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ARRANGEMENTS WITH PYRAMIDAL FEATURES HAVING AT LEAST ONE
NANOSTRUCTURED SURFACE AND METHODS OF MAKING AND USING

FIELD

The invention relates to the field of arrangements with nanostructured surfacces
and, in particular, arrangements with pyramidal features having one or more
nanostructured surfaces. The invention also relates to the technology of forming

nanostructured surfaces on pyramidal features.

, BACKGROUND

Semiconductor devices are ubiquitous. One example of a semiconductor device is
a solar cell. There is a general interest in the manufacture and use of solar cells as an
alternative method for energy creation. Figure 15A illustrates one type of conventional
selective emitter solar cell. This solar cell includes a silicon wafer 150a with a base
region 151a of p-type conductivity, diffusion regions 162 of p™-type. a low doped
emitter layer 153 of n-type, a thin antireflection layer 154 covering the cmilter laycr,
highly doped diffusion regions 163 of n"-type (selective emitter), contacts 155
extending through the layer 154 to regions 163, a layer of silicon oxide 156 with
openings to the regiol'ws 162 of p'-type, and a metallization layer 157 as a rcar contact.
The surface of the water 150a has a pyramidal texture to improve light capture. The
basc width of the pyramids is from a few micrometers to a few tenths of micrometers.
In this arrangement, the junction between the emitter layer 153 and the base region t51a
is not planar and has a surface area of a structured pyramidal junction which is [.7 times
larger than the surface of a planar junction. The larger junction surface area results in

1.7 times lager solar cell saturation current thus reducing cell efficiency.
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One type of conventional back-contact solar cell is illustrated in Figure 158 and
has a silicon wafer 150b with a base region 151b of n-type conductivity, interdigitated
regions 164 of p’-type and regions 165 of n'-type, a front surface field layer 166 of n*-
type having a pyramidal textured surface, a thin antireflection laycr 154 covering the
field layer 166, a layer of silicon oxide 156 with openings to regions 164 and 165, and
contacts 176 connected to the regions 164 and 165. In this arrangement, the junction
between the front surface ficld layer 166 and the base region 151b is not planar and has
a surfacc area of a structured pyramidal junction which is 1.7 times larger than the
surface of planar junction. The larger junction surface area results in 1.7 times lageu:

solar cell saturation current thus reducing cell efficiency.

Figure 15C illustrates an example of one type of conventional bifacial solar cell
that includes a silicon wafer 150c with a base region 151c of p-type conductivity, a
diffusion layer 142 of p"-type (back surface field layer), an emitter layer 153a of n’-type
having a pyramid texture surface, a thin antireflection layer 154 covering the emitter
layer 153a, front contacts 155 through the antireflection layer 154 to the emitter 153a,
and bottom contacts 155 through the antireflection layer 154 to the back surface field
layer 142, In this arrangement, the junction between the emitter layer 153a and the basc
region 151c is not planar and has a surface area of a structured pyramidal junction
which is 1.7 times larger than the surface of planar junction. The larger junction sutlace

area results in 1.7 times lager solar cell saturation current thus reducing cell efficiency.

Figure 15D illustrates an example of one type of coventional symmetrical bifacial
solar cell that includes a silicon wafer 150d with a base region 151d of p-type
conductivity, a diffusion layer 142a of p*-type (back surface ficld layer) having a
pyramid texture surfacc, a thin antireflection layer 154 covering the diffusion layer, an
emitter layer 153a of n"-type having a pyramid texture surface, a thin antireflection
layer 154 covering the emitter layer, front contacts 155 through the antireflection layer
154 to the emitter 153a, and bottom contacts 155 through the antireflection layer 154 to
the back surface ficld layer 142a. In this arrangement, both junctions between the
emitter layer 153a and the base region 151d and between the back surface ficld layer

142a and the base region 151d are not planar and have surface areas of structured
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pyramidal junctions which are 1.7 times larger than the surface of planar junction. The
larger junction surface areas result in 3.4 times larger solar cell saturation current thus

reducing cell efficiency.

BRIEF SUMMARY
One embodiment 1s a nanostructured arrangement having a base and pyramidal
features formed on the base. Each pyramidal feature includes sloping sides converging
at a vertex. The nanostructured arrangement further includes a nanostructured surface
formed on at least one of the sloping sides of at least one of the pyramidal featurcs. The
nanostructured surface has a quasi-periodic, anisotropic array of elongated ridec
elements having a wave-ordered structure pattern. Each ridge element has a wavelike

cross-section and oriented substantially in a first direction..

Another embodiment is a semiconductor device including a semiconductor base
and pyramidal features formed on the base. Each pyramidal feature has sloping sides
converging at a vertex. The semiconductor device further includes a nanostructured
surface formed on at least one of the sloping sides of at least one of the pyramidal
features. The nanostructured surface has a quasi-periodic, anisotropic array of
elongated ridge clements having a wave-ordered structure pattern. Fach ridge element
has a wavelike cross-section and oriented substantially in a first direction. The

semiconductor device may be a solar cell.

Yet another embodiment is a method of making a nanostructured arrangement.
The method includes irradiating at least one sloping surface of at least one pyramidal
feature disposed on a base with a beam of nitrogen ions, directed obliquely with respect
to the at least one sloping surface, to form a nanomask. The nanomask has a quasi-
periodic, anisotropic array of elongated elements having a wave-ordered structure
pattern and a wave-like cross-section with wave crests that are substantially
perpendicular to a plane of incidence of the nitrogen ions. The method further includes
etching the at least one sloping surface with the nanomask to generate a nanostructurcd

surface corresponding to the nanomask.
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BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the present invention are
described with reference to the following drawings. In the drawings, like reference

numerals refer to like parts throughout the various figures unless otherwise specificd.

For a better understanding of the present invention, reference will be made to the

following Detailed Description, which is to be read in association with the
accompanying drawings, wherein:
FIG. LA is a scanning electron microscope (SEM) top view of a nanomask having
. . . e . . + . . - .
a period of 70 nm formed on a silicon surface using a Ny™ ion beam with energy 2 - 5
keV at the angle of bombardment @ = 53° from surface normal, according to the

invention;

FIG. 1B is a perspective view of elongated elements of a nanomask and their

cross-section, according to the invention;

FIG. 1C is a perspective view of elongated elements of a nanomask, their cross-

section, and longitudinal section along the element, according to the invention;

FIG. 1D is a SEM top view of a nanomask with a period of 54 nm formed on a

e . + . - . B .
silicon surface using a Ny ion beam at E = 4 keV, 0 = 59°_ according to the invention:

FIG. LE is a SEM top view of a nanomask with a period of 54 nm formed on a

vy ~ . + . - . . .
silicon surface using a N>~ ion beam at E = 6 keV, 0 = 63°, according to the invention;

FIG. 11 1s a SEM top view of a nanomask with a period of 62 nm formed on a

. . . 4 . . . . .
silicon surface using a N2~ ion beam at E = 2 keV, 0 = 63°, according to the invention;

I'1G. 1G s a perspective view of elongated elements of a nanomask and their

cross-scection, according to the invention;

FIG. TH is a SEM top view of a nanomask with a period of 46 nm formed on a

iy . + . -y . . .
silicon surface using a N, ion beam at E =2 keV, 0 = 43°_according to the invention;
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FIG. 11 is a perspective view of elongated elements of a nanomask and their

cross-section, according to the invention,

FIG. 2A to 2B are cross-section views of a nanomask presented during a
sequential transformation into a quasiperiodic array of silicon nanoridges with sawtooth
cross-section during RIE process and subsequent wet etching, according to the

invention;

FIGS. 3A to 3B are views of possible cross-sections of silicon nanoridges in

accordance with the invention;
FFIG. 3C is a view of an unacceptable cross-section of silicon nanoridges;

FIGS. 4A to 4D are SEM top views of quasiperiodic arrays of silicon nanoridges
having sawtooth cross-section with different periods of 85, 53, 36, and 30 nm,

respectively, according to the invention;

IFIGS. 5A to 5B arc SEM cross-section views, angled at 82°, of quasipcriodic
arrays of silicon nanoridges with periods of 85 and 53 nm, respectively, according to the

invention;

FIGS. 6A to 6B are a SEM top view and a SEM cross-section view angled at 82°,
respectively, of the cleavage of monocrystalline silicon solar wafers with a

nanostructured surface, according to the invention;

FIGS. 6C to 6D are a SEM top view and a SEM cross-section view angled at 82°,
respectively, of the cleavage of polycrystalline silicon solar wafers with a

nanostructured surface, respectively, according to the invention;

FIG. 7 is perspective view angled at 60° of a quasiperiodic array of silicon
nanoridges with a period of 85 nm having a sawtooth cross-scction highlighted by

hatching, according to the invention;
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FIGS. 8A to 8B are graphs of nanomask period A and nanomask formation depth
Dr in silicon on ion incidence angle © measured from silicon surface normal, according

to the invention;

FIGS. 9A to 9B are SEM top views of a wavelike nanomask formed using a Ny~
ton beam at E == 5 keV, 8 = 53° and covering about 100% of the surface of a
monocrystalline silicon solar wafer using low and high magnification, respectively,

according to the invention;

FIGS. 10A to 108 are SEM top views of a wavelike nanomask formed using a
N, ion beam at E = 5 keV, 6 = 53° and covering more than 90% of the surface of a
monocrystalline silicon solar wafer using low and high magnification, respectively,

according to the invention;

FIGS. 1TA to 11D are SEM top views of a wavelike nanomask formed by N5~

ions at &= 5 keV, 0 = 53°, according to the invention;

