HF
solution. They proposed that the local redox couple between
Cu and the nearby Si surface is essential to the formation of
localized pits, which were formed at the same position as
the Cu islands.

Fig. 2: Mechanism of silicon nanowire array formation.
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ln the initial stage of silver deposition, Ag' ions in the
vicinity of the silicon surface capture electrons from the VB
of 51, and are deposited in the form of metallic Ag nuclei on
a nanoscopic scale’ (Figure 2).

Shallow pits would immediately form underneath the Ag
nanoparticles. due to the etching of Si0O, by the HF
solution; then the Ag particles enter the forming pits
(Figure 2). Therefore. the Ag particles trapped in these pits
do not move horizontally. This illustration is consistent with
our SEM observations, which confirmed that the oxidation
and dissolution of the Si substrate occurred from beneath
the Ag particles that are trapped in the formed pits. As Ag
nanoparticles are pinned by the pits and cannot move
horizontally on the silicon surface, local etching in the close
vicinity of Ag nanoparticles occurs, and deeper pits form
owing to the continuous etching away of the SiO,
underneath the Ag particles and the sinking of the Ag
nanoparticles with prolonged immersion in the solution,
Simultaneously, large quantities of nanoscale Si needles
protruded outward from the interspaces between the Ag
particles on the Si surface. These phenomena imply that the

appearance of 51 ncedles may be ascribed to the sinking of

Ag particles into bulk silicon, because the “erowth™ of Si

needles is impossible in this case.
5.2 UV Spectroscopy

lhe study of the spectral behaviour showed excellent
antireflection properties. Figure 3 shows the reflection
curves for the samples treated i 35%nd 435°C which were
further etched with HNO; and reflection curve for sample

treated in 50°C which was kept unetched.
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Fig. 3: Total reflectance curves for the sample treated at
357C.455C and 50°C temperature,

Itis evident from the above figures that the samples treated
at different temperatures, both etched and unetched shows
similar behaviour. The reflectance of all the nanowire films
were less than 3% over majority of the spectrum from UV

to mid-visible region and begin to increase 700nm to
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values of ~ 6% at the silicon band edge (1100nm).

[t is also noteworthy that the spectral dependence and the
magnitude of the total reflectance for our samples are much
mmproved compared to those found in the literature, [n the
wavelength range of 400-650 nm, our samples have
typically showed a constant total reflectance of < 2%. By
comparison. Rappich et al.” obtained reflectance values for
nanoporous silicon ranging from ~2-30 % and ~2- 20% in
anodized nanowire-like structures in the 300-830 nm
wavelength range, An ultrahigh surface area duc to a high
density of SiNWs: the subwavelength-structured (SWS)
surface of the SINWs. which could suppress the reflection
over a wide spectral bandwidth" and a possible porosity
gradient throughout the SINWs. could be attributed to this
remarkably low reflectance of the as synthesized samples'.

The absorption characteristics  measured by UV-
spectrometer shown in Figure 4(a) and Figure 4(h) clearly
shows that the absorption peak shifted from wavelength
range 800nm-1000nm for Si substrate to 400nm-630nm for

S1 nanowires.
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Fig. 4: (a) Absorption characteristics of Silicon substrate:
(b) Absorption characteristics for Silicon nanowire
This mdicates the bandgap modilication of Silicon due to
quantum  confinement cffect”. This strong  broadband
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optical absorption can be attributed to the significant
reduction of the reflectance and the strong light trapping of

the nanowires'.
5.3 X-Ray Diffraction (XRD)

The structural properties of the two unetched samples both
treated at 50°C temperature were investigated by X-Ray

diffraction photometry.
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Fig. 5: (a) X-ray diffraction spectra for sample treated in
50°C temperature (b) X-ray diffraction spectra for another
sample treated in 50°C temperature.
Figure 5 shows the X-ray diffraction spectra for the two
samples.
The size of synthesized nanowires determined by these
XRD spectrum is in the range of ~Snm to ~32nm.

The formula used to calculate the sizes of the nanowires 1s
as follows:

47‘79.%/1”
¢ Acost

6. Conclusion

The direction of the silicon peaks obtamed fro=
diffraction spectrum was very strong showmz =
crystalline conditions of the silicon nanowires
reflectances of the as synthesized samples were founc
as low as 2%; therefore, the behavior of the SINW s =
closely resembles a multi-antireflection coating
reduction of wavelength of absorptivity peak iz
increase in bandgap of Si nanostructures compare
which enhances the possibility of increasing efficienc, ‘
solar cell based on theses nanostructures.
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