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“Black silicon” is a semiconductor material, a surface modification of silicon with very low
reflectance of visible and infrared light. The modification was discovered in the 1960’s as an
unwanted side effect of chemical etching[1] and again in the 1980’s as an unwanted side effect
of reactive ion etching.[2] Black silicon, or textured surfaces, can be inadvertently produced by
any of a number of known chemical etches, and are to be avoided in integrated circuits. [3]

Unfortunately in the late 1990’s and 2000’s black silicon was again produced as an effect
of laser ablation and etching and consequentially some magical photoelectric properties were
claimed by Prof. Eric Mazur and his students a Harvard University. One of the best examples of
this is the 2006 paper by J.E. Carey et al. claiming a very high photo-gain associated with “the
high density of impurities and structural defects in the microstructured layer.” [4] It turns out
in retrospect that the high gain was probably associated with a bulk silicon photoconductive
effect as a result of annealing the high resistivity float zone, FZ, silicon substrates at 700C to
800C resulting in conversion of the substrate to even higher resistivities by the introduction of
oxygen donors. By their own admission there was a long period of time they could not
duplicate the photodetector effects, presumably they had unknowingly changed to Czochralski,
CZ, substrates that are lower resistivity and for which it is more difficult to form high resistivity
substrates. All the results in their journal article [4] can be explained as photoconductors on
high resistivity bulk silicon substrates with poor contacts. Photoconductors can have a very high
photogain. [6] The Harvard University and SiOnyx 2009 patent application [ 5] claimed a
“photovoltaic effect” as well as the “high gain photodiodes.” Fig. 13 in their report supposedly
demonstrating this photovoltaic effect has no photovoltage at zero current! By definition
“photovoltaic” means some photovoltage develops under illumination of an open circuit

connected semiconductor junction diode. It is also difficult to have “high gain photodiodes”



unless you have some mechanism for carrier multiplication, but it is fairly easy to have high gain
photoconductors [6 ], or even negative photoconductivity [7] !

Nature has been using the textured structures technology for probably millions of years. A
moth’s eye has pillars on the surface of the eye, a texture, that reduces reflectance to one or
two per cent. [8] In the case of tropical butterflies mother nature is even more clever, the
textured surface on their wings reflects polarized light that only other butterflies can see, to
predators the butterfly is a green against a green background.[9] The first human reference
describing the textured structure and reduced reflectance as applicable to moths and
applicable to solar cells is probably in 1935 by Von D. A. G. Bruggemann.[ 10] He described
one mechanism for reduced reflectance, a lowering of the average index of refraction making
possible the use of antireflecting layers, partly of silicon, partly of air. Antireflecting layers with
a lower index of refraction than glass are commonly used in eye glasses. Another effect to
reduce reflection on solar cells was a large pyramid texture resulting in multiple attempts at
transmission into the silicon. Front side texturing of photodetectors to reduce reflectance and
increase the scattering of light in the substrate was described by Arndt et al. of COMSAT in
1975.[11] Arndt described both the use of front side texture and antireflecting layers.

Backside textured surfaces for photdetectors were first described in the 1960’s. A.E. St.
John described backside texturing of photodetectors in 1969[ 12 ] and these were again
described in 1983 by Czubatyj et al. [13]. A.E. St John suggested a simple formulation for the
enhancement of the absorption of weakly absorbed infrared light in silicon by the scattering of
this light at the textured backside and increased path length for absorption. We just adapted
and modified this using a simple assumption in our review article and analysis of solar cells.[ 14]
Different textures for solar cells were widely investigated in the early 1980’s particularly by
Yablonovitch[15] and also by Campbell and Green the latter at the UNSW in Australia. [16]

Given that CZ silicon samples as are conventionally used in silicon processing do not provide
high gain photodetectors then the increased absorption of CZ silicon devices in the infrared, but
without gain, is easily explained by texturing of the black silicon surfaces. The idea of laser
texturing of silicon surfaces in photodetectors was reported by Russell et al. in 1992[17] and

then again in detail in 2003 [18]. Yamamoto et al. have described in detail the experimental



results of backside texturing of photodetectors [19] by laser ablation and we provided a simple
analysis of their results by backside scattering of light in photodetectors [14]. The net result is
that all of the claimed phenomena for black silicon, reduced reflectance, increased absorption
in the infrared as claimed by Mazur, Carey and the SiOnyx et al. can be explained by old
phenomena commonly know to those skilled in the art of silicon technology. One skilled in the
art will however soon appreciate that laser ablation introduces a huge number of defects and
that it virtually impossible to anneal all of these out. These defects are particularly detrimental
to photodetectors and solar cells so “black silicon” as described by Mazur, Carey, and SiOnyx et
al. is simply not likely to be useful or employed in such devices demonstrating any utility.
Textured devices produced by chemical etch, however, are useful and are commonly used in

solar cells being sold commercially in the USA since before 2009.[20]

Recently there have been attempts to apply black silicon as the front side texture in solar
cells, the first of these by the National Renewable Energy Lab., NREL, [21] used a porous silicon
etch on the front side to reduce reflectance. This works well in reducing the visible light
reflectance of bare silicon wafers with absorption to a few per cent. It is not clear, however, if
this provides any scattering of the light in the substrate. The texture comprises tall vertical
structures, and 30% of the infrared light is still reflected with one side textured, the front side
texture may be acting just as an antireflective layer with no scattering. A single polished silicon
surface with no absorption in the substrate has a reflectance of 34% and a double side polished
wafer with no absorption has a reflectance of 46%. In a collaborative project NREL and Natcore
developed the blackest of all black silicon, also known as the “Blackest Solar Cell” that absorbs
99.7% sunlight . A metal catalyzes used as a porous silicon etch creates millions of holes on the
surface of a silicon wafer already having a large texture. Natcore provided the liquid phase
deposited oxide to fill the holes for passivation of the surface. [22] Even more recently SiOnyx
used laser ablation [23] to create a fine texture on the front side of solar cells that already had
an ISO texture ( isotropic — acidic textured) wafers [24] but this made at best only a 0.3%

improvement in conversion efficiency.



Texturing by chemical etch has also been previously disclosed for use in CMOS imagers. [25]
However, the high density of defects introduced into the thin photodiodes by laser ablation [5]

will result in a reduction in yield and increase in dark current and a consequent loss of utility .

Patents are supposed to benefit the public. The Constitution implicitly expresses this
intent, the US Patent Office acknowledges this, and the Supreme Court has so interpreted it.
Yet the current patent system fails miserably short of realizing this purpose. One example of
the system's failure is the absence of a timely, inexpensive mechanism for invalidating the high
number of bad patents being issued. As a result of this void, the public is suffering, and
enormous wastes of expenditures of investor and public funding are incurred. There is as
demonstrated by the previous example of “black silicon” a dire need for reform. The recent
change by the America Invents Act in allowing an easier mechanism for third party submissions

during patent prosecution [ 26] is a first step in this direction.

* Leonard Forbes is a semi-retired Professor and is currently America’s most prolific living
inventor in electrical sciences and technology.
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