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SEMICONDUCTOR WIRE ARRAY STRUCTURES, AND SOLAR CELLS AND
PHOTODETECTORS BASED ON SUCH STRUCTURES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to US provisional application 61/265,306 for
“Light-trapping Si wire-array structure for solar cells and photodetectors™ filed on November 30,
2009, US provisional application 61/265,297 for “Selective p-n junction fabrication technique
for high-aspect-ratio semiconductor microstructures” filed on November 30, 2009, and US
provisional application 61/313,654 for “Processing Steps for the Fabrication of a Microwire
Array Solar Cell” filed on March 12, 2010, all three of which are herein incorporated by
reference in their entirety. The present application is also related to US Patent Application S/N

for “Three-dimensional patterning methods and related devices™ filed on even

date herewith, Attorney Docket Number P707-US, also incorporated herein by reference in its

entirety.

FIELD
[0002] The present disclosure relates to semiconductor microstructures, such as high-aspect-ratio
of semiconductor microstructures. More in particular, the present disclosure relates to
semiconductor wire array structures, such as silicon (Si) wire arrays structures, especially for

solar cells and photodetectors.

STATEMENT OF GOVERNMENT GRANT
[0003]

The present application was supported in part by the Department of Energy under grant DE-
SC0001293 and grant DE-FG02-07ER46405. The US government may have certain rights in the

nvention.
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BACKGROUND

{0004] Solar cells based on arrays of St micro- or nanowires have been proposed as a potentially
low-cost alternative to conventional wafer-based Si solar cells. See reference [1], incorporated

herein by reference in its entirety.

{0005} Device physics modeling, based on experimentally measured properties of St wires, has
predicted that wires of micron-scale diameter will achieve the greatest photovoltaic energy

conversion efficiency. See reference [2], incorporated herein by reference in its entirety.

Such solar-cell structure should effectively absorb all above-bandgap incident sunlight, over a

broad range of incidence angle.

SUMMARY

{0006} According to a first aspect of the disclosure, a structure is provided, comprising: an array
of elongated semiconductor elements; an infill material located in a space between the elongated
semiconductor elements; and a reflective material, configured to reflect incident light and direct

the incident light to the elongated semiconductor elements.

{0007} According to a second aspect of the disclosure, a structure is provided, comprising: an
array of elongated semiconductor elements; an infill material located between the elongated
semiconductor elements; and an antireflective coating at least partially and superficially covering
a respective elongated semiconductor element, the antireflective layer being interposed between

the infill material and the respective elongated semiconductor element.

[0008] According to a third aspect of the disclosure, a structure 1s provided, comprising: an array
of elongated semiconductor elements; an infill material located in a space among the elongated
semiconductor elements; and a light scattering material included in the infill material and

surrounding the elongated semiconductor elements.
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{0009] According to a fourth aspect of the disclosure, a structure is provided, comprising: an
array of substantially vertically oriented elongated semiconductor elements; an infill material
located in a space among the elongated semiconductor elements; and a material applied at least
partially on a surface of the mfill material, said material being selected from the group consisting

of: light scattering material, concentrating material, and a texture.

[0010] According to further aspects of the disclosure, solar cells, photoconverter devices and

photoelectrochemical devices comprising the above structures are also provided.

[0011] Further aspects of the disclosure are shown in the specification, drawings and claims of

the present application.

{0012] Appendix 1, Appendix 2, and Appendix 3 are filed together with the present application

and form integral part of the specification of the present application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]
FIGURE 1 shows a schematic partial cross sectional view of a baseline structure including a wire

array.

FIGURE 2 shows a schematic partial cross sectional view of a structure according to an

embodiment of the present disclosure.

FIGURE 3 shows a schematic partial cross sectional view of a structure according to another

embodiment of the present disclosure.

FIGURE 4 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.
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FIGURE 5 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 5 shows a schematic partial cross sectional view of a structure according to yet another

embodiment of the present disclosure.

FIGURE 6 shows a schematic partial cross sectional view of a structure according to still another

embodiment of the present disclosure.

FIGURE 7 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 8 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 9 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 10 shows a schematic partial cross sectional view of a structure according to another

embodiment of the present disclosure.

FIGURE 11 shows a schematic partial cross sectional view of a structure according to yet

another embodiment of the present disclosure.

FIGURE 12 shows a schematic partial cross sectional view of a structure according to still

another embodiment of the present disclosure.
FIGURE 13 shows a perspective view of a solar cell according to a further embodiment of the

present disclosure.

4

SUBSTITUTE SHEET (RULE 26)



WO 2011/066570 PCT/US2010/058422

FIGURE 14 shows a schematic partial cross sectional view of a solar cell according to a further

embodiment of the present disclosure.

FIGURE 15 shows a schematic partial cross sectional view of a photoelectrochemical device in

accordance with the present disclosure.

FIGURE 16 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 17 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 18 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 19 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 20 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 21 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

FIGURE 22 shows a schematic partial cross sectional view of a structure according to a further

embodiment of the present disclosure.

DETAILED DESCRIPTION

{0014} With reference to FIGURES 1-22, the present disclosure describes structures, solar cells,

photoconverts and/or photoelectrochemical devices comprising an array of semiconductor
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structures, an infill material between the semiconductor matenials, and one or more of the
following light-trapping elements: textured surfaces, light-concentrators, light-scatterers,
antireflective layers, or reflective layers; or combinations of such elements. These light trapping
elements can be opportunely located in the structures to direct incident light to the semiconductor
materials. These light trapping elements can furthermore provide, in accordance with some
embodiments, one or more of the following synergistic functionalities to photoconverters based
on these structures: passivation of the semiconductor surfaces, conduction of electrical current,

or structural support.