FIGS. 11E to 11F are SEM top views of a wavelike nanomask formed by N, ions

at B =2 keV, 0 = 53°, according to the invention;

FIGS. 12A to 12B are SEM cross-section views, angled at 82°, of solar wafers of

mono- and poly-silicon, respectively, according to the invention;

F1G. 13A to 13C are perspective views of different arrangements of linear ion

beams irradiating moving silicon solar wafers, according to the invention;

FIG. 14A is a schematic cross-sectional view of one embodiment of a solar cell,

according to the invention;

F1G. 14B is a schematic cross-sectional view of a second embodiment of a solar

cell, according to the invention;

[1G. 14C is a schematic cross-sectional view of a third embodiment of a solar

cell, according to the invention;
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FIG. 14D is a schematic cross-sectional view of a fourth embodiment of a solar

cell, according to the invention;

FIG. 14E is a schematic cross-sectional view of a fifth embodiment of a solar ccll,

according to the invention;

FIG. 14F is a schematic cross-sectional view of a sixth embodiment of a solar cell,

according to the invention;

I'1G. 14G is a schematic cross-sectional view of a seventh embodiment of a solar

cell, according to the invention;

FIG. 14H 1s a schematic cross-sectional view of an eighth embodiment of a solar

cell, according to the invention;

FIG. 141 is a cross-sectional view of nanoridges with sharp tops enabling multiple

exciton generation (MEQG);

FIGS. 15A to 15D are schematic cross-sectional views of several types of

conventional solar cells:

FIGS. 16A to 16F are schematic cross-sectional views (FIGS. 16A, 16C, L6, and
16I) and top views (FIGS. 16B and 16D) of a pyramidal feature and steps in the
formation of nanostructured sides on the pyramidal feature, where multiple pyramidal
features can be formed on the surface of a base. such as a silicon wafer, to produce a

pyramidal texture on that surface, according to the invention; and

FIG. 16G is an SEM image viewed at 60° of a pyramidal feature with
nanostructured sides on the surface of a monocrystalline silicon wafer, according to the

invention.

DETAILED DESCRIPTION

The invention relates to the field of arrangements with nanostructured surfaces
and, in particular, arrangements with pyramidal features having one or more

nanostructured surfaces. The invention also relates to the technology of forming
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nanostructured surfaces on pyramidal features. The invention also rclates to the ficld of
semiconductor devices for converting light energy into clectric energy, in particular o
the ficld of solar photovoltaic (PV) cells including cells based on monocrystalline and
polycrystalline silicon. The invention also relates to the technology of forming
nanostructured elements on the surface of silicon solar wafers to reduce the reflection of

light from their surface.

A nanostructured arrangement can include a base with pyramidal features and at
least one sloping nanostructured surface formed on at least one of the pyramidal
fcatures. The nanostructured arrangement can be used in a semiconductor device with,
for example, the base and the pyramidal features being formed of semiconductor
material. One example of a semiconductor device that can include the nanostructured
surface is a solar cell. For example, a solar cell includes a silicon wafer with
nanostructured elements formed on a surface of a feature in the solar cell, such as a
layer or a pyramidal feature. The nanostructured elements may be formed using a
wavclike silicon nitride nanomask that is self-formed during the irradiation of the
silicon wafer surface by a beam of nitrogen ions. After etching, such as reactive ion
etching (RIE), the nanomask transforms into a dense quasiperiodic, anisotropic array of

nanoridges with substantially equal heights.

Figure 14A illustrates one embodiment of a selective emitier solar cell that
includes a silicon wafer 140a with a base region 141a of p-type conductivity, diffusion
regions 162 of p'-type, a low doped emitter layer 143 of n-type having a nanostructurcd
surface with nanoridges 24, a thin passivation layer 144 covering the emitter layer 143,
contacts 145 extending through the layer 144 to highly doped diffusion regions 163a of
n’-typc (selective emitter), a layer of silicon oxide 156 with openings to regions 1062,

and a metallization layer 157 as a rear contact.

One distinctive feature of this solar cell over conventional selective emitter solar
cells, such at that illustrated in Figure 15A, is that the bottom of the emitter layer 143 is
flat whereas the emitter of the solar cell of Figure 15A is not flat and follows the

pyramid surface texture of the wafer. This feature of the solar cells described hercin is
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due, at least in part, to the very small size of the nanoridges 24 in comparison with the
p-n junction depth and the p-n junction formation methods described below. The flat
emitter has less surface area which may provide the advantage of lower saturation
current of the solar cell resulting in higher conversion efficiency. A planar p--—-n
junction can result in higher conversion efficiency, as compared to a non-planar

junction such as the solar cell of Figure 15A.

In addition, there may be no need for an antireflection coating in the solar cell
with the nanostructured surface as the nanostructured surface can have very low
rellection. The passivation layer 144 may be formed using, for example. silicon oxide,

aluminum oxide (A1,03), or hydrogenated silicon nitride (SiN), or the like.

An embodiment of a back-contact solar cell is illustrated in Figure 148 and has a
stlicon wafer 140b with a base region 141b of n-type conductivity, interdigitated
regions 164 of p’-type and regions 165 of n"-type, a front surface field layer 166a ol n"-
type having a nanostructured surface with nanoridges 24, a thin passivation layer 144
covering the front surface field layer, a layer of silicon oxide 156 with openings to
regions 164 and 165, and contacts 176 connected to the regions 164 and 165. In this
embodiment, the junction between the front surface field layer 166a and the base region
141b is planar with less surface area than a structured pyramidal junction shown in
Figure 15B which may reduce solar cell saturation current resulting in a higher cell

elficiency.

An embodiment of a bifacial solar cell is illustrated in Figure 14C and has a
silicon wafer 140c with a base region 141c of p-type conductivity, a diffusion layer 142
of p’-type (back surface field layer), an emitter layer 143a of n"-type having a
nanostructured surface with nanoridges 24, a thin passivation layer 144 covering the.
emitter layer, front metal contacts 145 extending through the layer 144 to the emitter
layer 143a, and rear metal contacts 155 extending through the antireflection layer 154 to
the back surface field layer 142. In this embodiment, the junction between the emitter

layer 143a and the base region 141c¢ is planar with less surface area than a structured
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pyramidal junction shown in Figure 15C which may reduce solar cell saturation current

resulting in a higher cell efficiency.

Another embodiment of a bifacial solar cell is illustrated in Figure 14D and has a
silicon wafer 140d with a base region 141d of p-type conductivity, a diffusion layer 142
of p -type (back surface field layer), an emitter layer 143a of n'-type having a
nanostructured surface with nanoridges 24, a thin layer of transparent conductive oxide
(TCO) 171 covering the emitter layer, and metal contacts 173 connected to the front
TCO layer 171 and to the back TCO layer 172. A prototype of this solar ccll (2x2 cm?)
fabricated on Czochralski type monocrystalline silicon wafer using 80-nm-thick n,O;

layer as the TCO has demonstrated a conversion efficiency of 18.6%.

An embodiment of a symmetrical bifacial solar cell is illustrated in Figure 141
and has a silicon wafer 140e with a base region 141e of p-type conductivity, a diffusion
layer 142a of p'-type (back surface field layer) having a nanostructured surface with
nanoridges 24, a thin passivation layer 144 covering the diffusion layer, an emitter layer
143a of n"-type having a nanostructured surface with nanoridges 24 covered by a thin
passivation layer 144, front metal cont;ﬁcts 145 extending through the layer 144 to the
emitter layer 143a, and back metal contacts 145 extending through the layer 144 (o the
back surface tield layer 142a. In this embodiment, both junctions between the emitter
layer 143a and the base region 141e and between the back surface field layer 142a and
the base region 141e are planar with less surface area than a structured pyramidal
Jjunction shown in Figure 15D which may reduce solar cell saturation current resulting
in a higher cell efficiency. The nanoridges on front and back wafer surfaccs may have

parallel, perpendicular or angled relative orientation to optimize light capture.

Another embodiment of a symmetrical bifacial solar cell is illustrated in Figure
14T and has a silicon wafer 140f with a base region 141f of p-type conductivity, a
diffusion layer 142a of p*-type (back surface field layer) having a nanostructured
surface with nanoridges 24, a thin TCO layer 171 covering the diffusion layer, an
emitter layer 143a of n*-type having a nanostructured surface with nanoridges 24

covered by a thin TCO layer 171, and front and back metal contacts 173 to the TCO



WO 2013/109157 PCT/RU2012/000016

20

30

fayers. In this embodiment, both junctions between the emitter layer 143a and the base
region 141fand between the back surface field layer 142a and the base region [41f are
planar with less surface area than a structured pyramidal junction shown in Figure 15D
which may reduce solar cell saturation-current resulting in a higher cell efficiency. The
nanoridges on front and back wafer surfaces may have parallel, perpendicular or angled

relative orientation to optimize light capture.

