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INTRODUCTION
Surface texture promotes enhanced light absorption in Si solar cells. The quality of lower cost
multicrystalline-silicon (mc-Si) has increased to the point that its cell performance is close to that
of single c-Si cells, with the major difference resulting from the inability to texture mc-Si
affordably. This has reduced the cost-per-watt advantage of mc-Si.

Surface texturing aimed at enhanced absorption in Si has been historically obtained by creating
multirnicrometer-sized pyramids using rmisotropic wet etchants on single-crystalline silicon that
take advantage of its single crystalline orientation. Since the surface feature sizes are several
times the length of the incident solar wavelengths involved, the optical analysis of the reflected
and absorbed light can be understood using geometrical optics. Geometrical textures reduce “
reflection and improve absorption by double-bounce and oblique light coupling into the
semiconductor. However, geometrical texturing suffers from several disadvantages that limit its
effectiveness. Some of these are listed below:

a) Wet-chemical rmisotropic etching used to form random pyramids on <100> crystal orientation
is not effective in the texturing of low-cost multicrystalline wafers,
b) Anti-reflection films deposited on random features to reduce reflection have a resonant
structure limiting their effectiveness to a narrow range of angles and wavelengths.

Various forms of surface texturing have been applied to mc-Si in research, including laser-
structuring, mechanical grinding, porous-Si etching, and photolithographically defined etching.
However, these may be too costly to ever be used in large-scale production. A Japanese firm has
reported the development of an RIE process using C12gas, which textures multiple wafers per
batch, making it attractive for mass-production [1]. Using this process, they have produced a
17.1% efficient 225-cm2 mc-Si cell, which is the highest efficiency mc-Si cell of its size ever
reported. This proves that RIE texturing does not cause performance-limiting darnage to Si cells.
In this paper, we will discuss an RIE texturing process that avoids the use of toxic and corrosive
C12gas.

EXPERIMENTAL PROCEDURE
A low-cost, large area, random, maskless texturing scheme independent of crystal orientation is
expected to significantly impact terrestrial photovoltaic technology. We propose an approach
based on randomly etched Si nanostructures formed using r.e=tive ion etching OW that creates

subwavelength structures whose properties are explained by physical optics. Enhanced light
absorption in these nanostructures may be explained by a waveguide mechanism based on M2n
feature sizes, where ~ is the light wavelength and n is the Si refractive index. Figure 1 shows
three examples of these highly absorptive Si na.nostructures formed by three different RIE
process variations.
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Figure 1. SEM pictures of different types of Si nanostructures formed by NE process variations
on single-crystal Si wafers, large 0.1-0.6 pm pyramids (lefi), small pyramids 0.02-0.05 ~
(middle), and needles 0.03-0.07 pm (right).

These surfaces appear almost black to the eye, and a measurement of absolute hemispherical
reflectance shows a broadband minimum below 2% for most of the usable portion of the solar
spectrum. Fig. 2 shows hemispherical reflectance measurements for the three surfaces shown in
Fig. 1. The lowest spectral reflection is from the small pyramids. The larger pyramids and
needles have a more wavelength-dependent reflectance. The reflectance of polished Si is also
plotted for comparison. These RIE texturing techniques have also been demonstrated uniformly
over 130-cm2 mc-Si wafers. A reflectance measurement from a mc-Si wafer is shown in Fig. 3.

0.6

0.0

pdishcd-Si small

400 600 800 1000 1200

Wavelength (rim)

Figure 2. Hemispherical reflectance
measurements of the RIE-textured surfaces
without AR coatings shown in Fig. 1.
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Figure 3. Hemispherical reflectance of a
mc-Si wafer textured using a Cr-assisted
RIE process. The reflectance reaches a
broadband minimum below 1%.

The nanotexturing process used in this research involves the use of metallic catalysts, which alter
the etching process in a dramatic fashion compared to what can be obtained without them. This
enables a highly uniform texture to be obtained within a wide process window. The proposed
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process results in a mc-Si cell with textured feature dimensions much smaller that the
wavelength of the incident light. This optically modified layer operates in a regime with
characteristics fundamentally different than the traditionally more accessible geometrical regime.
With subwavelength fabrication technology, we can intentionally create a layer of a tailored
index of refraction, spanning the range defined by the refractive indices of air and silicon. This
allowsws to fabricate an optimum anti-reflective layer on the cell to maximize light absorption.
In addition, we are investigating whether it is possible to create a guiding layer that confines the
optical field to a thin layer of the cell to ensure an appropriately long optical path for maximized
photon absorption. This allows carriers to be generated close to the collecting junction to
maximize internal quantum efficiency, and should increase light absorption for thin Si cells.

EXPERIMENTAL RESULTS
A matched set of Solarex mc-Si wafers were textured using various metallic catalysts and
returned to the production line for normal cell fabrication. SEM photographs of some of the
textured surfaces are shown in Figs. 4 and 5.

Figure 4. Top View of Cr-assisted RIE on multi-crystalline Solarex Wafers
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Figure 5. Cross-sectional View of RIE Textures on multi-crystalline Solarex Wafers
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The wafers were cleaned at Solarex, textured at Sandia and returned to Solarex for normal
production-line processing. Table 1 shows the illuminated IV performance.

Table 1. Performance of WE-textured cells relative to control cells from the same ingot
(percentage difference of Eff. and Isc). The measurements were made at Solarex using standard
test conditions. N-Factor is the diode ideality factor.

. CELL A EFF (%) A l~c PA) Voc (mV) FF Rs~~(mCl) RSI.I(Q) N-FACTOR

Controls ---- ---- 593 74.7 8.4 116 1.189

Cr-assisted -2.06 +0.54 591 73.0 8.5 4 1.187

unassisted -8.60 -7.61 588 74.5 7.3 12 1.270

Al-assisted -8.79 -6.96 587 73.9 7.8 9 1.280

Au-assisted -10.40 -5.41 585 71.7 7.2 4 1.367

The texture obttined by the Cr-assisted process consistently produced cells with higher ISc than
the controls, in spite of the fact that much of the texture was unintentionally removed from each
of the textured cells by the subsequent phosphorus-diffusion and glass-etch steps. In addition,
the shunt resistance was reduced considerably on the textured cells, resulting in a decreased fill
factor that reduced the efilciency obtained.

DISCUSSION
Efforts are underway to investigate gentler diffision and glass-etch processes that will retain
more of the texture, or the use of slightly larger texture feature sizes that will survive the etching.
In addition, we are working to develop a texturization process that removes less Si, so itcould be
used after the diffusion and etch steps, thereby avoiding the inadvertent texture loss. We are also
using diagnostic techniques such as reverse-biased IR emission to ascertain the cause of the cell
shunting.

CONCLUSIONS
RIE-texturing has been shown to produce extremely low-reflectance surfaces on multicrystalline
Si wafers. The submicron feature sizes produced by this texturing can be controlled by adjusting
RJE parameters to create different surface morphologies. The different surface textures obtained
have different optical characteristics and compatibility with the rest of the cell fabrication
process. If the problems of shunting and texture-loss during etching can be solved, significant
improvements in cell performance can be expected.
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