[0015] FIGURE 1 shows a schematic partial cross sectional view of a baseline structure (101)
including an array of elongated semiconductor elements (110), such as Si wires. In general,
FIGURES 1-12 and 16-22 show schematic partial cross sectional views of structures (102),
(103), (104), (105), (106), (107), (108), (109), (1001), (1002), (1003) and further structures
(1004) (1005), (1006), (1007), (1008), (1009) and (1010}, according to respective embodiments
of the present disclosure. All of the structures (102), (103), (104), (105), (106), (107), (108)
(109), (1001), (1002), (1003), (1004), (1005), (1006), (1007), (1008), (1009) and (1010) can
include the baseline structure (101) of FIGURE 1.

{0016] The baseline structure (101) comprises an array of wires (110), such as elongated
semiconductor elements, which, by way of example and not of limitation, 1s a square-tiled array
of 67-um-long Si wires (110) having an areal packing fraction of nf = 4.2%. In such specific
embodiment, the structure (101) contains the same volume of Si as a 2.8 um-thick planar sheet
of Si. Such array (101) shows peak absorption at normal incidence (< 0.5), and increased
absorption at steeper angles of incidence. The wires can have any kind of shape, such as a
cylindrical shape and have the same shape. In other embodiments of the disclosure, the wires are
cones, pyramids, wires or whiskers. Moreover, the semiconductor wires (110) can be tiled
according to an ordered lattice pattern within the array. Moreover, in some embodiments, the
semiconductor elongated elements can be coated with additional materials for reasons other than

the improvement of optical absorption.
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[0017] The Si wires (110) extend from a substrate (112), for example a quartz shide, which is a
well-suited substrate for optical transmission and reflection measurements. The Si wires (110)
are embedded in a transparent casing, infill material or environment (114). The infill material
(114) is generally transparent and has an index of refraction that is greater than 1.0 and less than
that of the semiconductor material, including such materials such as a polymer casing, in
particular polydimethlysiloxane (PDMS), air, EVA (ethylene vinyl acetate), liquids, oxides,
mylar, or wax. In particular, the infill material (114) is located in a space between the elongated
semiconductor elements or St wires (110). The infill material (114) is able to effectively reduce

the reflectivity of the semiconductor wires.

[0018] According to several embodiments, the structure (101) has non-subwavelength
dimensions. The expression “subwavelength” is intended to mean that the wires or wire-like or
elongated semiconductor elements (shaped e.g. as cylinders, cones, pyramids, elongated solids,
tree-shaped elements etc.) have average minintum dimension (e.g. radius, width, etc.) that is less
than the free space wavelength of sunlight, for wavelengths of sunlight having photon energy in
excess of the semiconductor bandgap. In some embodiments, the elongated semiconductor
elements have diameters of at least | microns, lengths of at least 20 microns or more and length
to diameter rations of at least 5. For silicon, the structure (101) has an average minimum
dimension less than about 1100 nm (1.1 microns). According to further embodiments, the
structure (101) mcludes non-Si elongated semiconductor elements, such as, for example Ge,

GaP, GaAs, InP, InGaAs, SiC.

[0019] In some embodiments, the structure (101) has a packing fraction lower than 10%. In other
words, in some embodiments, the volume occupied by the semiconductor material or wires
forms less than 10% of the volume of the structure. In fact, the expression “packing fraction™ or
“aerial packing fraction” is defined as the relative percentage (by volume) of semiconductor
material within the array structure. The structure is intended as including the semiconductor
wires and other materials (voids, casing, particles, coatings, etc.) lying between the horizontal
planes that confine the upper and lower extent of the wires and their coatings. As an example, an
array of vertical cylindrical semiconductor wires tiled in a square lattice can be considered, in

which each wire has height h and radius r and 1s spaced a distance | from adjacent wires. With
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reference to this example, the packing fraction is = r*/ I°. In some embodiments, a structure
including the structure (101) is configured in such a manner that at least 80% of visible light
incident on the structure from one or more angles of incidence 1s absorbed by the structure.
More in particular, at least 50% of photons from the solar spectrum having energy greater than
the semiconductor bandgap energy that are incident on the structure from one or more angles of
mcidence are absorbed within the semiconductor material. In some embodiments, the projected

area of the semiconductor structures occupy less than 10% of the optical incidence plane.

{0020} FIGURE 2 shows a structure (102), which includes the structure (101) and further
includes a back reflector (115), for example a metal layer, such as a mirror-like Ag back-
reflector, interposed between the Si wires (110) and the substrate (112). According to further
embodiments, other metallic or dielectric back-reflectors, having specular or non-specular (e.g.
Lambertian) reflectance, can be used instead of a mirror-like Ag back-reflector. The back
reflector can be made, for example, of metals like Al, Ag, Au, Cu, Ni, Ti, or In. In other
embodiments, the back reflector (115) acts as substrate and entirely replaces the substrate (112),

as shown in FIGURE 17.

{0021} The back reflector (115) increases an optical path length within the array (102). In
particular, the presence of the back reflector (115) increases the optical path length for
absorption within the wire array (102) (approaching peak normal-incidence values of 0.8). In this
embodiment, the normal-incidence absorption can remain weaker than that at off-normal-
incidence angles because there is no randomization of light within the array. At normal
incidence, light travels parallel to the wires, hits the back reflector, and then travels vertically

upward again to escape the array structure without striking the wires.

