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Nanoscale epitaxy of silicon has been found to greatly deteriorate the passivation performance by ALD-
ALO; in nanostructured silicon solar cells. Hydroxyl functionalization by oxygen plasma treatment
remarkably decreased a surface recombination velocity, resulting in the 11.7% improvement in short
circuit current.
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Metal-assisted chemical etching is useful and cost-
efficient for nanostructuring the surface of crystalline
silicon solar cells. We have found that the nanoscale
epitaxy of silicon occurs, upon subsequent annealing, at
the AIl203/Si interface amorphized by metal-assisted
etching. Since this epitaxial growth penetrates into the
pre-formed Al20s3 film, the bonding nature at the newly
formed interfaces (by the regrown epitaxy) is
deteriorated, resulting in a poor performance of Al203
passivation. Compared to the conventional hydrogen (H-)
passivation, hydroxyl functionalization by oxygen plasma
treatment was more effective as the wafer became
thinner. For ultrathin (~50-um) wafers, ~30% depression
in surface recombination velocity led to the improvement
of ~15.6% in short circuit current. The effectiveness of
hydroxyl passivation validated by ultrathin wafers would
be beneficial for further reducing the wafer cost of
nanostructured silicon solar cells.

In recent years, nanostructured surfaces of silicon have been
extensively explored due to their excellent ability to absorb
incident solar light via light-trapping features.!> Metal-assisted
chemical etching (MaCE) is especially useful for cost-efficient
solar cell applications based upon nanostructured crystalline
silicon (c-Si) and has attracted much attention. Other methods
for nanostructuring Si surfaces, such as vapor-liquid-solid (VLS)
growth and reactive ion etching (RIE), have also been
investigated.>* Surface nanostructuring by MaCE at room
temperature is known to form an amorphous oxide on a roughly
etched c¢-Si surface.”® Metal impurities are also present inside
the oxide layer. These surface oxides need to be removed to
protect the photovoltaic performance from contamination by
metal impurities and to allow for reasonable Ohmic contact
formation between the metal electrode and the substrate.
Typically, fluorine-containing wet solutions, such as HF and
NH4F, are capable of washing out the silicon oxide by forming
soluble SiFx while terminating the Si surface with hydrogen.
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Hydrogen-terminated surfaces are chemically inert due to t...
lower polarity of Si—H bonds relative to Si—Si bonds.%!¢
Previous studies have also reported that the passivation
effectiveness of H-termination is determined by the
polarization state of the Si—Si back bonds, which underlie the
topmost Si layer, as well as the atomic smoothness of the Si
surfaces.!''> The MaCE likely exposes highly disordered
crystal planes and also roughens the etched surfaces,®!*
resulting in the deterioration of the passivation performance
between HF molecules and a Si surface. Since the bandgap
states, such as dangling bonds at the roughened surface, are
able to promote electron-hole recombination, an additional step
after the HF treatment is necessary to improve the carrier
collection efficiency of nanostructured c-Si solar cells. Atomic
layer deposition (ALD) of AlOs is known to improve the
passivation characteristics on a planar (or a moderate) surfa.
morphology, in which the significance of surface hydroxyl
groups in reaction with trimethylaluminum [TMA, Al(CHs)s3]
source was previously denoted.'* Post-annealing was alsc
necessary for making the interfacial oxides while decreasing the
interfacial defect density.!> However, this effectiveness by
ALD is reduced for nanostructured surface morphologies.!®18

Here, we show that epitaxial regrowth of silicon was found at
Al203/Si interfacial regions that have been roughened by MaCE
after the silicon has undergone subsequent annealing. Since
epitaxial silicon (epi-Si) normally grows into the Al2O; film,
the pristine Al2O3 morphology (pre-formed by ALD) and the
bonding nature at the newly formed interfaces by the regrown
epi-Si are degraded. Interestingly, oxygen plasma-treated
hydrogen passivation (OPH) was found to be more effective
than the conventional hydrogen passivation (CH) for preventiug
surface recombination at the rough Al2O3/Si interfaces that are
formed by the regrown epi-Si. Raman spectroscopy and photo-
induced carrier lifetime measurements confirmed a decrease
the number of Si dangling bonds as well as an improvement in
the interfacial quality between Al2O3 and Si.