Another embodiment of a solar cell is illustrated in Figure 14G and has a silicon
wafer 140g with a base region 141g of p-type conductivity, an ultra shallow emitter
layer 143b of n"-type or n-type having a nanostructured surface with nanoridges 24
covered by a thin TCO layer 171, front metal contacts 173 to the TCO layer, dilfusion
regions 162 of p'-type, a layer of silicon oxide 156 with openings to regions 162, and a
metallization layer 157 as a rear contact. In this embodiment, an ultra shallow emitter
layer 143b with the thickness of about 10 nm or less can be made, for example, by
epitaxial growth of doped silicon. The tops of nanoridges 24 can be tightly enveloped
by, for example, an indium tin oxide léyer (ITO) used as a TCO to effectively catch
charge carriers generated by light at the tops of the nanoridges. Although not wishing
to be limited to any particular theory, it is believe that the solar cell arrangements
described herein may result in multiple exciton generation (MEG). MEG refers to the
generation of multiple excitons (e.g., electron-hole pairs) by a single photon. To
facilitate MEG the tops of nanoridges 24 or nanopeaks 26 preferably have sufficient
sharpness to provide quantum confinement effects in the emitter tayer. As an cxamplc,
the radius of their curvature R is no more than 5 nm (as shown in Fig. 141) to provide a
width of the ridge near the peak of no more than 10 nm which is sufficient for quantum

confinement effects in silicon at room temperature.

Another embodiment of a solar cell is illustrated in Figure 14H and has a silicon
wafer 140h with a base region 141h of p-type conductivity, an ultra shallow emitter
layer 143b of n'-type or n-type having a nanostructured surface with nanoridges 24 -
covered by a thin TCO layer 171, a layer of intrinsic silicon 143¢ betwecen the base
region 141h and the emitter layer 143b, front metal contacts 173 to the 1CO layer,

diffusion regions 162 of p"-type, a layer of silicon oxide 156 with openings to regions

11
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162, and a metallization layer 157 as a rear contact. In this embodiment, an ultra
shallow emitter layer 143b and intrinsic layer 143¢ both with the thickness of about 10
nm or less can be made, for example, By sequential epitaxial growth of undoped and
doped silicon on the nanostructured surface of the base region. The tops of nanoridges

5 24 can be tightly enveloped by, for example, an indium tin oxide layer (1TO) used as a
TCO to effectively catch charge carriers generated by light at the tops of the nanoridges.
To facilitate MEG the tops of nanoridges 24 or nanopeaks 26 preferably have sufTicient
sharpness to provide quantum confinement effects in the emitter layer. As an example,
the radius of their curvature R may be no more than 5 nm (as shown in Vig. 141) to

10 provide a width of the ridge near the peak of no more than 10 nm, which is sufficicnt

for quantum confinement effects in silicon at room temperature.

The quantum confinement effects at the tops of nanoridges due to their small size
(for example, a size of no more than 10 nm) in solar cells, such as those illustrated in
Figs. 14D, 14F, 14G, and 14H (with a TCO layer that envelops the tops of nanoridges
15 24) may lead to the manifestation of MEG, thus adding a contribution to the efficiency
of the solar cell. Instead of nanoridges 24, nanopeaks 26 may be used to producce the

MEG ceffect. The MEG effect can increase solar cell efficiency by up to10% or morec.

The embodiments of Figures 14A-14F are examples ot solar cells. 1t will be
understood that other types of solar cell configurations can be modified to include a
20 nanostructured surface. It will also be understood that other semiconductor devices'tan
also be formed with a nanostructured surface. It will also be understood that the
embodiments described above can be modified by replacing p-type regions with n-type
regions and vice versa. It will also be understood that surfaces of monocrystalline

silicon waters having either (100) or (111) or any other orientation, as well as surfaces

1\
U

of palycrystalline silicon wafers, can be made nanostructured. Methods of forming p-
type, n-type, ;f-lybc, and n"-type regions usi'ng n-type and p-type dopants to dope a
silicon wafer, as well as methods of forming passivation layers, contacts, transparcent
conductive oxide layers, silicon oxide layers, and the like are gencrally known and any

suitable method can be used for forming these structures.

12
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Methods of forming a nanomask on a silicon wafer are described in U.S. Patent
No. 7,768,018 and U.S. Patent Application Publication No. 2008/0119034, both of
which are incorporated herein by reference. Ultra thin membranes based on wave-
ordered structure pattérns are described in U.S. Patent No. 7,604,690, which is
incorporated herein by reference. In at least some embodiments, a wavelike silicon
nitride nanomask is formed by irradiation of the surface of a silicon solar wafer by a
beam of nitrogen ions and then etching (e.g., wet etching or reactive ion etching) to
create a nanostructured surface of the silicon wafer in the form of a dense quasiperiodic
array of nanoridges or nanopeaks. This nanomask can be used for fabricating
photovoltaic solar cells from a wafer with a nanostructured surface. In at least some
embodiments, the average period of the array is controllably varied in a range from 20
to 150 nm (or 20 to 180 nm or 20 to 200 nm) to increase the performance of solar cclls.
This process is reliably reproducible and forms a uniform wavelike silicon nitride

nanomask, as well as a nanostructure on the surface of wafers of silicon.

In at least some embodiments, a hard nanomask includes a plurality of elements
as quasi-periodic, anisotropic array of elongated elements having a wave-ordcered
structute pattern and a wavelike cross-section. At least some of the clements have the
following structure in cross-section: an inner region of silicon, and a first outer region
of silicon nitride covering a first portion of the inner region and being formed from .
silicon by a nitrogen ion beam. In at least some embodiments, the first outer regions
form a net-like or an island-like structure or any combination thereof. In at least some
embodiments, the average period of the array is in a range from 20 to 150 nm (or 20 to
180 nm or 20 to 200 nm). In at least some embodiments, the silicon is a solar cell grade

monocrystalline or polycrystalline silicon.

In at least some embodiments, the nanomask further includes, in cross-section, a
second outer region of silicon nitride formed from silicon by irradiation using a nitrogen
ion beam, covering a second portion of the inner region, and connecting with the first
outer region at a wave crest, where the first outer region is substantially thicker than the

second outer region. In at least some embodiments, in cross-section, the thickness of
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the second outer region is minimal in the middle and increases from the middle towards

its borders.

In at least some embodiments, for a beam of nitrogen ions with N ions and N,
ions in the relative fractions of x and (1 — x), respectively, the nanomask average period,
the nanomask formation depth, and the ion dose to form the nanomask are (1 -+ x) times
greater than those for a N;* ion beam. In at least some embodiments, the ion dose for
an N," ion beam is in the range I1x10"7—5x10" ¢cm™ and the maximum thickness of the
first outer region is determined by the formula; T = 2(1 + x)E, where T is the thickness

in nm and E is the ion beam energy in keV.

In at least some embodiments, the thickness of the first outer region quasi-
periodically varies along the element. In at least some embodiments, the periodic -
change in thickness of the first outer region along the element is from 50 to 10% of the
maximum thickness for a corresponding change in average array period in a range from
20 to 150 nm (or 20 to 180 nm or 20 to 200 nm). In at least somc embodiments, the
period of change in thickness of the first outer region is greater than or equal to the

average array period.

In at least some embodiments, the nanomask is formed by irradiating the silicon
surface using an oblique beam of nitrogen ions until a hard nanomask is formed, the
nanomask efements being substantially perpendicular to the projection of the ion flow

on the stlicon surface.

A silicon wafer‘for a photovoltaic solar cell can be formed with at least one -
surface of the wafer comprising a nanostructure having a plurality of nanoridges
distributed as a quasi-periodic, anisotropic array of silicon nanoridges having a wave-
ordered structure pattern and a wave-like cross-section with essentially equal heights
and being formed from a hard nanomask. One example of a wave-like cross scction is a
sawtooth cross-section with sharp tops and bottoms, although it will be understood that
other wave-like cross sections can be formed. The nanomask includes a plurality c){"
elements forming a quasi-periodic, anisotropic array of elongated elements having a

wave-ordered structure pattern and a wavelike cross-section.- At least some of the
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elongated elements have the following structure in cross-section: an inner region of
silicon, and a first outer region of silicon nitride covering a first portion of the inncr-

region and being formed from silicon by a nitrogen ion beam.

In at least some embodiments, the nanoridges form a net-like or an island-like
structure or any combination thereof. In at least some embodiments, the average period
of the array of nanoridges is in a range from 20 to 150 nm (or 20 to 180 nm or 20 to 200
nm). In at least some embodiments, the average nanoridge height to average array
period ratio is in the range from 2 to 3. In at least some embodiments, the wafer is

made of monocrystalline silicon or polycrystalline silicon.

A silicon wafer for a photovoltaic solar cell can be formed with a nanostructured
surface comprising a plurality of silicon nanopeaks of essentially equal heights arranged
as quasi-periodic rows and formed from a hard nanomask. The nanomask includes a
plurality of elements in a quasi-periodic, anisotropic array of clongated clements having
a wave-ordered structure pattern and a wavelike cross-section, at least somc of the
clements having the following structure in cross-section: an inner region of silicon, and
a first outer region of silicon nitride co\/cring a first portion of the inner region and
being formed from silicon by nitrogen ion beam, where the thickness of the first outer

region varying quasi-periodically along the element.

[n at least some embodiments, the average period of the array is in a range from
20 to 150 nm (or 20 to 180 nm or 20 to 200 nm). In at least some embodiments, the
ratio of nanopeaks height to the quasi—bcriodic rows period is in the range from 2 to 3.
In at least some embodiments, the wafer is made of monocrystalline silicon or

polycrystalline silicon.

In at least some embodiments, a photovoltaic solar cell includes a layer of
transparent conductor for clectric contact to the nanostructured surface of the wafer. In
at lcast some embodiments, the transparent conductor is made from a transparent
conductive oxide such as zinc oxide, tin oxide, indium oxide, or indium tin oxidc or any
combination thereof. In at least some embodiments, the photovoltaic solar cell includes

a wafer with a nanostructured surface, a layer of transparent conductor over the
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nanostructured surface for electric contact to the nanostructured surface, and a grid of
metal wires on the surface of the layer of transparent conductor, the wires being

positioned substantially perpendicular to the nanoridges.