{0022} According to further embodiments, the back reflector can be positioned only under the St
wires (110), or only under the infill material (114), or under both the Si wires (110) and the infill
material (114). It follows that the back-reflector extend either partially over the entire substrate

(112), as shown for example in the structure 1004 of FIGURE 16 (where the back reflector is
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beneath the infill only) or beneath the entire structure as shown in the structure 1005 of FIGURE
17.

[0023] According to further embodiments, light-scattering material or surface texture (115a) is
applied on the back reflector (115). Such light-scattering material (115a) is able to change the
direction of incident light upon reflecting from the back reflector in a manner so as to increase
the optical path length within the structure, particularly from incidence at angles normal to the
reflector. In one embodiment, the structure 1006, shown in FIGURE 18, includes the back-
reflector features random texture so as to produce Lambertian reflectivity. Such light-scattering
causes light to strike the wires (110) that might otherwise have traveled between the wires
without being absorbed. In one embodiment, such light-scattering is achieved through random
surface texturing applied to the top surface of the infill material, as shown in the structure (1008)
of FIGURE 20, whereas in another embodiment such light-scattering is achieved through a
curvature of the infill top surface near the wires due to surface tension, volumetric expansion or

contraction, or other means, as shown in the structure (1009) of FIGURE 22.

{0024] FIGURE 3 shows a portion of a structure (103), which is similar to the structure (102) of
FIGURE 2, and further includes a light-concentrating texture (116) located on the upper surface
of the infill material (114) and facing the incident light (L). Such light-concentrating material
(116) serves to change the direction of incident light upon transmission into the infill material or
wires in a matter that increases the average optical path length within the structure. According to
further embodiments, light-concentrating material or surface texture (116) 1s applied on the back
reflector (115). Such light-concentrating material acts as a focusing reflector that focuses the
light towards the Si wires (110) and improves light absorption. In one embodiment such light-
concentrating texture (116) is approximated by parabolic dish reflectors beneath each wire (110),

as shown i the structure (1007) of FIGURE 19.

[0025] FIGURE 21 shows a portion of a structure (1010), which 1s similar to the structure (102)
of FIGURE 2, and further includes a light-concentrating texture (116) located on the upper
surface of the infill material (114) and facing the mcident light (L). Such light-concentrating

material (116) serves to focus the light (L) towards the Si wires (110) and improves light
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absorption, while decreasing the light acceptance angle of the structure. The structure (1010)
differs from the structure (103) of FIGURE 3 for the absence of any substrate physically distinct
from the back reflector. In FIGURE 21 the back reflector (115) acts as substrate.

{0026] FIGURE 4 shows a structure (104), which includes the structure (101) of FIGURE 1, and
further mcludes an antireflective coating (118) deposited on each St wire (110). In the depicted
embodiment, the antireflective coating consists of amorphous silicon nitride (a-SiNy), which also
serves as a surface passivation layer on the Si surfaces. According to further embodiments, other
materials can be used instead of a silicon nitride antireflective layer, which may or may not also
serve as surface passivation. Such surface passivation and/or antireflective coating (118) is
deposited on the top (120) and side (119) walls of the St wires (110). According to further
embodiments, the antireflective coating (118) partially covers the surfaces of the Si wires. In the
embodiment of FIGURE 4 the surface passivation antireflective coating (118) is, for example, a-
SiNy AR-coating (e.g., 80 nm nominal thickness) and 1s deposited on the Si wires (110) prior to
embedding the Si wires (110) in the infill or casing (114). According to further embodiments the
antireflective coating (118) can include one or more of nitrogen, oxygen, hydrogen, and/or

silicon.

[0027] According to further embodiments, the antireflective layer (118) varies in thickness along
a surface of the elongated semiconductor elements, for example, to minimize reflection of certain
wavelengths of light at various positions along the elongated semiconductor elements. For a
simple quarter-wave antireflective coatings, the ideal layer thickness depends directly on the
wavelength of light, which for solar applications, can span from 2804000 nm, as well as the
refractive index of the antireflective material. By varying the antireflective layer thickness along
the surface of the elongated semiconductor structure, optimal antireflection for one particular
wavelength can be achieved at one location along the structure, whereas optimal antireflection
for a different wavelength can be achieved elsewhere along the structure. According to a further
embodiment, the antireflective layer (118) varies in composition along a surface of the elongated
semiconductor elements. In one embodiment, the antireflective layer consists of a transparent
conductive oxide such as indium tin oxide at the tops of the elongated semiconductor elements,

and a transparent dielectric such as silicon nitride along the sides of the elongated semiconductor
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elements. This configuration 1s beneficial for solar cells comprising arrays of elongated
semiconductor structures, wherein the conductive top-layer antireflective material also serves as
a device electrode, and wherein the dielectric sidewall antireflective material also serves as a
surface passivation layer. In further embodiments, light scattering materials are further applied
on the antireflective layer (118). In some embodiments, the antireflective coating is produced by

plasma-enhanced chemical vapor deposition.