High-resolution transmission electron microscopy (HRTEI ()
atomically resolved the interfacial regions of ALOs/Si (Fig. 1).
Compared to the non-etched, planar interface (shown in panel a) .
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rough interface that has been nanostructured by MaCE (panels b-c)
clearly demonstrates the presence of regrown epi-Si (region II) in
between the Al203 and silicon bulk (region I). Since the roughly
interfaced sample was extracted from the vertical sidewall of
nanostructures etched by MaCE, the growth direction of epi-Si was
observed to be {110}. The electron diffraction pattern (inset of panel
¢) indicates a (111)-plane-spacing (i.e., di11) of 0.316 nm in the first
few Si atomic rows. Alternatively, the diffraction pattern of the
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planar sample corresponds to a dioo of 0.54 nm (see inset of panel a).
Moreover, the faint ring patterns, which reflect a semi-crystalline
morphology, are also included in the inset of panel ¢ because the
structure at the surface of the silicon was destructed during ti-
MacCE step. In fact, the intensity plot (panel d) of the image contrast
(along the white line denoted AB in panel c), confirms the presence
of a structurally destructed area (region I) in between the regrown
epi-Si (region II) and the non- destructed Si bulk.
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Fig. 1 Cross-sectional TEM images showing the interfaces of (a) Al2Os/planar Si and (b-c) Al203/NS (nanostructure) Si. Panel ¢ is
a highly magnified view of the region circled in black in panel b. Scale bars are 5 nm for panels a and c, and 50 nm for panel b,
respectively. In the insets, electron diffraction patterns are taken along the [110] zone-axis. (d) The intensity plot of image contre~*
along the vertical white line (denoted AB in panel c). (e) EEL spectra spatially resolved with a spectral interval depth of 0.76 nm.

Electron energy loss spectroscopy (EELS) results, shown in
panel e, spatially resolves the chemical information of each
interfacial region with a spectral interval depth of 0.76 nm. The
energy-loss near-edge structure (ELNES) in an EEL spectrum
is sensitive to the valence and the coordination of specific
elements.!® In our work, the Al coordination and the interfacial

2 | RSC Advances, 2015, 00, 1-6

bonding structure of Al2O3/Si are investigated using the Al L23
and Si-L2s ELNESs (Fig. le). Peak doubling is observed at 77.5
and 79.1 eV in the Al ELNES, reflecting the tetrahedrally (7,
and octahedrally (O) coordinated aluminum, respectively.
These peaks are caused by the Al2Os3 film, but disappear close
to the substrate (region I), suggesting a destructed silicon latti

C.
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The coexistence of Si L3 (~100 eV) along with the Al Las
edges throughout the region II clearly indicates that the
epitaxial silicon penetrated into the Al2O3 film by destructing
the pristine Al2O3 morphology, which is supported by high
resolution TEM images before and after post-annealing. (See
Supplementary Information (SI), Fig. S2). Note that the Si L23
edge slightly shifts ~0.7 eV (denoted by horizontal arrows) in
region II. This indicates the change in bonding nature of silicon,
i.e., silicates (not SiO2) containing SiOs tetrahedra.?! This
change is caused by the thin defective oxide newly formed
underneath the Al2Os, which has been destructed by epi-Si.
Generally, ultrathin (~0.5 nm) SiOx is known to form at the
interface between ALD Al:03 and planar Si upon post-
annealing of ALD Al>03.22 We have also observed the presence
of the interfacial SiOx layer for the planar sample (Fig. 1la).
Given nanostructured Si (Fig. 1c), however, the observation of
the SiOx interlayer became more difficult because of the
formation of defective oxides (silicates) by epitaxial regrowth.
The presence of a thin silicate layer in region II was also
confirmed by Raman spectroscopy. Fig. 2 shows the Raman
spectra of planar and NS Si, which were passivated by ~15 nm-
thin AlOs films. The overall Raman intensity in NS
morphologies normally increases because the surface area
increased by nanostructuring causes to enhance the inelastic
scattering of silicon phonons.?> The Raman peak observed at
437 cm’! indicates the presence of Si—O-Si bending mode.?*?’
Moreover, the spectral intensities between 940 and 990 cm! are
much more evident compared to those in planar Si. This
indicates the stretching motions of symmetric silicon-oxygen
bonds in silicate units containing two non-bridging oxygen
(=Si02).2° These features imply that the original bonding
network (O=Si=0) of tetrahedrally coordinated oxygen has
been destroyed in the defective oxide (silicate) via strained
(bended) Si—O bonds and broken units of =Si02. As a result,
the increased number of Si dangling bonds (DB) at the
defective oxide leads to the mid-gap states, which act as a
dominant source of surface recombination.
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Fig. 2 Raman spectra comparing the planar (blue) and NS (red)
silicon passivated by Al>Os.