In at least some embodiments, a photovoltaic module includes a photovoltaic solar
5  cell with a wafer having a nanostructured surface. The module can be positioned
relative to the east and west points of the horizon so as the nanoridges are mostly

positioned along the east-west line.

A method for nanostructuring the surface of a silicon wafer for a photovoltaic
solar cell includes irradiating a surface of the wafer with an oblique beam of nitrogen
10 ions until a hard nanomask is formed. The nanomask includes a quasi-periodic,
anisotropic array of elongated elements having a wave-ordered structure pattern and a
wavelike cross-section. At least some of the elements have the following structure in
cross-section: an inner region of silicon, and a first outer region of siticon nitride
covering a first portion of the inner region and being formed from silicon by the
I35 nitrogen ion beam. The method also includes etching the nanomask and silicon until

the nanostructure 1s formed on the wafer surface.

In at least some embodiments, elongated elements of the hard nanomask are
positioned substantially perpendicular to the projection of the ion flow onto the wafer

surface. In at least some embodiments, the ion energy is in the range 0.5---8 ke V.

20 In at least some embodiments, during irradiation the wafer moves in the wafer
surface plane in the first direction, i.e. perpendicular to the projection of the ion flow

onto the wafer surface, with a velocity determined by the formula: V = JxL/D, where V
2

. . . . . . . =2 -
is the velocity, cm/s; J is the density of ion flow in the wafer surface plane, em™-s™'; I

is the width of the ion beam at half of the maximum intensity in the wafer surfacc plane

o
w

in the direction of motion, cm; and D is the ion dose for nanomask formation, cm™. In
at lcast some embodiments, the wafer moves perpendicular to the first direction. In at
least some embodiments, the ion beam is formed by a linear ion source elongated
paralle! to the surface of the wafer plane. In at least some embodiments, the intensity of

the linear ion beam is nonuniform in the direction of the wafer motion. In at least some
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embodiments, prior to the irradiation a damaged layer (e.g. from a saw used to cut the
wafer) is removed from the wafer surface by a wet removal method using a polishing

solution.

In at least some embodiments, etching associated with the formation of both the
5 nanomask and the array of nanoridges is performed by using a wet method, dry method,
or 1on beam method, or any combination thereof. In at least some embodiments, the
etching is performed by reactive ion etching using a plasma with the subsequent
removal of the silicon layer damaged by plasma with a wet etching. In at lcast some
embodiments, etching duration is monitored and controlled by the intensity of reflected
10 light from the wafer surface. v
[n at least some embodiments, the nanostructure includes a plurality of nanoridges
as a quasi-periodic, anisotropic array of silicon nanoridges having wave-ordered
structure pattern and a sawtooth cross-section with essentially cqual height. In at lcast
some embodiments, the nanoridges form a net-like or an island-like structurc or any
15 combination thereof. In at least some embodiments, the average period of nanoridgés
array is in the range from 20 to 150 nm (or 20 to 180 nm or 20 to 200 nm). In at icast
some ecmbodiments, the ratio of nanoridge height to the average period of nanoridges

array is in the range from 2 to 3.

In at feast some embodiments, in cross-section the nanomask further includes a

20 second outer region of silicon nitride being formed from silicon by nitrogen ion bcalﬂn.,
covering a second portion of the inner region, and connecting with the first outer region
at a wave crest, where the first outer region is substantially thicker than the second outer
region. In at least some embodiments, in cross-section the thickness of the second outer
region is minimal in the middle and increases from the middle towards its borders. In at

25 least some embodiments, the thickness of the first outer region varies quasi-periodically
along the clement. In at least some embodiments, the periodic change in thickness of
the first outer region along the element is from 50 to 10% of the maximum thickness for

corresponding change in element array period in a range from 20 to 150 nm (or 20 to
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180 nm or 20 to 200 nm). In at least some embodiments, the period of change in
thickness of the first outer region is greater than or equal to the average array period.

In at least some embodiments, the nanostructure includes a plurality of silicon
nanopeaks of essentially equal height arranged as quasi-periodic rows and being formed
from a hard nanomask. In at least some embodiments, the average period between the
rows is in a range from 20 to 150 nm (or 20 to 180 nm or 20 to 200 nm). In at least
some embodiments, the ratio of nanopeak height to average period between the rows is

in a range from 2 to 3.

Fig. 1A shows an SEM image with enhanced contrast (without halftones) of a top
view of a self-forming wave ordered structure (WOS). The WOS is a wavelike
nanomask 1 with an average period 3 (wavelength A = 70 nm). The width of the SEM
imagc is cqual to 3 um. White stripes 10 and black stripes 20 are the opposite slopes of

the waves of the WOS.

Fig. | B shows a perspective, cross-sectional view of the WOS with a cross section
of waves in the XZ plane on the surface of silicon 2. The location of the wave slopes 10
and 20 and their orientation are the same as in Fig. 1A (which corresponds to the XY
planc). Wave crests arc on average parallel to the Y axis, i.e., the array of waves is
anisotropic. A single wave (nanomask element) in the cross-scction has an inner region
of stlicon that includes a first part 100 and a second part 200. The wave also has an
outer region of silicon nitride that includes a first part 10 and a second part 20 with a
low content of implanted nitrogen atoms. Regions 10 and 20 are formed from silicon by
irradiation using a beam of nitrogen ions. In at least some embodiments, the ions of the
beam have energy in the range from 0.5 to 8 keV in vacuum during nanomask
formation. The regions 10 and 20 arc connected to each other at a wave crest or peak.
The slopes of the waves of nanomask 1 are preferably tilted symmetrically relative to

the XY plane. In some embodiments, the slopes are at an angle of about 30°.

As seen in Fig. 1A, the waves of nanomask 1 have breaks, bends, and branches,
r.e. connections with each other. Generally, the waves are elongated along the Y-axis

and these elongated elements have a length in the range of, for example, 10X to 304. At
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the same time there are clements having more or less elongation as well as
subwavelength point-like elements with a size of less than A. In general, the array of
waves is quasiperiodic, the pattern of the waves is uniform, and one can reproduce these
arrays with the same average period and the same average elongation of waves under
the same conditions of formation. In at least some embodiments, the period is selected
from the range from 20 to 150 nm, or 20 to 180 nm or 20 to 200 nm. A distinctive
featurc of wavelike nanomask is that its pattern does not contain repeating parts of the
array with the same relative positions of the elements, which is due to self-forming

nature of nanomask.

A characteristic feature of the topology of nanomask 1 in Fig. 1 A is that the
regions 10 of some elements are connected to each other, and regions 20 of some
elements are also connected to each other, to form a branched structure or a mesh. At

the same time there are both separated regions 10 and separated regions 20.

Fig. 1C shows one embodiment of a cross section of a region 10 in its center
along the Y-axis, i.e. along the wave in the plane perpendicular to the surface of region
10. In at least some embodiments, the thickness of the region 10 varies along the wave
from its thinnest part 4 to thickest parts 5 with a period 6. The maximum thickncess of
region 10 for a beam of nitrogen ions, with N™ ions and N, ions in the relative fractions
of x and (1 --x), respectively, is determined, in at least some embodiments, by the
formula: T = 2(1 + x)E, where T is the thickness, nm; E is the ion beam cnergy, ke V.
FFor atomic nitrogen ions N” maximum thickness of the first outer region is two times
greater than that for molecular ions N»™. Nanomask period and its formation depth for
the ions N" are also two times higher than those for the ions No™. Beams of N™ ions with
energy /2 and N," ions with energy E form nanomasks with the same average periods
and the same thicknesses of the first outer regions at the same formation depths. Thus,
for a N'/N," ion beam the average period (L) of the nanomask, the thickness of its first
outer region (T), the depth of its formation with low wave amplitude (D,,), the depth of
its formation with grown (saturated) wave amplitude (Dy), and the ion doses for
corresponding depths ot ion sputtering are (1 -+ x) times greater than thosc values for the

pure N, ion beam. [n at least some embodiments, the nanomask is formed by the N-
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ion beam in the ion dose range 5x10'°—5x10"" cm™. It may be preferable for the N,

. 17 J, J— . .-

ion beam to use the dose range 1x10'"°—5x10"7 em™. The given regularities are
necessary for using industrial ion sources having mixed beams to form nanomasks on

solar silicon wafers.

Periodic changes may occur in the thickness of the region 10 along the wave and
such change may range from, for example, 50 to 10% of its maximum thickness for the
corresponding change in the average period 3 of the array. In some embodiments, the
average array period is in the range from 20 to 150 nm (or 20 to 180 nm or 20 to 200
nm). For example, the longer the average period 3, the smaller the relative change in
the thickness of region 10. When the nanomask period decreases the relative periodic
changes in the thickness of the first outer region along the array clements increascs:
periodic variation in thickness of the first outer region along the element is from 10 to
50% of its maximum thickness when the array period decreases in the range from 150
to 20 nm (or 180 to 20 nm, or 200 to 20 nm). In at least some embodiments, increasing
the average period 3 of the array proportionally increases the thickness of region 10.
An average period 6 of the change in thickness of region 10 can be equal to or greater
than the average periéd 3 of the array. Regions 10 in the XZ section planc at the borders
21 and 22 may have a beak-like shape. In at least some embodiments, the thickness of
regions 20 in cross-section in X7 plane is smallest at the middle point 7 between the

borders 21 and 22 and gradually increases towards the borders 21 and 22.