[0028] The structure (104) of FIGURE 4 also includes light scattering particles (123), for
example ALLO; particles (e.g., 0.9 pm nominal diameter). Such particles are added to the infill
material (114) and laterally surround the Si wires (110}, to scatter the light that might otherwise
pass between the St wires (110). In particular, in some embodiments, the light scattering particles
(123) uniformly surround all of the sides (119) of the Si wires (110). According to further
embodiments, instead of the light scattering particles (123), the structure includes light-scattering
elements selected from the group including void, bubble, dielectric composition, metal particle,
and a polymer. In particular, the dielectric composition comprises one element selected from the
group including Al,O;, BaSOys, TiO,, Si0; and the metal particle comprises one element selected

from the group including Ag, Au, Ni, Al and Cu.

[0029] In FIGURE 5, the infill material (114} includes an infill bottom zone (117) and a different
infill top zone (121). Concentration of the light scattering elements (123) is greater in the infill
bottom zone (117) than in the infill top zone (121). In other words, the light scattering elements
(123) are concentrated near the bottom of the wire array in a zone opposite to the incident light,
or near the substrate, and more diffused or less concentrated in a zone faced to the incident light.
In this way, light that is reflected or scattered upwards has more distance with which to interact
with the wires, thus increasing the probability of absorption. Similar results can be obtained
when density of the light scattering elements (123) is higher in the infill bottom zone (117) than
in the infill top zone (121). These results can be obtained, for example, by centrifugation to force
the particles to the bottom. In other embodiments, the light-scattering structure or material within
the infill material is varied in density or composition with proximity to the semiconductor
structures. In other words, concentration of the light scattering elements (123) is higher in

proximity to the elongated semiconductor elements (110) than in a far zone thus further
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increasing the probability of absorption into the elongated semiconductor elements (110). In
some embodiments, the light-scattering material within the infill material (114) comprises the
incorporation of a translucent material, such as wax or a white polymer to increase the scattering
capacity of the light-scattering material. In other embodiments, light-scattering structure within
the infill material comprises voids of the material or bubbles of air. Moreover, in some
embodiments, in order to further increase the probability of absorption into the elongated
semiconductor elements (110) the light-scattering material is applied to the surface of the

semiconductor, infill, antireflective, or reflective materials.

[0030] With continued reference to FIGURE 4 and FIGURE 5, the structure (104) and the
structure (105) can include a light-scattering material located on the upper surface of the mfill
material (114) and facing the incident light. Such light-scattering material scatters the light
towards the Si wires (110) and improves light absorption, as already described above. According

to further embodiments, a light-scattering material is placed on the surface of the infill material.

[0031] Such surface passivation antireflective coating (118) and light scattering particles (123)
were chosen because they have negligible absorption across defined wavelengths of 500-1100
nm, and thus enable a direct observation of absorption enhancement within the Si wires (110)
themselves. The surface passivation antireflective coating (118) and light scattering particles
(123) virtually eliminate an angular sensitivity of the wire array’s absorption, and increase the
peak normal-incidence absorption to 0.92. This is desirable because maximal absorption is
desired at normal incidence for most solar applications. If the absorption is significantly less at
normal incidence than for other angles, then a solar cell will produce less electricity when the

sun is directly overhead, when there is the greatest potential to produce solar energy.

[0032] FIGURE 5 shows a structure (105) which is similar to the structure (104) of FIGURE 4
and further includes the back reflector (115) such as the Ag back-reflector shown in FIGURE 2.
It follows that the structure (105) of FIGURE 5 differs from the structure (104) of FIGURE 4 for
the presence of the back reflector (115).
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[0033] It 1s noted that such presence of the back reflector determines, in some embodiments, an
array’s peak absorption increasing to 0.96, which is nearly the maximal absorption achievable by
any material fully embedded within an infill (114) such as PDMS due to the about 3%
reflectivity of the PDMS-air dielectric interface.

{0034} FIGURE 6 shows a structure (106), which includes the structure (101) of FIGURE 1, and
further includes the previously described surface passivation antireflective coating (118), placed
on each Si wire (110). The surface passivation antireflective coating (118) 1s deposited onto the

top (120) and side (119) walls of the Si wires (110}

{0035] FIGURE 7 shows a structure (107), which includes the structure (101) of FIGURE 1, and
further mcludes the previously described light scattering particles (123), for example ALO;
particles (0.9 um nominal diameter). Such particles are added to the infill and randomly surround
the St wires (110), to scatter the light that might otherwise pass between the Si wires (110). In

particular, the light scattering particles (123) surround the St wires (110) near the bottom.

{0036] FIGURE 8 shows a structure (108) which is similar to the structure (105) of FIGURE 35,
with the difference that the coating (118) is located only on the top of the elongated elements or
wires (110), facing the incident light (L). Moreover, the structure (108) includes elongated
semiconductor elements (110), which are randomly located and randomly oriented. Moreover the
elongated semiconductor elements (110) present angled or angular or sharp profile. Both these
features increase, in combination with light scattering material or texture material or reflective

material, the probability of light absorption.

[0037] FIGURE 9 shows a structure (109) according to a further embodiment of the present
disclosure which includes an array of elongated semiconductor elements (110). The
semiconductor elements (110) have top ends (120) and free bottom ends (130). The
semiconductor elements (110) are embedded in the infill material (114) and the antireflective
coating (118) is located on a free bottom end (130) of the elongated semiconductor elements

(110). The structure (109) further includes a back reflector (115) which is shaped as a
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concentrating lens (116). The concentrating lens (116) focuses some or all of the light (L)

incident on the structure (109) onto the smaller area occupied by the semiconductor wires.

