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Chemically textured Si with improved absorption in the complete range of solar spectrum is
investigated by ultraviolet/visible/near-infrared (UV/Vis/NIR) spectroscopy, showing an average
specular reflectance of ~0.4% in the wavelength of 500-3000 nm. The pyramidal structures on
such solar-blind Si can reduce the reflectance further below 0.1% in the UV region by conformal
growth of granular Al-doped ZnO (AZO) films. X-ray diffraction analyses suggest the growth of
polycrystalline AZO on faceted-Si. Moreover, marginal increase in electrical conductivity of AZO
is found on textured surfaces, whereas rise in leakage current in Schottky-like Ag/AZO/Si/Ag het-
erostructure devices is noticed with increasing Si surface area. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896340]

The progress of crystalline Si (c-Si) solar cells is hin-
dered by the surface reflection loss, especially for polished
flat-Si with high specular reflectance of about 30%-40%.'
Although an optically transparent quarter wavelength (4/4)
thick SiOy, TiOy, or SiyNy layer is conventionally employed
as an antireflection coating (ARC),” such a single layer is ap-
plicable only for a limited wavelength of the solar spectrum
and also for specific incidence angles.® Therefore, it requires
a multilayer structure with intermediate or gradient refractive
indices for (a) increasing spectral width* and (b) reducing
reflection (up to ~18% till date).” In this context, subwave-
length biomimetic textures can not only give an alternative
approach to improve antireflection (AR) property using mul-
tiple reflection®® but also offer additional trapping/absorption
of solar spectrum by diffuse scattering’ and/or mode
coupling.® As AR property is known to be strongly influenced
by the shape, distribution, and aspect ratio of the faceted
structures,”'” controlled preparation of textured surfaces is
the key to minimize the reflection loss. Moreover, the success
of Si photovoltaic (PV) solar cells depends on the processing
cost. We should note here that the chemical etching is known
to be easy and inexpensive approach for producing both front
and rear textured surfaces, and therefore imperative for
Lambertian light trapping.” However, precise control over
chemical etching is still required to bring the reflection down
below 5%—12% to compete with other contemporary techni-
ques such as reactive-ion etching,2 laser ablation,'! and ion-
beam sputtering.'? It is even challenging to suppress it below
1% for the complete solar spectrum.'?

Since the present textured Si surfaces are capable of
reducing reflection only in the visible range,” it is therefore
essential to develop solar-blind Si surfaces with lowest possi-
ble reflectance both in the ultraviolet (UV) and near-infrared
(NIR) regions. Moreover, metal-like electrical conductivity
of the transparent conducting layer on textured Si will be
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advantageous to overcome the drawbacks of ARC, which
involves increased area of metal contact for charge collec-
tion.'* In this respect, metal-oxides are promising for having
broadband transparency with strong absorption capability in
the UV region, though electrical conductivity can be
improved by doping impurities. For instance, large bandgap
(~3.4eV) ZnO" is favorable for UV absorption, while
Al-doping increases the electrical conductivity.'® The appli-
cation of this transparent conducting oxide (TCO) in PV tech-
nology, however, demands conformal growth of Al-doped
ZnO (AZO) on textured-Si surfaces.!”!8

In this letter, we show the efficacy of chemically etched
pyramidal structures on Si to bring the average specular re-
flectance down to ~0.4% in the wavelength of 500-3000 nm,
and even below 0.1% in the UV region by conformal growth
of AZO layer. We further show how the Ohmic behavior of
AZ0 is slightly increased on textured Si, and leakage current
is enhanced in Ag/AZ0/Si/Ag heterostructure devices.