We have also conducted our oxygen plasma treatment prior to
conventional H-termination (with an HF solution) because this
pre-treatment has been shown to form an ultrathin (<2 nm) SiO2
layer. This layer serves as an acceptable electric contact pad
and matches with a subsequent ALD of Al203.27-?® The inset of
Fig. 3b compares the impact of oxygen plasma-pretreatment on

This journal is © The Royal Society of Chemistry 2015

the optical phonon mode around 520 cm™' for the NS samples
with a nanostructure height of 500 nm. Note that a slight shift
of ~0.6 cm™ to a higher energy was observed in the oxygen
plasma-pretreated samples. Since the adsorbed oxygen ioi -
readily convert into the OH— groups in air exposure, the
hydroxyl functionalized surface is more energetically favorable
than the conventional H-termination for inducing the Al1-O—Si
bonds during the initial stage of the Al2O3 ALD process.'* An
increased amount of O-Si bonds at the oxygen plasma-
pretreated surface was verified by a high-energy shift of ~0.€
cm! in optical phonon mode of silicon; the inelastic interaction
between the incident beam and Si atoms decreased due to the
attenuated concentration of the electron charges around the
silicon atoms bonded to oxygen atoms. Compared to the
electronegativity of hydrogen (EN~2.1), the high EN of oxygen
(~3.5) likely induces strong dipole polarization during bonding
with silicon (EN~1.8). This causes a decrease in the inelastic
scattering of electrons in silicon with the incident beam. As a
result, the optical phonon mode of silicon is likely to shift tc
higher energy. In general, the position of a bulk phonon mode
(520 cm™) would not be perturbed by modifying surfa.
treatments. In our case, however, the increased amount of O—¢"
bonds affected by the OPH causes a slight shift of ~0.6 cm™! 10
a higher energy. This feature was also reported in previous
work,?® in which the Raman peak at 520 cm™' was shifted anu
broadened by surface oxidization of Si nanorods prepared by
metal-assisted chemical etching.

The increased number of the OH-— groups has also been
observed using the FTIR (Fourier transform infrare”
spectroscopy) result performed prior to the ALD process (see
Fig. 3a). The FTIR data compared the two absorption peaks at
800 cm’! (Si—OH) and 1100 cm™ (Si—O-Si) stretching modes,
in which stronger absorptions were recorded upon the HF-
etched samples after Oz plasma.!!
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Fig. 3 (a) FTIR spectra comparing the CH (black) and OPH
(blue) Si nanostructures (NS). Conventional hydrogen
passivation (CH) was prepared by HF dipping (60 s), and the
oxygen plasma-pretreated hydrogen passivation (OPH) was
prepared by the Oz plasma prior to HF dipping (20 s). (b)
Surface recombination velocity (SRV, cm/s) is plotted as a
function of nanostructure heights, in which the CH and OPH
samples are compared. The SRV improvement ratio (red) by
oxygen plasma is extracted via the relationship of [(SRVcu —
SRVorn)/SRVcn], according to the NS heights. In the inset, the
Raman spectra for the Si phonon mode of CH (black) and OPH
(blue) are taken at a NS height of 500 nm.

MaCE is known to amorphize the surface by the
physicochemical damage that occurs during the electroless
etching used for nanostructuring.’> Since the formation of an
amorphous phase causes the silicon atoms to be more weakly
bonded compared to those in a crystalline phase (2.3 eV), the
surface amorphous layer formed by etching would be an
effective source of Si atoms for epitaxial recrystallization. As a
result, the presence of OH—groups (by O2 plasma treatment)
would likely reduce Si diffusion due to the higher binding
energy of Si—O bonds (~452 kJ/mol) compared to Si—H bonds
(~393 kJ/mol). The surface improvement by OPH leads to the
saturation behavior of the surface recombination velocities
(SRYV) as the nanostructure height increases (Fig. 3b). This is in
direct contrast to the H-terminated NS sample. The SRV
improvement (right y-axis) by OPH was estimated via the
relationship of [(SRVcu-SRVorn)/SRVcH], which is estimated
to increase from 22 to 60% as the NS heights increase from 300
to 800 nm (for each cross-sectional morphology, see SI, Fig.
S3).
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Fig. 4 (a) Plots comparing the AJsc/Aave Vs AlJse, in which the
AlJsc denotes the Jsc gain that occurs when the OPH is used
instead of H-termination. Aave is the amount of light absorptions
(A= 400-1100 nm) at different wafer thicknesses. Inset shows
the relevance of carrier diffusion length (L) and wafer
thicknesses (W). (b) J-V curves for CH (red) and OPH (black)
NS solar cells using 50 pm-thick substrates. In the inset, bl ¢
responses (A = 400-650 nm) of the internal quantum efficiency
(IQE) are compared between the CH and OPH.