[0038] According to a further embodiment of the present disclosure, a structure comprises an
array of elongated semiconductor wires, such as the structure (101) disclosed above, wherein the
semiconductor wires are generally oriented vertically; and an optical concentrator element, such
as, for example, the concentrating lens (116) mentioned above that focuses some or all of the
light incident on the structure onto the smaller area occupied by the semiconductor wires.
According to further embodiments, light concentrators are placed on the semiconductor wires. In
some embodiments, the concentrating lens (116) can be included in any one of the embodiments

of figures 2-8, 10-12 and 16-22.

{00391 The focusing lens (116) can focus the light to one or more of the semiconductor wires.
According to a further embodiment, the concentrator element is below or adjacent to one or more
of the semiconductor wires. According to further embodiments, the average cross-sectional area
of the semiconductor wires within the array comprises less than 10% of the cross-sectional area
of the optical incidence plane. In particular, the absorption of light (L) within the semiconductor
material decreases to less than 50% of the value produced under normal-incidence illumination

for illumination incidence angles exceeding 45° from normal.

{0040} The mfill material can be textured to produce the focusing lens above one or more of the
semiconductor wires. According to further embodiments, the focusing lens is coated with a
reflective material to produce a focusing reflector below or adjacent to one or more of the
semiconductor wires. The surface texturing can be produced by the contraction of the infill
matertal, surface tension of the infill material, particles or voids within the infill material, imprint
lithography, or casting. The semiconductor wires can be tiled according to an ordered lattice
pattern within the array, and the ordered array of focusing lenses is positioned above the

structure or an ordered array of focusing reflectors is positioned below the structure.

{0041] FIGURE 10 shows a structure (1001), which includes an array of semiconductor wires or

cones generally vertically oriented, wherein the diameter of one or more wires or cones is flared
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near either or both ends of the structure, to produce a feed horn structure including at least one
elongated portion (110b) and one flared portion (110a), or a truncated cone portion. The flared
portion (110a) faces the incident light (L). The average diameter of each wire or cone (110) is
sufficiently large to support guided optical modes within the semiconductor material. Instead of

the feed horn structure, the structure (1001) can include a plurality of truncated cone wires.

[0042] According to further embodiments, the flared portion (110a) can be opposite to the
incident light (L). Additionally, the cross-sectional area of the larger end of the flared portion
(110a) can be at least four times the average cross-sectional area of the elongated portion of the
semiconductor wire. The taper in the diameter of the feed horn structure or of a truncated cone

wire can provide total internal reflection of light incident into the wire at normal incidence.

{0043] The structure (1001) of FIGURE 10 includes an antireflective layer (118) placed on the
top of the infill material (114). Other trapping light elements can be present, such as the focusing
lens (116) and/or the light scattering particles (123) and/or the back reflector (115), as also those
described in structures (102)-(109).

{0044} According to further embodiments, the feed horn structure, or each truncated cone wire,
is produced by an increase or decrease in the diameter of a semiconductor wire or cone during its
growth. The feed horn structure can be produced by etching a semiconductor wire or of a cone.
The feed horn structure can produced at the bottom of a semiconductor wire or cone and then
subsequently relocated to top of the structure by removing the wire or cone from the original

support substrate and turning it upside-down.

[0045] FIGURE 11 shows a structure (1002) according to a further embodiment of the
disclosure. In particular, the structure (1002) includes wires having frusto-conical shape or feed
horn structure as in the embodiment of FIGURE 10, and a back reflector (115) placed under the
wires (110). A larger flared portion (110a) of the frusto-conical wires (110} is located opposite to
the incident light (L).
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{0046} FIGURE 12 shows a structure (1003) according to a further embodiment of the present
disclosure. In particular, the structure (1003) comprises an array of semiconductor wires (110),
which are tilted to a non-vertical orientation so as to increase the projected cross-sectional area
of the semiconductor wires within the optical incidence plane at normal-incidence illumination.
In the embodiment of FIGURE 12, the wires (110) are generally oriented parallel to one another

and share similar diameter and height.

{0047} According to further embodiments, the non-vertical orientation of the semiconductor
wires is produced by growing the wires on a substrate in a manner that yields non-vertical
growth, or by etching the wires from a substrate in a manner that yields non-vertical wires.
According to alternative embodiments, the non-vertical orientation of the semiconductor wires is
produced by growing or etching the wires in a manner that yields vertical or near vertical wires,
then embedding the wires within an infill material and exerting a sheer force such that the wires

remain tilted at a non-vertical angle within the plane of the structure.

[0048] The structure (1003) of FIGURE 12 includes the back reflector (115) placed under the
infill material (114). Other trapping light elements can be present, such as the focusing lens (116)
the light scattering particles (123), the antireflective coating (118), and/or those described in

structures (102)-(109).

[0049] The structures (101), (102), (103), (104), (105), (106), (107), (108), (109), (1001), (1002),
(1003), (1004), (1005), (1006), (1007), (1008), (1009) and (1010), or any combination of such
structures, described above can be manufactured according to the technique described in
reference [3], incorporated herein by reference in its entirety. St wires (110) are grown on p type
<111> Si wafers (p < 0.001 Qecm), using, for example, a 300 nm thermal oxide for catalyst
confinement and evaporated Au, Cu, or Ni (400-700 nm thickness) as the VLS catalyst. No
notable differences were observed between the optical properties of wires grown using Au, Cu,

or Ni catalyst metal.