The nanomask shown in Figs. 1A to 1C can be formed on the silicon surface by
irradiation of the silicon with a beam of nitrogen ions N,". In one example, the
nanomask is formed using a beam having energy of 5 keV and directed in the XZ plane
of incidence along the arrow 31 at an angle 6 = 53° from Z-axis. The projection of ion

flow 31 on the XY plane is along X-axis in this example.

During sputtering of silicon by nitrogen ions a self-forming process takes place
resulting in the formation of wavelike nanomask 1. In one example, the depth of
sputtering Dg = 100 nm from the initial level of the silicon surface. In the cxample, the

regions 10 are bombarded by nitrogen ions at near normal angles, and rcgions 20 arc
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bombarded at glancing angles, which determines the thickness of the regions 10 and 20.
Crests of nanomask waves in an array can be predominantly oriented perpendicular to
the projection of ion flow on the surface of silicon, (¢.g., perpendicular to the X-axis
when the ion flow projection is along the X-axis). In at least some embodiments, with
decreasing ion energy and increasing ion bombardment angle © measured from surface

normal (Z-axis) the wavelength A or period 3 of the array can be reduced.

Ton energy can range from, for example, 0.5 to 4 keV for N™ ions and from, for
example, 110 8 keV for N;" ions. Such energy ranges may result in a nanomask period
in the range from 20 to 150 nm (or 20 to 180 nm or 20 to 200 nm). In at least some -
embodiments, the topology of the nanomask 1 does not change for bombardment angles
in the range © = 50° to 55°. With the ion energies greater than 8 keV and using N, ion

beam, one can form the nanomasks with the periods larger than 150, 180 or 200 nm.

FFigs. 1D to 1FF show a nanomask 11 with a topology characterized in that regions
10 are mostly separated from each other and regions 20 are mostly connected to each
other in a continuous net. Nanomask 11 is formed by irradiation using a N,* beam at
greater angles of ion incidence relative to the silicon surface (e.g., angles of about € -
60°--65°.) The cross-section of the elements of nanomask 11, as shown in Fig. 1G,
characterized in that regions 10 are mostly tilted relative to the array XY plané at a
larger angle than regions 20. The slope of regions 10 is about 30°-35°, and the slope of
regions 20 is about 20°-25° to the array plane. End surfaces of typical wave breaks 19
were irradiated by the beam of nitrogen ions at grazing angles of about 70° or more,
therefore they are the same thickness as regions 20 and connect regions 20 in a

continuous mesh. Wave breaks 19 also occur in nanomask 1.

Fig. IH shows a nanomask 12 with a topology characterized in that regions 10 arc
mostly connected to each other in a continuous mesh and regions 20 are mostly
separated from each other. Nanomask 12 is formed by irradiation using a Ny* beam at
angles of ion incidence relative to the silicon surface of about © = 42°-45°, The cross-
section of elements of nanomask 12, as shown in Fig. U1, is characterized in that regions
[0 are generally tilted relative to the array XY plane at a smaller angle than regions 20.

v
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The slope of regions 10 is about 25°-30°, and the slope of regions 20 is about 30°-~35°
relative to the array plane. The surfaces of typical joints of waves 18 were irradiated by
nitrogen ion beam at an angle of less than 30°, therefore they are the same thicknessas
regions 10, and regions 18 connect regions 10 in a continuous mesh. The thickness of
regions 18 is slightly smaller than the thickness of regions 10 located parallel to the Y-
axis. Wave joints 18 are also seen in nanomasks | and 11. Wave breaks 19 also occur in

nanomask 12.

[t should be noted that in FIGS. 1A to 11 the WOS-nanomasks are shown at the
final stage of wave amplitude growth at the sputtering depth Dg. In such nanomasks
with grown (saturated) wave amplitudes the regions 20 are not formed in all cases, for
example, they may be absent for large grazing angles of ion incidence 8 > 65° to the
initial silicon surface, and when 0 = 45°—65° the formation of silicon nitride in regions
20 requires their relaxation in vacuum for tens minutes or exposure to air. In contrast,
for WOS-nanomasks at the stage of wave amplitude growth, at the sputtering depth d
(D <d < Dg), both regions 10 and regions 20 are formed, and during the increasc in
waves amplitude the thickness of regions 10 increases and the thickness of regions 20
decreascs. Pronounced periodic changes in the thickness of regions 10 along the
nanomask clements are characteristic only for the grown waves. During further
sputtering, especially at sputtering depths > 3Dr, along with the increasc in period of
WOS-nanomask the periodic changes in the thickness of regions 10 along the nanomask
elements weaken. Thus, both the regions 20 and the periodic changes in the thickness of
regions 10 along the nanomask elements are not obligatory features of the nanomask,

and may develop only under particular conditions.

Fig. 2A shows schematically nanomask 1 transformation stages during the RIL
process for the formation of a nanostructured surface with a quasiperiodic array of
silicon nanoridges with sawtooth cross-section. If desired, prior to the main RIFE stage.
ultra-thin regions 20 (< 0.5 nm) between nitride regions [0 are removed from the initial
structure 400, thus enhancing the contrast of the nanomask 1. This process takes about 2
seconds and may allow one to significantly accelerate the etching of nanomask 1. It can

be carried out in both a non-selective plasma He/CHF5 or in the selective plasma O,/Cl,
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of the main RIE stage. In the latter case, the bias on the wafer under etching is briefly
raised, which provides a mode for ion sputtering of regions 20. As a result the v
nanomask 401 is formed without regions 20. Regions 20 can also bc removed by wet
etching in HINO3/HF solution for a few seconds. When the RIE process is implemented
immediately after the formation of the WOS-nanomask without its exposure in air the

step of removing regions 20 may not be performed, because these regions often do not

occur.

The main RIE stage includes etching silicon in a chlorine O,/Cl, plasma that is
selective to nitride, resulting in the structures 402—-405. The main RIE stage takes, for
example, 20 seconds, which provides a potential of high process productivity. Initially,
during the etching of silicon 2 in the structure 402 the walls of the trenches betwecn the
regions 10 of silicon nitride are etched vertically. The etching process results in gradual
decrease in the thickness of regions 10 of silicon nitride, and these regions 10 transform
into regions 10a and 10b. The walls of the trenches become inclined resulting in the
structures 403 and 404. The flow of plasma ions reflected down from the walls of the
trenches sharpens the trench bottoms. After the complete removal of the nanomask, i.¢.
regions 10b, the structure shape tends to a triangular profile as in the structure 405 with
a quasiperiodic array of nanoridges 24 of silicon with a sawtooth cross-scction. /\rra'y
period 3 coincides with the period of nanomask 1. In at least some embodiments, the
height 25 of nanoridges 24 is essentially the same for all nanoridges in the array. The
ratio of nanoridge height 25 to the array period 3 may be in the range, for example,

from 2 to 3.

For some RIE modes it is advisable to use subsequent wet etching. I'ig. 2B sh(;ws
the change in shape of nanoridges by wet etching in a solution of HNO5/HE ~— 250:|
(volume ratio) after RIE. [n this RIE mode, an array of nanoridges 24a with rounded
tops forms as in the structure 406. The array period was of about 90 nm. Wet etching
for 10 seconds removed a silicon layer about 7 nm thick and the defects that were
created by RIE and led to the formation of nanoridges 24b with sharp tops and mostly

the same height as in the structure 407. A change in the shape of the nanoridge cross-
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section is accompanied by changes in the visible color of nanostructured surface from

black-bluc to black.

Fig. 3A shows an example of cross-sectional shape of nanoridges 24 with convex
walls and Fig. 3B shows an example with concave walls. Variation of the height and
shape of the nanoridges 24 is carried out by changing the modes of RIE and wet etch.
Nanomasks 11 and 12 are subjected to a similar transformation as a result of RIE and

wet etch.

A generally undesirable cross-sectional shape of the array of nanoridges is shown
in Fig. 3C with flat areas 17 of silicon surface between the nanoridges 24. Etch modcs
should be adjusted so that between the nanoridges 24 there are no flat arcas 17, which

reflect light off the water surface.

IFigs. 4A to 4D, SA to 5B, 6A to 6B, and 7 show the arrays of nanoridges formed
from nanomasks 1 with the same topology but with different periods. Arrays of
nanoridges with average periods of 85, 53, 36, and 30 nm were obtained by RIE from
nanomasks | with the same corresponding periods. Nanomasks werc obtained by the
bombardment of areas of silicon wafers by a nitrogen ion beam N;" at angle 6 == 53°
with energies of 5, 4, 2, and 1.5 keV, respectively. With the decreasing period of
nanomask | the topology of the arrays of nanoridges significantly changes from the

topology of regions 10 in nanomask 1 to an array of separated nanopeaks.

An SEM image (top view) of an array of clongated nanoridges with an average
period of 85 nm is shown in Fig. 4A. The tops of the nanoridges (middles of light
stripes 24) are displayed in the SEM as dark threads. This featurce is related to a specific
SEM instrument LEO 430, the maximum resolution of which is achieved at high cnergy
of electrons of 30 ke V. In the case of low-voltage SEM tops of the nanoridges are seen
bright. From this SEM image one can see that the nanoridges are elongated in the plane
of the array and substantially oriented in one direction, i.e., along the vertical edges of
the image, some nanoridges connecting to the neighboring nanoridges and forming

branched structures.