The effectiveness of OPH needs to be further tested as the
wafer thickness is decreased from 200 to 50 pum. The optimal
balance between optical and electrical aspects of nanostructured
silicon solar cells was evaluated using a figure-of-merit
(AJse/Aave), where the AJy is the electrical gain in Js that is
caused by OPH relative to H-termination and the Aave is the
light absorption (A = 400-1100 nm) at different wafer
thicknesses (See SI, Fig. S4). Since the light absorption
decreases with decreasing wafer thickness, the comparisc .
between AJs/Aave and AJs is indicative of practical
effectiveness of OPH on ultrathin NS c-Si solar cells. The A __
(right y-axis) values increase from 6.6 to 11.7% as the wafer
thickness decreases from 200 to 50 um (Fig. 4a). Despite t
suppressed light absorption at longer wavelengths as the wafet
becomes thinner, we discovered that the low-energy photons
transmitted without absorption in thinner samples are more
likely to generate charge carriers via back-reflection from the
Al electrode; back-reflected photons are more readily available
to approach the p-n junction with a thinner absorber. The
figure-of-merit (AJsc/Aave)) Which recognizes that the light
absorption decreases with wafer-thinning, more clearly
describes the efficient collection of charge carriers in the
hydroxyl functionalized thinner wafers. This figure of merit
shows an improvement of ~15.6% at 50-um-thick wafer, while
the improvement recorded by AJs. only is ~11.7%. The
enhanced passivation performance increased Jsc (+ 2.4 mA/cm?)
as well as Voc (+ 13 mV) (Fig. 4b and Table 1). An increase of
carrier diffusion length/wafer thickness (L/W in the inset of F~ .
4a) suppressed the reverse saturation current in c-Si solar
cells,” resulting in an increase of Voe. The improved blue-
response of the internal quantum efficiency (IQE) in
wavelengths shorter than 500 nm also denotes the fact that the
high-energy photons are more effectively absorbed into the
hydroxyl functionalized, thin wafer compared to the
conventional H-terminated wafer. As a result, the cell
efficiency increased from 6.88% to 7.90% in a 50-pum-thick c-
Si solar cell without any antireflection coating and selective
emitter processes.

Table 1. Photovoltaic performances of CH and OPH NS solar
cells using 50 pm-thin substrates.

VOC JSC FF CE
[mV] [mA/cm?] [%0] [%]
CH + Al203 522 20.4 64.6 6.88
OPH + Al203 535 22.8 64.8 7.90

In summary, we demonstrated for the first time that the
nanoscale epitaxial regrowth of silicon occurs during t e
subsequent annealing at surfaces that have been damaged b,
electroless etching during surface nanostructuring. Since tF :

This journal is © The Royal Society of Chemistry 20 5
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growth of epitaxial silicon normally penetrates into the Al2O3
film by destructing the pre-formed Al2Os morphology, the
surface bonding structure of the newly formed interfaces was
determined to be much poorer relative to the conventional c-Si
surface. Compared to conventional hydrogen passivation,
hydroxyl functionalization by oxygen plasma pretreatment was
more effective. This effectiveness was caused by a 22-60%
improvement in surface recombination velocity, which
depended upon the height of the nanostructure. This notable
improvement by oxygen plasma originated from the saturation
behavior of the surface recombination velocities, which
degraded with increasing nanostructure height. To realize a thin
(£50 pum) crystalline silicon solar cell based on cost-efficient
surface nanostructuring, the utilization of an oxygen plasma-
treatment might be necessary in order to retain photovoltaic
performances while decreasing consumption of high-purity
silicon.
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