{0050] Following growth, the wire arrays were etched in 5% HF(aq) for 30 s. To remove the

catalyst metal, Au-catalyzed wires were then etched for 30 min in a solution of 9:1 Gold Etchant
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TFA (Transene) to 36% HCl(aq) and then rinsed for 30 s in 5% HCl(aq). Cu- and Ni-catalyzed
wires were instead etched for 20 min at 70 °C in a 6:1:1 solution of H20:H202:HCl. Both
groups of wires were then HF-etched as described above, dried, and momentarily dipped in a
50% (wt) solution of KOH (aq) at 55 °C, to remove ~20 nm of Si, thus removing the metal-rich
surface layer observed in similarly grown wires. For the structures including surface passivation
antireflective coating (118), a SiNy film of 80-nm nominal thickness was conformally deposited
onto the wire arrays by plasma-enhanced CVD at 350°C. In some embodiments, the reflective
material comprises the substrate on which the elongated semiconductor structures were grown,

or the substrate from which the elongated semiconductor structures were etched.

{0051] The lengths, diameters, and areal fractions of each wire array can be determined by
computer-processing of high-resolution SEM images, taken from a 200 x 200 ym area at the
center of each array. Only near-perfect wire arrays, defined as those that had at most one defect
within this area (e.g. non-vertical or spurious growth, or a wire missing from the pattern), were

considered. Arrays were embedded in PDMS and peeled-off.

[0052] The PDMS can be, for example, drop-cast, spun at 3000 rpm, and then cured at 120 °C
for > 1 hr, resulting in a smooth film whose overall thickness ranged from 10 to 50 um greater
than the height of the wire array. Subsequently, the wire arrays are transferred on the quartz
slides for optical measurements. The arrays themselves are flexible polymer films, and could be
transferred to any substrate (e.g. a window) or left as a free-standing flexible film. They have

properties similar to a window decal.

[0053] For the structures which incorporate light scattering particles, e.g. ALOs light-scatterers,
particles of 09 wm nominal diameter, whose surfaces had been modified with
trimethylchlorosilane, were dispersed into CH,Cl; by sonication. This solution was mixed into
the PDMS to vield a ratio of 1:10:10 Al,O;:CH-CL:PDMS by weight. The suspension was drop
cast, spun, and cured as described above. Prior to curing, the arrays were centrifuged for several
minutes to drive the AlL,Oz particles towards the bottom of the PDMS layer. In particular, in
some embodiments, light-scattering materials are placed between the semiconductor structures

before the infill material is added to the structure. The light-scattering materials can be mixed
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into the infill material before the infill is added to the structure. In some embodiments, the light-
scattering property of the infill material is produced by a chemical process following the addition
of the infill material to the structure. In some embodiments, the composition of the infill material
is varied as it is added to the structure to produce an inhomogeneous distribution of light-
scattering materials or structures within the structure. In some embodiments the distribution of
light-scattering materials or structures 1s produced through evaporation or contraction of the nfill
material. For the structures including the back reflector, such back reflector is placed on the
quartz slides using a thermal evaporator. Each array is placed on a clear quartz slide or a metal-
coated one to compare their absorption with vs. without the back reflector. In an envisioned
solar cell (Figure 8) the metal would be deposited directly onto the wire arrays rather than onto
quartz slides. In that case, it would also serve as a back metal contact. For structure including
light-scattering texture such texture is produced by the contraction of the infill material, surface
tension of the mfill material, particles or voids within the infill material, imprint lithography, or

casting.

[0054] To provide a figure of merit for the absorption measurenients, the overall fraction of
above-bandgap photons that each wire array would absorb throughout a day of operation as a
non-tracking solar cell, 4., was calculated based on a time-resolved reference spectrum of
direct solar insolation, see reference [4], incorporated herein by reference in its entirety, in
conjunction with the measured angle- and wavelength-dependent absorption values of the wire
arrays of FIGURES 2-5. 4, calculations that correspond to the absorption measurements are
compared with the 4., calculation that corresponds to the measured absorption of a commercial,
280-um-thick polycrystalline Si solar cell with a dielectric AR-surface passivation antireflective
coating. In a particular embodiment, the optimal Si wire array (105) of FIGURE S exhibited 4,0
= 0.85, which although slightly below that of the commercial St solar cell (4., = 0.87), 1s
remarkable considering that this wire array film contained ~1% as much Si (per specimen area)
as the commercial solar cell. This volume reduction implies substantial optical concentration

within the St wires.

{0055] To further gauge the absorption enhancement of the wire array geometry, the measured

absorption, 4p4(6,4), of the wire array (105) from FIGURE 5 was compared to the theoretical
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absorption limits of a “equivalently thick” (2.8 pum) planar Si absorber. Based on bulk St
properties, see reference [5], incorporated herein by reference m its entirety, and neglecting
interference effects, two theoretical absorption limits were calculated for the equivalently thick
Si slab: 7) Ag;, which results from the use of bare, non-textured Si surfaces (black); and ii) 4,7,
which results from ideal classical light-trapping at the Si surfaces. The latter case, the “Ergodic
limit,” is the maximally achievable absorption (in the ray-optic limit) of a planar-sheet absorber
that utilizes ideally random (e.g. Lambertian) light trapping, see references [6], [7], incorporated

herein by reference in their entirety.