24



WO 2013/109157 PCT/RU2012/000016

20

25

SEM image (top view) of an array of elongated nanoridges with an average period
of 33 nm is given in Fig. 4B. The tops of the nanoridges 24 are shown in the SEM as
white stripes. It is seen that with decreasing period the topology of the array of
nanoridges changes. As in the previous case the nanoridges are elongated in the planc of
the array and substantially oriented in one direction, but now the nanoridges arc mostly

separated from each other.

With further decrease in the period of the array of nanoridges down to 36 nm an
increasing number of separated nanopeaks are observed as shown in Fig. 4C. In this
case, however, the unidirectional orientation of the nanoridges is obvious, because most

of them have an elongated shape.

When the period of the array of nanoridges reaches 30 nm, the pattern -
significantly changes. Now the array mainly consists of separated nanopeaks 26. some
of which are arranged as quasiperiodic rows, as shown in Fig. 4D. The arrangecment of

the quasiperiodic rows is determined by the pattern of regions 10 of the nanomask.

The observed change in the topology of the array of nanoridges may be caused by
enhancement of relative change in thickness of region 10 in wavelike nanomask with a
decrease in its period, which manifests itself in RIE modes having lower selectivity. In
thesc RIE modes. for nanomasks with shorter periods in the range of 20 to 40 nm, the
thinnest areas 4 of regions 10 are etched faster than thickest areas 5 (see, Fig. 1C), and
as a result these nanomasks transform into chains or rows of separated nanopeaks. As
this takes place, the size of nanopeaks reaches 10 nm, which provides the ability to
activate multiple exciton generation (MEG) in silicon at room temperature, leading to
increased solar cell efficiency. In RIE modes having maximal selectivity the nanomask
does not transform into the array of nanopeaks. These modes result in arrays of
elongated nanoridges having the topology of initial nanomask with periods in the range

of 20 to 40 nm.

By lowering the selectivity of RIE etching modes it is possible to obtain quasi-
periodic rows of nanopcaks in the range of nanomask periods from 20 to 150 nm (or 20

to 180 nm or 20 to 200 nm).
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Figs. 5A and 5B show the cleft samples of silicon wafers with quasiperiodic
arrays of silicon nanoridges with periods of 85 and 53 nm and heights of the nanoridges
in arrays of about 170 and 150 nm, respectively. The ratio of nanoridge height to the

period of the array in Fig. 5A is close to 2 and in Fig. 5B is close to 3.

Figs. 6A and 6B show a top view and a cleavage of a monocrystalline silicon
solar wafer with quasiperiodic arrays of silicon nanoridges with periods of 85 and 100

nm, respectively. It is seen that the wafer has areas in which there are no nanoridges.

Figs. 6C and 6D show a top view and a cleavage of a polycrystalline silicon solar
wafcr with quasiperiodic arrays of silicon nanoridges with periods of 70 and 95 nm,

respectively. It is also seen that the wafer has areas in which there are no nanoridges.

Fig. 7 was obtained on the basis of the SEM images presented in Figs. 4A and 3A.
The period of the array of nanoridges 24 is 85 nm and the height of the nanoridges is of
about 170 nm. The tops of the nanoridges are shown by curves 30 for a visual
representation of the topology of quasiperiodic array of silicon nanoridgces with a
sawtooth cross-section. The heights of the nanoridges in the array are mostly the same

as shown in Figs. 5, 6B, 6> and 7.

The angular dependences shown in Figs. 8A and 8B demonstrate the formation of
a wavelike nanomask on curved surfaces of silicon solar wafers and the degree of
coverage by the nanomask and, accordingly, by the array of nanoridges. As follows
from the lines 51 and 52 obtained for the energies of ions N, of 4 and 8 keV,
respectively, the depth of nanomask formation Dy depends weakly on the angle of ion
bombardment © (measured from the local surface normal) in the range of 0 from 43° 1o
65°. Nanomask period A also varies little in the specified range of angles 0 as can be
seen from the lines 41 and 42. Therefore, when selecting an angle 0 in the range 53° -
55° relative to the mean normal to the surface of the wafer, toleranccs of = 10° of local
normals are typically acceptable and do not lead to nanomask discontinuitics. Thus
100% of the surfacc with such a local variation of the angles is likely to be covered by
the nanomask. From the above it follows that the divergence of the ion beam of + 5°

typical for industrial ion sources is allowable as well.
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" Fig. 1G) leads to a significant increase in the average period A of the nanomask

However, if the surface has developed topography, then some areas are irradiated
by ions at grazing angles O > 70° or at éngles close to normal 0 <40°. On these arcas a
nanomask is often not formed. By composition and thickness these arcas arc closc 10
regions 20 and 10, respectively. Fig. 6A shows a barc arca on a wafer surface irradiated
by nitrogen ions at an angle © > 70° relative its local normal, and Fig. 6B shows a bare
area on a wafer surface irradiated by nitrogen ions at angle & < 40°. On these bare areas,
the nanomask was not formed and, accordingly, an array of nanoridges was not

produced as a result of RIE.

Under simultancous bombardment of different areas of a solar cell silicon wafer
with different local normals by nitrogen ions a wavelike nanomask is not necessarily
formed on them simultaneously. First, a nanomask arises on the surface areas
bombarded at larger angles 0, and then on areas bombarded at smaller angles 0. In the
process of nanomask formation low-amplitude waves appear at the ion sputtering depth
Din. These low-amplitude waves can be observed in SEM. The waves having lower F
amplitude at the sputtering depth, which is less than Dy, are difficult to view in SI:M.
Then during ion sputtering wave amplitude increases and reaches saturation at the
sputtering depth Dp (Dr = 1.5 Dy, = A for 8 = 43°-63°). Angular dependences of Dg are
shown in Fig. 8B. Depending on the bombardment angles the depths Dy correspond to
the following doses of No¥ions: 0 = 43°-.3.2x10" cm_z, 0 =53°-1.1x10" cm'“‘z, 0.~
63° - 0.8x10"" cm™. Therefore, for the broad ton beam on different wafer arcas there
are nanomasks at different stages of their formation. During the bombardment of the
wafer at the average angle © = 53° with an average dose of 2x10'" cm™ on areas with a
local angle © = 53° the nanomask | forms at a depth of about 1.8Dr, on arcas with 0 -
43° the nanomask 12 forms at a depth of about 0.6D¢, and on areas with a local angle 6
= 63° the nanomask 11 forms at a depth of about 2.5D¢. Thus, the nanomask 11 is
subjected to ion sputtering for the longest time after its formation, i.e., after the
saturation of wave growth and the nanomask 12 yet remains at the stage of wave
growth. Nanomask 1 with grown-up waves has intermediate status. lon sputtering

mostly affects nanomask 11, in which the intensive sputtering of wave breaks 19 (see

”
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compared to that of dependences in Fig. 8 A. The period of nanomask 11 does not
change at sputtering depths < Dy and is consistent with angular dependences in Fig. 8A.
When the sputtering depth increases further the period of nanomask 1 increases
substantially in comparison to the values of Fig. 8A due to more intense ion sputtering
at angles © = 60°—65° in comparison to the angles 0 = 42°~—55° for nanomasks 1 and
12. Periods A of nanomasks 1 and 12 do not change for sputtering depths < 3Dr and are
consistent with angular dependences in Fig. 8A. When the sputtering depth increases

further these periods begin to exceed the values of Fig. 8A.

In at least some embodiments, wavelike nanomasks are formed at an ion dose in
the range 5x10'°—5x10"" cm™ for a N, ion beam. This dose range corrcsponds both to
the nanomasks having small amplitude waves at depths D, and to nanomasks having
grown (saturated) amplitude of waves at sputtering depths > Dy . For a N," ion beam the
range of ion dose 1x10'7—5x10" cm™ corresponds to the nanomasks having grown

waves at depths > Dg.

On a water of solar cell monocrystalline silicon with the topography shown in
Fig. 9A the average size of the dish-shaped areas is of about 60 wm, and the local
normals on these concave areas vary smoothly within == 10°, Therefore, for such a wafer
the degree of surface coverage by a wavelike nanomask reaches nearly 100% for the
bombardment of the wafer at © = 53° with respect to its average surface normal. Fig. 983
shows the image of the surface of the same wafer with the magnification cnough to
observe a wavelike nanomask . The waves are oriented differently for the left and right
parts of I'ig. 9B. This is because these areas of the surface correspond to different local
planes, which intersect in the ridge in the middle of the image, and, accordingly, the’

directions of projection of the ion flux at these areas were different.

Fig. 10A shows a portion of the surface of a monocrystalline silicon wafer with a
terrace-shaped topography in the form of etch pits with an average size of about 20 pum.
On the surface of the terraces the local normals vary weakly, but on the borders of the
terraces and on the walls of the etch pits there can be abrupt changes up to +: 37°. “

Therefore, the choice of the angle of wafer bombardment © = 53° with respect to the
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wafer plane normal in this case is optimal, because the walls of the pits do not shade
their bottom from the ion beam, thus giving the maximum degree of coverage of the
wafer surface by nanomask. Fig. 10B shows the image of the surface of the same wafer
with the magnification enough to observe a wavelike nanomask 1. it is seen that
nanomask waves sharply change direction at the walls of an etch pit, and on bare areas
where 0 = 0°-40° nanomask does not exist. The degree of surface coverage by wavelike

nanomask for this portion of surface is more than 90%.