To evaluate this, a 500 um thick p-type Si(100) wafer
was diced into several pieces (area ~1 X 1 ¢cm?). Prior to
chemical texturing, saw-damage-removal (SDR) process
was carried out. Here, ultrasonically cleaned Si substrates
were etched in a 30 wt. % NaOH solution (in H,O) at 75°C
for 3min during which both top and rear surfaces were
cleaned by removal of 5-7 um thick Si from either surface.
Afterwards, controlled chemical texturing was executed at
70°C for 40 min in 3 wt. % NaOH solution in the presence
of 10% isopropyl-alcohol (IPA). Chemically etched Si sub-
strates were further immersed in 20% HCI for 2 min, fol-
lowed by rinsing in deionized (DI) water to remove Na
residues. Finally, they were cleaned in 10% HF for 20 s not
only for removing native SiO4 but also for neutralizing the
remaining chemicals. Chemically etched Si surfaces were
eventually rinsed in DI water and dried by nitrogen blow.
The etching process was optimized based on the UV/
Visible/NIR (UV/Vis/NIR) results as will be discussed in
the following.
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Followed by chemical etching, using the deposition con-
dition of AZO on flat-Si,"” a 75nm thick AZO layer was
grown on textured Si at room temperature (RT) by pulsed dc
magnetron sputtering method with a base pressure of
~2 x 107 mbar. Commercially available 99.99% pure AZO
target composed of 98 wt. % ZnO and 2 wt. % Al was used
for AZO deposition. Highly pure (99.999%) Ar gas was
injected into the chamber at a rate of 30 sccm during AZO
deposition, giving a working pressure of ~5 x 10~ mbar.
The target-to-substrate distance was maintained at ~8cm,
while an input dc power of 100 W was applied to the AZO
target. In addition, the substrate was rotated with a speed of
3 rpm to have a uniform film thickness.

The surface morphologies of the textured Si substrates
before and after AZO deposition were examined by scanning
electron microscopy, SEM (Carl Zeiss) in both plan-view
and cross-sectional geometries. Crystallinity and phase were
diagnosed by x-ray diffraction, XRD (Bruker, D8-Discover)
using a Cu-K, radiation (4=0.154 nm). Moreover, specular
reflectance was examined by UV/Vis/NIR spectrophotome-
ter (Shimadzu, 3101PC) using unpolarized light. The electri-
cal transport measurements of the AZO layer and Ag/AZO/
Si/Ag heterostructure devices were carried out independently
by a source-meter (Keithley 2410).

Typical plan-view and cross-sectional SEM images of
chemically etched Si surfaces are exhibited in Figs. 1(a) and
1(b), respectively, showing random distribution of pyramidal
structures. We should note here that the {111} facets are
formed because of high etching rate of (100) plane with
respect to (111) plane (see Ref. 20 and references therein).
Close inspection of Fig. 1(a) shows: (i) protrusions jutted out
from the {111} facets of the sidewalls as well as from the
bottom (indicated by dashed rectangles) and (ii) cluster of
small pyramids (pointed out by dashed circle). This can be
seen clearly in cross-sectional SEM (XSEM) where one of
such features is indicated by a downward arrow. The average
height (d) and distance between two consecutive pyramids
(a) are found to be controlled by etching time and tempera-
ture. Since the aspect ratio of d and « is known to influence
the reflection property, the present focus was to maintain the

FIG. 1. SEM images of Si textured substrate in (a) horizontal and (b) cross-
sectional geometries. The cross-sectional SEM image of AZO layer on tex-
tured Si surface is shown in (c), while (d) shows the magnified view of such
a pyramid.
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corresponding values on the order of 2.5 and 2 ym to mini-
mize the reflection loss.” In fact, except bigger pyramids
with height in the range of 4-6 um (like in conventional c-Si
solar cells),'” both d and a for remaining faceted structures
are found to be on the order of ~2.5-3 yum and 2-2.5 um,
respectively [Fig. 1(b)]. Here, IPA plays a crucial role in the
evolution of chemically etched pyramids on Si.?!

The conformal growth of a 75nm thick AZO layer on
faceted Si is evident in Fig. 1(c). Clearly, the AZO layer
maintains the protrusions on the {111} facets as marked by
an arrow, while magnified XSEM image delimitates the for-
mation of irregular shaped 25-30nm grains [Fig. 1(d)]. The
evolution of these grains can be elucidated in the light of
Volmer-Weber type of nucleation of adatoms on the {111}
facets to reduce the surface free energy.*

As expected from Ref. 19, grains are also formed on flat
Si, Sipp,, surfaces (not shown). Therefore, the structure of
AZ0 on textured Si is compared with the one grown on Sipy,
by XRD in the 20 range of 30°-75°, where 0 is the Bragg’s
angle (Fig. 2). In fact, on Sip,, a single diffraction peak of
AZ0 is found to be originated at ~34.5° in conjunction with
relatively strong reflections from the (200) and (400) planes
of underneath Si substrate at ~33.4° and ~69.5°, respec-
tively. Indeed, the AZO peak is assigned to the reflection
from the (002) plane, indicating preferential orientation of
grains along c-axis.'® On the other hand, the (002) peak of
AZO is completely disappeared on textured Si, instead it
leads to the evolution of (101), (102), and (103) peaks at
~36.6°,47.9°, and 62.9°, respectively.