[0056] The wire array’s absorption exceeds the planar light-trapping hmmt for infrared
wavelengths (A > 800 nm). This behavior exemplifies a useful property of micro-structured,
non-planar absorber geometries (including wire arrays), in that they can achieve greater
absorption per material volume than achievable by a randomly textured, planar-sheet absorber
geometry. This effect has been described, through use of a statistical ray optics model, for
idealized films of polymer-embedded Si granules, see reference [7], and has also been simulated
for Si wire arrays, see references [8] and [9], incorporated herein by reference in their entirety.
The enhanced infrared absorption of the Si wire array yielded a greater overall absorption of
above-bandgap photons than the equivalently thick, ideally light-trapping planar absorber. In
fact, taking all measured incidence angles into account, the day-integrated absorption of the wire
array (Ang = 0.85) slightly exceeded that of the planar light-trapping case (4., = 0.82). Thus,
the Si wire array geometry can enable solar cells that reach, and potentially even exceed, the
theoretical absorption limit, per volume of Si, of ideal light-trapping within a conventional planar

geonetry.

{0057] The enhanced absorption properties of Si wire arrays enable high quantum efficiencies
for photovoltaic applications. To demonstrate this, a photoelectrochemical cell was used to
measure the external quantum efficiency (EQE) of Si wire-array photoelectrodes, which
consisted of p-type wire arrays grown on degenerately doped (and thus photovoltaically inactive)
Si wafers. The transparent electrolyte formed a rectifying junction to the top and sides of each
wire (analogous to a radial p-n junction), enabling photoelectrochemical characterization of the

angle- and wavelength-dependent EQE of the wire-array electrode. However, because the wires
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were immersed in an electrolyte and attached to their growth substrate, this technique did not
permit the use of a polymer infill, a dielectric antireflective coating and/or a planar metal back-
reflector. Thus, relatively long (130 um) and sparse (ny = 6.2%) square-tiled wire arrays were
grown, to minimize the transmission of light into the photovoltaically inactive growth substrate
while also minimizing the area of the reflective top surface of the Si wires. This geometry
yielded up to 0.85 peak EQE, but suffered from substantially reduced EQE at normal incidence.
Evaluating the EQE across the day-mtegrated solar spectrum (as carried out for 4., above)
yielded EQE,, = 0.56. When Al,O; light-scattering particles were drop-cast into this wire array,
the normal-incidence “dead spot' was virtually eliminated, the peak EQE increased to 0.89 and
the day-integrated EQE,,, mcreased to 0.68. This value is significant, considering that the
photoelectrochemical cell configuration precluded the use of a metal back-reflector or an
antireflective coating, both of which are known to substantially improve the optical absorption as
described above, and both of which could be used within a solid-state, radial p-n junction wire-
array solar cell. Thus, the results described here represent lower bounds, rather than upper limits,
on the EQE that could be achieved by use of the Si wire-array geometry making use of the light-
trapping elements disclosed herein. The configuration of the electrode described in this

paragraph is depicted in FIGURE 15.

[0058] FIGURES 13 and 14 of the present application describe embodiments relating to the
applications, for example, of the structures (101), (102), (103), (104), (105), (106), (107), (108),
(109), (1001), (1002), (1003), (1004), (1005), (1006), (1007), (1008), (1009) and (1010) or any
combination of such structures, to semiconductor wire-array photovoltaics and photoconverters,
i.e. devices that convert light into electricity, including solar cells, photoelectrochemical cells,
photodiodes, phototransistors, and other photosensitive wire-array electronic devices. Such
semiconductor wire-array photovoltaics and photoconverters can mdifferently be based on any
one of the structures (102), (103), (104, (105), (106), (108), (109), (1001), (1002), (1003),
(1004), (1005), (1006}, (1007), (1008), (1009) and (1010) or any combination of such structures.

[0059] In particular, FIGURE 13 shows an embodiment where the teachings of the present
disclosure are combined with the teachings of US Patent Application S/N .In

fact, as already mentioned in the introductory paragraph of the present application, the present
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application 1s also related to US Patent Application S/N for “Three-

dimensional patterning methods and related devices” filed on even date herewith, Attorney
Docket Number P707-US, incorporated herein by reference in its entirety, and claiming priority
to the same US provisional applications of the present application. Such US Patent Application

S/N describes selective p-n junction fabrication for semiconductor

microstructures, and related methods and devices.

[0060] In particular, shown i FIGURE 13 is a perspective view of a Si wire array solar cell
(600) with a transparent top contact (010) (e.g. an indium tin oxide (ITO) contact) and a metallic
bottom contact (620) acting as a back reflector. Solar cell (600) is embedded into a polymer
encasing or environment (630), e.g. a flexible transparent polymer such as PDMS. Light
scattering particles (640) (e.g., ALO; particles as described before) are embedded inside the infill
or environment (630), so as to surround and circle the St wires (101). The solar cell (600) further
comprises an array of mechanically flexible vertically aligned wires (650). The wires (650) are
coated with a surface passivation antireflective coating (660). In particular FIGURE 13

corresponds to FIGURE 6 of the above mentioned US Patent Application S/N

{0061} The device of FIGURE 14 differs from the device of FIGURE 13 for the wires which
remain on a rigid growth substrate (612) and for which the back reflector (620) is placed between
the wires on top of said growth substrate rather than forming a continuous film beneath the infill
and semiconductor structures. Furthermore, the bases or bottom of the semiconductor structures,
shown in FIGURE 14, exhibit feedhorn-like structures as described above and therefore includes
a flared portion (110a). Moreover, the device of FIGURE 14 includes light scattering material
(640) having a light scattering material concentration higher in a bottom zone (630b) of the infill
material than in a top zone (630a) of the infill material. In the present embodiment the back
reflector (620) 1s the metal layer and the substrate (612) functions as the contact. Devices of the
type depicted in FIGURE 14 were fabricated according to the teachings of US Patent Application