Fig. I'1 A shows a portion of the surface of polycrystalline silicon wafer. Average
size of the dish-shaped areas is of about 5 um. The local normal on these concave areas
varies smoothly within := 13°. Therefore, for such a wafer the degree of surface
coverage by a wavelike nanomask reaches nearly 100% for the bombardment of the’
wafer at © = 53° Fig. 11B shows a magnified image of the surface of the same wafer
with a wavelike nanomask. Nanomasks with different topologies 1, 11, and 12 are
shown on the surface of dish-shaped ateas separated by ridges. The wavelength (period)
of the nanomask changes over the surface in accordance with the angular dependence
presented in Fig. 8A with allowance made for increased periods of the nanomask 11. A
nitrogen ion beam was directed right to left for nanomasks in Figs. 11A to 11F. The
waves of wavelike nanomasks are substantially oriented in onc direction along the

vertical borders of images in Figs. 11B, and 11D to 11F,

Fig. 11C shows a magnified image of a wavelike nanomask with topologies | and
I'l on the surface of a polysilicon wafer. One can see the large-scale ridges separating
the dish-shaped areas of the surface with a nanomask. The directions of waves in arrays

correspond to the directions of local projections of the ion flow on the surface areas.

Fig. 11D further shows an image of a wavelike nanomask on the surface of a

polysilicon wafer with all types of topologies 1, 11, and 12.

Figs. I1E to T1F show images of a wavelike nanomask on a surface of a
polysilicon wafer obtained at lower energy of ions N;*. A comparison of Iigs. 111 to
11D with Figs. L1E to 11F shows that the nanomask period decreases with decreasing

ion energy from 5 to 2 keV. Fig. 11E shows an area of a nanomask with topologies |
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and 12, and Fig. 11F shows an area of a nanomask with topologies 1 and 11. Also large-

scale ridges obviously manifest at the boundaries of dish-shaped areas of the wafer.

Cleft wafers of mono- and poly-silicon with a wavelike nanomask are shown in
Figs. 12A and 12B, respectively. The angles of inclination of the walls of the terraces
on monocrystalline silicon are on average no more than 37°, so the trradiation of the
wafer by nitrogen 1on beam at an angle of 53° relative to the mean normal to its surface
is optimal for maximum surface coverage by nanomask. Deviations of local normals for
most areas on the surface of polycrystalline silicon wafer are within 4. 13° from the
mean normal, which provides close to 100% coverage of the wafer surface by a

nanomask.

The measured reflection coefficient of non-polarized light from the surface of a
monocrystalline silicon wafer with an array of nanoridges with a period of 85 nm and a
height of about 170 nm is less than 2% over the entire range of wavelengths of light
from 400 to 900 nm. A nanostructured silicon surface with extremely low light
reflectivity looks black even at bright light and can be termed “black silicon.” In at
least some embodiments, the reflection coefficient of the nanostructured surface is no

more than 5%, 4%, 3%, or 2% over the range of light wavelengths from 400 to 900 nm.

It is preferable i() control the process of black silicon formation by the intensity of
light reflecting from the wafer surface and to terminate it at the instant the reflectivity
reaches a desired predetermined value. Such methods and devices are known and
modern RIE systems are equipped with optical sensors for determining the moment to

stop etching.

It is important to note that at grazing incidence angles the nanostructure with an
array of nanoridges shows a significantly greater light absorption, when the light
directed along the nanoridges is compared to that directed perpendicular to the
nanoridges. Therefore, it is reasonable to arrange photovoltaic solar cells in
photovoltaic modules with the same orientation of nanoridges and to oricntate the

photovoltaic modules with respect to the east and west points of the horizon so that the
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nanoridges are mostly positioned along the east-west line. This allows one to improve

the efficiency of the modules during the time periods when the sun is low in the sky.

Silicon waters are often made by cutting a silicon ingot into wafers with a wirce
saw. Preferably, the wafer is chemically polished to remove a saw-damaged layer trom
its surface. This operation can be carried out by known methods, including those using
alkaline or acid etchants. In at least some embodiments, prior to the formation of a
nanomask the saw-damaged layers are removed from the surfaces of wafers in acid
polishing solutions. In at least some embodiments, the deviations of the local normals of
the wafer areas are within +10° from the mean normal. The wafers manufactured by
edge-defined film-fed growth (EFG) from molten silicon do not comprise the saw

damaged layer and its removal is not required for these wafers.

In at least some embodiments, it is preferable to form a nanomask on the surface
of silicon solar wafers by linear ion beam of large size. This equipment is produccd,‘f‘br
example, by a German company Roth & Rau AG. Dimensions of the ion beam can be,
for example, in the range of 400x120 to 2000x120 mm?; the energy of ions, up to 2
keV; ion current density, | mA/cm?. In at least some embodiments, it is preferable to
carry out the irradiation of wafers 134 arranged in rows on a moving carricr undcr a
fixed ion beam 130 as shown in Fig. I13A. In this case, the long side 136 of the aperture
of the 1on source 131 is positioned parallel to the XY -plane of wafers and along the Y-
axis, i.c. perpendicular to the direction of wafers motion along the X-axis. The short
side 137 of the aperture of the ion source 131 is positioned obliquely relative to the XY-
plane, so as the ion beam 130 is directed along the arrow 31 in the XZ-plane. Wafers
during the ion irradiation can be moved in the direction of the X-axis or in the opposite
dircction. Tn a particular example, a row of 12 wafers 156x156 mm? is located along the
Y -axis (i.c. along the first direction) and respectively along the ion source 131. The

length 135 of the row is equal to the size of the long side 136 of the ion source aperturc.

[n at least some embodiments, the velocity of wafer translation (V, cm/s) is
determined by the dose of ion irradiation and is calculated by formula: V -+ Jx[./D,

. .. . . . . o | . c.
where } is flux of ions in the XY -plane of the wafers surface, cm™s™'; (L., em) is the size
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133 of the ion beam at half maximum intensity in the XY-plane of the wafers surface in
the direction of motion along the X-axis; (D, em™) is the ion dose to form the
nanomask. The intensity 132 of the ion beam in the XY -plane does not need to be
uniform in the direction of wafer translation along the X-axis. The beam uniformity is
necessary only in the direction of the Y-axis. Thus, the ion beam 130 1s formed by the
tinear ton source 131, which is elongated parallel to the wafers surface and

perpendicular to the direction of their movement.

In one example, the ion current density of 1 mA/cm? at the exit of the ion source
aperturc corresponds to J = 3.8x10"° cm™s™" in the XY-plane at © = 53°. For L - 20 cm,
D =2x10"" ¢cm™? V =4 mm/s, which can provide the throughput of 1000 wafers
156x156 mm® per hour for a single ion source 2 m long with a continuous feed of

wafers.

In at least some embodiments, the linear ion source is composed from modules
I3 1a as shown in Fig. 13B. The intensity 132b of the ion beam in XY-planc is less
uniform along the Y-axis than its intensity 132a along the X-axis. The wafcrs move
along the Y-axis in the first direction, i.e. perpendicular to the ion beam projection to
the wafer surface. This provides a more compact design of the vacuum system and the

same throughput as in previous example.

In some embodiments, a surface of a wafer, such as a silicon wafer (e.g., a solar
cell silicon wafer), can be textured with pyramidal features. For example, wafers of
monocrystalline (100) silicon can be textured in aqueous alkaline (KOH or NaQH)
solutions of 40-80 g/L.. As an example, this process can be performed at a constant
temperature in the range 70-80 °C for about 30-40 minutes with isopropyl alcohol (IPA)
of 40-80 g/L. as a texturing additive. Instead of IPA, high boiling alcohol or other
texturing additive can be used at a higher process temperature of 80-100 °C for a shorter
process time of 10-20 minutes. As a result of the texturing process random pyramidal
features arc formed with square bases and four side surfaces, which are substantially.
(1't1) facets at 54.7° angles with respect to the (100) bases. In at feast some

embodiments, these features have a base width and base length in the range of 3 to6 pm,
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or 1 tol5 um. In at least some embodiments, the height of the features can be in the
range of 2 to 4 pm or 0.7 to 11 um. In at least some embodiments, the side surfaces of

these pyramidal features can be nanostructured to facilitate MEG.

In at least some embodiments, the nanostructured surface can be formed using a
nitrogen ion beam that is normal to the wafer surface as shown in Figs. 13C and 16A.
This arrangement of the nitrogen ion beam, relative to the wafer surface (e.g., the
surface parallel to the line BC in Fig. 16A) upon which the pyramidal features sit, is
possible because the sides of pyrémids are tilted. For example, the sides may be tilted
in the range of 40 to 60 degrees with respect to the wafer surface. Hence, the ion beam
strikes the sides of pyramids obliquely, thus forming a wave-ordered structure: Fig. 16A
shows a cross-section of the pyramidal feature along the line BC of the top view of Fig.

16B. Point A corresponds to the top vertex of the pyramidal feature.

In at [east some embodiments, the bases of the pyramidal features arc aligned
along the (110) crystal directions and the sides are aligned along the (111) planes. The
sides of the wafer are along the (100) crystal directions and along the X, and Y, axes

shown in Figs. 16B and 13C.

Fig. 16C is a cross-section of the pyramid with a wave-ordered structure formed
on the sides and Fig. 16D is a top view of such a pyramid. The cross-section plane is
along the line B,C, of Fig. 16D. Point A, corresponds to the top vertex of the
pyramidal feature. Thick silicon nitride regions 10 and thin regions 20 of the wave-like

nanomask are positioned stepwise on the opposite sides A|B, and A|C; of the pyramid.

The period of the nanostructured surface is equal for each side of the pyramidal
feature. If the ion beam is directed off normal with respect to the XY wafcr planc the
nanostructure period can be different on different sides of the pyramidal feature in

accordance with the incidence angle variation for each side.