Careful analysis further suggests that the (101) peak in-
tensity dominates over (102) and (103) peaks. This can be
explained in the framework of preferential growth of AZO
along c-axis on the {111} facets of Si pyramids. In this
model, the (002) plane of AZO is rotated by 45° with respect
to the one observed on Sig,,. Based on this concept, Bragg’s
law cannot be fulfilled for the (002) plane on textured Si
within the projected range of 20. On the other hand, the inci-
dent x-rays can reflect from the (101) plane which is situated
at an angle of 45° from the (002) plane, in good agreement
with the observed results (Fig. 2). Although the Bragg reflec-
tion is allowed for (102) and (103) planes, their relatively
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FIG. 2. XRD patterns of AZO layers on textured Si (blue curve) and pristine
Si (red curve). The detected Si, AZO, and Zn peaks are indicated by open
squares ([]), open triangles (A), and open circle (O), respectively.




123901-3 Saini et al.

weak peak intensities are likely to be associated with low
scattering cross-section. Another peak which is detected at
~54.6° is attributed to a reflection from Zn grains that seem
to be formed via segregation of Zn atoms during AZO depo-
sition. These grains are most possibly residing at the apex of
the Si facets as was reported recently by Basu ez al.'® Using
the (102) peak, the average size of crystalline Zn grains was
determined to be 16 = 2 nm by Scherer formula: Y'D=09
fcos where D is the crystal size, f§ is the full width at half
maximum, and 4 is the x-ray wavelength.

The key finding is the minimum reflection loss from
textured Si in the visible and NIR regions, while the UV range
is suppressed by conformal growth of AZO layer. The specu-
lar reflectance (R) is, however, correlated with absorbance
(A=1 — T — R) that can be improved by subsequent reduction
of R, provided there is no transmission (7)) loss during UV/Vis/
NIR measurements. Figure 3(a) shows typical variation of R as
a function of wavelength in the range of 300-3000 nm for an
optimized sample, while the corresponding absorbance spec-
trum is displayed in Fig. 3(b). The insets of Figs. 3(a) and 3(b)
represent the magnified view of the reflectance and absorbance
spectra with and without AZO layer on textured Si. As can be
seen, the average value of R can reach to ~0.4% within
500-3000 nm in absence of AZO, while this goes further down
together with a significant drop in the UV region (~0.1%) by
depositing AZO layer. As mentioned above, the observed re-
flectance/absorbance can be evaluated in the light of aspect ra-
tio (d/a) of submicron pyramids. Here, the large aspect ratio
for d > a provides a hefty surface area like in nanowires, which
in turn enhances surface recombination.'® Therefore, in order
to achieve minimum R with least surface recombination of
charge carriers, d/a ratio should be within 1-2.° This is in good
agreement with our SEM results (Fig. 1). It is worthwhile to
note that R plays an important role in solar devices as the inter-
nal quantum efficiency, IQE = EQE/(1 — R), where EQE is the
external quantum efficiency.””
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FIG. 3. Reflectance (R) and absorbance (A) spectra of textured Si without
AZO (blue curves) and with AZO (red curves) are shown in (a) and (b),
respectively. The corresponding magnified spectra are highlighted in the
insets of (a) and (b). The formation of AZO grains on flat and textured Si
surfaces is presented schematically in the inset of (b), while ray diagram
indicates the light trapping processes in both AZO layers and Si substrates.
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While the aspect ratio d/a of the pyramids in the front
surface improves the AR property, faceted structures in the
rear surface assist in improving light trapping by maximizing
photon absorption via internal scattering in the NIR region
and by reducing surface recombination.”® Although these
microscale pyramids exhibit an excellent AR for broad band
solar spectrum, they still show considerably high reflectance
around 400-500nm due to the limitation of geometrical
optics effect.”®> This can be overcome by introducing AZO
on textured Si as it provides a strong absorption edge in this
region and thus improves light trapping property. However,
the present results show the formation of AZO grains on tex-
tured Si [Figs. 1(c) and 1(d)], which eventually leads to fur-
ther suppression of R due to the increase in Si surface area
[illustrated schematically in the inset of Fig. 3(b)]. Here the
ray diagram shows how the light absorption is boosted by
increasing surface area due to anisotropic texturing of Si
surfaces where the lower refractive index of AZO grain
boundaries with respect to the grains can also participate in
light absorption via internal reflection.?* In fact, graded re-
fractive index is advantageous for refining light absorption’
where R of a material strongly depends on its reflective index