The general alignment of the elongated elements composed of regions 10 and 20

are shown schematically on local areas of each side of the pyramidal feature. At normal
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ion beam incidence to the XY wafer plane the elongated elements are positioned

substantially along the sides of the pyramidal feature.

In some embodiments, the pyramid textured surface with wave-likc nanomask is
wet etched to generate ridge elements 24¢ on sides of the pyramidal featurcs as shown
in Fig. 16L. To reduce the width of ridge elements 24¢ the process of, for example,
silicon oxidation followed by wet oxide etching can be performed. The regions 10 of
silicon nitride can also be etched off during wet oxide etching. As a result the hybrid
structure shown in Fig. 16F can be formed. This structure combines pyramidal texture
with the nanostructured surface including ridge elements 24d. In some embodiments.
the ridge elements can have the width of about 10 nm or less to provide quantum
confinement effect and to generate MEG. In this hybrid structure, it is believed that the
nanostructure does not provide much contribution in light capturing but can
substantially improve charge carrier extraction into bulk silicon duc to the low aspect of
the ridge elements 24d and lower scattering of charge carriers on the surface of the
elements 24d. The ratio of the ridge element height to the nanostructure period can be
0.5 or less. This embodiment can also include a silicon nitride layer or TCO layer on

the nanostructured surface with the elements 24d.

Fig. 16G shows one embodiment of the hybrid structure of Fig. 16E viewed at 60°
relative to the wafer plane, i.e. at near normal to the pyramid side. Different
nanostructure periods on the sides of the pyramidal feature are due to ion beam being a

few degrees off normal incidence to the wafer plane.

The nanostructured pyramidal features can be used in conjunction with, or in
place of, the layers with nanostructured surfaces described with respect to the solar cells
of Figs. 14A-14H above. The nanostructured pyramidal features can be used to form,
for example, an emitter layer, a front surface ficld layer, or a back surface field layer. In
addition, the nanostructured pyramidal features can be used to form, for example, a
heterojunction solar cell that includes a silicon n-type base with a nanostructured front
surface and a layer of ITO. An ultrathin SiO; layer of 1.5 to 3 nm in thickness can be

formed between the n-type Si base and the ITO layer.
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High productivity RIE and wet etching tools arc also used by industry, for

example, for the production of solar cells and liquid crystal displays.

Silicon photovoltaic solar cell, comprising silicon solar wafer of p-type
conductivity with nanostructured surface, after the step of nanostructuring the wafer
surface can be made using known manufacturing steps such as, for example, depositing
the source of dopant in the form of phosphorus silicate glass (PSG) film onto the
nanostructured wafer surface and forming a diffusion p-—n junction. Manu f’acturing:;
processes may include high temperature wafer heating with the diffusion of phosphorus
dopant from the PSG film into the near surface region of the wafer, removing the PSG
film from the nanostructured wafer surface, passivating the nanostructured wafer
surface, printing and firing contacts, and isolating the wafer edges. The deposition of an
antireflection layer such as silicon nitride is generally not required. The passivation of
the nanostructured silicon surface can be carried out by known methods, for example,
by growing a thin layer of silicon oxide a few nanometers thick, by depositing a thin
hydrogenated silicon nitride layer or by depositing a thin layer of aluminum oxide. The

step of contact firing should be selected for the given passivation layer.

A layer of transparent conductive oxide (TCQ), for example, zinc oxide, tin oxide,
or indium tin oxide (IT0) or any combination thereof, can be used as a transparent
contact to the nanostructured surface onto which a grid of metal electrodes is placed as
is performed in manufacturing of conventional amorphous silicon/monocrystaliine
silicon heterojunction solar cells. I[n case of the array of clongated nanoridges on the
wafer surface and a I'TO layer, which is sufficient to fill the spaccs betwecen the
nanoridges (to planarize the nanostructure) and to form a thin layer above the
nanoridges' tops, the conductivity of the ITO layer in the direction along the nanoridges
is higher than that in the direction perpendicular to the nanoridges. Therefore, it is
preferable that in the solar cell, which comprises a wafer with the array of nanoridges,
the grid of metal conductors (wires) on an [TO layer is aligned so that the metal

conductors are positioned substantially perpendicular to the nanoridges. .
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The fact that a nanomask with a period of A = 36 nm is formed at a depth of Dy
less than 100 nm from the initial silicon surface and the amplitude of the nanostructure
after RIE is less than 150 nm allows nanostructuring the wafer surface of a solar cell
after forming a diffusion p—n junction. In this case the process of forming the
nanostructure removes a diffusion induced dead layer with defects from the wafer
surface, thus improving the quality of the surface layer of silicon and increasing the

efficiency of solar cells.

The diffusion process can be also carried out after the step of hard nanomask
formation and Before the RIE step. In this case far less silicon is removed for the
nanostructure formation and shallower p—n junction is possible. For manufacturing
symmetrical bifacial solar cells it is possible to implement simultaneous diffusion "
processes for forming emitter and back surface field layers as known in the art. The
diffusion processes can be carried out after the nanostructure generation on both wafer
sides, or after the nanomask formation on both wafer sides and before the RIE step, or
before the nanomask formation. Thus, solar cells comprising a wafer with
nanostructured surface in accordance with the present invention can be fabricated in.

different ways.

The above specification, examples and data provide a description of the
manufacture and use of the composition of the invention. Since many embodiments of
the invention can be made without departing from the spirit and scope of the invention,

the invention also resides in the claims hereinafter appended.
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What is claimed as new and desired to be protected by Letters Patent of the United States is:

1. A nanostructured arrangement, comprising:

a base;

a plurality of pyramidal features formed on the base, cach pyramidal featurc comprising a
plurality of sloping sides converging at a vertex; and

a nanostructured surface formed on at least one of the sloping sides of at lcast onc of the
pyramidal features, the nanostructured surface comprising a quasi-periodic, anisotropic array of
clongated ridge elements having a wave-ordered structure pattern, each ridge element having a
wavelike cross-section and oriented substantially in a first direction.

2 The nanostructured arrangement of claim 1, wherein the base comprises a

semiconductor material.

3. The nanostructured arrangement of claim 2, wherein the plurality of pyramidal

features comprise the same semiconductor material as the base.

4. The nanostructurced arrangement of claim 1, wherein the first direction is paralfel te

an intersection of the base and the sloping side upon which the nanostructured surface is formed.

5. The nanostructured arrangement of claim 1, wherein a nanostructured surface is

formed on at least two adjacent sloping sides of at least one of the pyramidal features.

6. The nanostuctured arrangement of claim 5, wherein the anisotropic arrays of

clongated ridge clements for each of the at least two adjacent sloping sides have a samc period.

7. The nanostuctured arrangement of claim 5, wherein periods of the anisotropic array
of elongated ridge elements of at least two the at least two adjacent sloping sides are different.
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8. A semiconductor device, comprising:

a semiconductor base;

a plurality of pyramidal features formed on the base, each pyramidal feature comprising a
plurality of sloping sides converging at a vertex; and

a nanostructured surface formed on at least one of the sloping sides of at least one of the
pyramidal features, the nanostructured surface comprising a quasi-periodic, anisotropic array of
clongated ridge elements having a wave-ordered structure pattern, each ridge clement having a

wavelike cross-section and oriented substantially in a first direction.

9. The semiconductor device of claim 8, wherein the semiconductor device is a solar

cell.

10. The semiconductor device of claim 8, wherein the nanostructured layer is an emitter

layer or a front surface field layer or a back surface field layer.

1. The semiconductor device of claim 8, further comprising a passivation layer disposcd

over at least a portion of the nanostructured surface.
12. The semiconductor device of claim 8, wherein the base comprises silicon.

13. The semiconductor device of claim 8, further comprising a transparent conductor

layer formed over the nanostructured surface.

14. The semiconductor device of claim 8, wherein an average period of the array is in a

range from 20 to 200 nm.

15. The semiconductor device of claim 8, wherein a ratio of average height of the ridge

elements and average period of the array is in a range from 0.5 to 1.
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16. The semiconductor device of claim 8, wherein each ridge element has a width near its

peak of no more than 10 nm.

17. A method of making a nanostructured arrangement, the method comprising:

irradiating at least one sloping surface of at least one pyramidal feature disposed on a base
with a beam of nitrogen ions, directed obliquely with respect to the at least one sloping surface, to
form a nanomask, the nanomask comprising a quasi-periodic, anisotropic array of elongated
clements having a wave-ordered structure pattern and a wave-like cross-section with wave crests
that are substantially perpendicular to a plane of incidence of the nitrogen ions; and

etching the at least one sloping surface with the nanomask to generate a nanostructured
surface corresponding to the nanomask.

18. The method of claim 17, wherein irradiating at least one sloping surface of at lcast
one pyramidal feature disposed on a base comprises irradiating the at Icast one sloping surfacc of the
at least one pyramidal feature disposed on the base with the beam of nitrogen ions directed normal

to a surface of the base.

19. The method of claim 17, wherein irradiating at least one sloping surface of at least
one pyramidal feature disposed on a base comprises irradiating at least two of the sloping surfaces of
the at least one pyramidal feature disposed on the base with the beam of nitrogen ions directed at a

same oblique angle with respect to each of the at least two sloping surfaces.

20. The method of claim 17, wherein irradiating at least one sloping surface of at least
one pyramidal feature disposed on a base comprises irradiating at least two of the sloping surfaces of
the at least one pyramidal feature disposed on the base with the beam of nitrogen ions directed at a

different oblique angle with respect to each of the at least two sloping surfaces.
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