.25 _ 4 2 ) :
(n):® n=(FL) + (1_’;)2 — k2. Here, k (=al/4n) is the

extinction coefficient. In this case, the reflective index of
AZO (n~2.2-1.8 for 2 =300-800 nm)® between air (1~ 1)
and c¢-Si (n~3.4) can engineer a graded reflective index for
suppressing the Fresnel reflection over a broad range of solar
spectrum. During UV/Vis/NIR measurements, identical
spectra have also been observed in all azimuthal angles, con-
firming the isotropic nature of AR property. Such intriguing
broadband AR property in the wavelength of 300-3000 nm
is promising over other competitive techniques that include
ion-beam etching (proving a minimum reflectance of ~2.5%
up to 1000nm)'” and ion-beam erosion (showing AZO
thickness-dependent tunable AR window in association with
wavelength-specific local reflectance minima below 1%).'®
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FIG. 4. I-V characteristics of AZO layer on flat Si (filled circles) and tex-
tured Si (open circles) surfaces determined by four-probe technique (shown
schematically in the left inset, top corner). /-V characteristics of the AZO/Si
heterostructure devices (schematically shown in the right inset, lower cor-
ner) with (open circles) and without (filled circles) texturing on Si surfaces
showing the rectifying property.
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In order to investigate the effect on electrical conductiv-
ity of the AZO layer on textured Si, current-voltage (I-V)
characteristics were recorded at RT in dark condition by
four-probe technique on both textured and flat Si surfaces
(Fig. 4). For measuring /-V characteristics, circular electrical
contacts (with an average diameter of 2 mm) were prepared
on AZO layer by Ag paste. One can see that the slope is
increased marginally on textured Si where the linear profiles
in both (flat and textured Si) cases show a metallic behavior
of AZO. The reason behind the observed increase in Ohmic
behavior is not clear yet, though we believe that it could be
due to the rise in average aerial density of AZO grains with
increasing surface area of textured Si; this in turn reduces the
scattering loss of charge carriers at grain boundaries, and as
a result increases the mean free path of electrons (see Ref. 19
and references therein). This may further be supported by the
improving collection of photogenerated minority carriers by
minimizing recombination loss®’ via decreasing the ratio of
minority carrier collection length to optical absorption
depth.”® In the present experiments, ZnO is most likely
degenerately doped in the presence of 2 at. % Al where the
involved carrier concentration (~5 X 10%° cm73) moves the
Fermi level into the conduction band.*® Under this circum-
stance, the dopants are very easily ionized without any exter-
nal thermal energy and eventually show a metallic behavior
with high carrier mobility.?® In comparison to flat-Si, surface
resistivity of AZO film on textured Si slightly decreases
from 0.13 to 0.1 Q-cm. Note that resistivity depends on the
thickness of AZO layer.]9 Meanwhile, RT diode characteris-
tics of the Schottky-like Ag/AZO/Si/Ag heterostructure devi-
ces (inset, right corner) show the rectifying behavior with a
minute change in turn-on potential on texture Si, signifying
negligible variation in potential barrier at the AZO/Si inter-
face.'” On the other hand, it shows a clear increase in leak-
age current on textured Si due to the increase in junction
area. This can be explained in the framework of increasing
traps at the AZO/Si interface,*®*' and thus it requires a
buffer layer as the one proposed in Ref. 32.

In conclusion, we report a chemical etching process of
Si that gives an average specular reflectance of ~0.4% in the
wavelength range of 500-3000nm due to the formation
pyramidal-shaped faceted structure. This can go further
down, especially in the UV region up to ~0.1%, by confor-
mal growth of AZO layer. These intriguing phenomena have
been discussed in the light of size and aspect ratio of Si pyra-
mids in conjunction with active participation of AZO in
absorbing UV light. This is further anticipated by graded re-
fractive indices at the AZO/Si interface with increasing Si
surface area. Moreover, minor increase in metallic behavior
of AZO on textured Si proves its potential to be used as a
TCO layer, whereas the observed increase in leakage current
in Schottky-like Ag/AZO/Si/Ag heterostructure devices due
to the upsurge of traps on faceted Si needs to be inhibited for
various applications, especially for solar cells.
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