S/N , mcorporated herein by reference in its entirety. Three different types of

St microwire solar cells were fabricated. The “As-Grown” cell contained no light trapping
elements or antireflective coating on the semiconductor surfaces. The “Scatterer” cell

incorporated light-scattering Al,Os particles (nominally 80 nm in diameter) in-between the wires.
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The “PRS” cell utilized an a-SiNy:H passivation layer to minimize surface recombination and to
serve as an anti-reflection coating, a Ag back reflector to prevent the loss of incident illumination
into the growth substrate, and Al,O; particles to scatter light incident between the Si microwires.
Following the inclusion of the selected light-trapping elements, each wire array was filled to the
tips of the wires with mounting wax (a transparent, non-conducting, thermoplastic polymer).
Indium tin oxide (ITO) (120-150 nm thick) was then sputtered through a shadow mask to form a
top-contact pad and to define individual cells. For both the Scatterer and PRS solar cells, the 80
nm ALQO; particles were observed to form micron-sized agglomerates that were located near the
base of the wires, permitting the infill region to be conceptually divided into an upper and lower
region, for which the density of Al,O; particles was significantly lower within the lower infill
region. In the PRS solar cells, the 1000 nm thick Ag back reflector covered the growth substrate

and the tapered base of the wires.

{0062} Under simulated AM 1.5G illumination, the champion PRS solar cell exhibited markedly
higher photovoltaic performance than the champion Scatterer and As-Grown solar cells, as a
result of a significant increase in short-circuit current density (Jsc) brought about by the
combination of light-trapping elements exemplifying embodiments of the present disclosure. The
champion PRS solar cell produced an open-circuit voltage (Voc) of 498 mV, Jsc of 243
mA/cm’, and a fill factor (FF) of 65.4%, for an efficiency of 7.92%. The champion Scatterer and
As-Grown solar cells exhibited efficiencies of 5.64% and 3.81%, respectively, with similar Ve
and FF but lower Jsc: 16.6 mA/em’ and 11.8 mA/cm’, respectively. The improved efficiencies
of the Scatter and PRS cells over the As-Grown cells exemplify the benefits to photovoltaic

performance afforded by the light-trapping structures of the present disclosure.

[0063] A device, such as the one of FIGURE 13 or FIGURE 14, includes one or more
conductive layers, wherein at least some portion of each conductive layer is in contact with one
or more of the semiconductor structures or wires (650), whose conductivity provides a path for
current collection from the photovoltaic device. The device further includes one or more of the
following features: a reflective structure, such as the back reflector (115, 620), an antireflective
structure, such as the coating (118, 660), a light-scattering structure, such as the light scattering

particles (123, 640), or a light-concentrating structure, such material (116). Additional reflective,
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antireflective, light-scattering, or light-concentrating structures are applied above or below the

conductive layers.

[0064] Moreover, according to further embodiments, in such device (600) at least 80% of the
carriers excited by the absorption of light within the semiconductor material are collected as
current from the photovoltaic device. Additionally, conductive layers can be located above and
below the array of elongated semiconductor structures. Moreover, the semiconductor material
occupies less than 10% of the volume of the structure enclosed between the two conductive

layers.

[0065] According to further embodiments, the conductive layer comprises one or more of Ag,
In, Al. Each conductive layer can be either at least 90% transparent or at least 90% reflective at a
visible wavelength of light. According to further embodiments, some or all of the infill material
comprises a conductive layer for the photovoltaic device. According to further embodiments, the
antireflective coating or infill material serves to passivate some or all of the surfaces of the
semiconductor structures. Some or all of the surfaces of the semiconductor structures are coated
by one or more additional layers to provide passivation of the semiconductor surfaces or to
increase the conductivity of the photovoltaic device. Moreover, the reflective material may also

serve as a conductive layer.

[0066] According to a further embodiment, the present disclosure includes a
photoelectrochemical device comprising, for example, any one of the structures (101), (102),
(103), (104), (105), (106), (107), (108), (109), (1001), (1002), (1003), (1004), (1005), (1006),
(1007), (1008), (1009) and (1010) or any combination of such structures. In particular, as
mentioned above, FIGURE 15 shows a device (700) including an array of wires (110) and a
liquid electrolyte solution (1114). The liquid electrolyte solution (114) can mclude any one of the
liquid substances used as infill material, for example, in the structures (101), (102), (103), (104),
(105), (106), (107), (108), (109), (1001), (1002), (1003), (1004), (1005), (1006), (1007), (1008),
(1009) and (1010) disclosed in the previous paragraphs.
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[0067] The examples set forth above are provided to give those of ordinary skill in the art a
complete disclosure and description of how to make and use the embodiments of the disclosure,
and are not intended to limit the scope of what the mventors regard as their disclosure.
Modifications of the above-described modes for carrving out the disclosure may be used by
persons of skill in the art, and are mtended to be within the scope of the following claims. All
patents and publications mentioned in the specification may be indicative of the levels of skill of
those skilled in the art to which the disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as if each reference had been incorporated by

reference in its entirety individually.

[0068] It is to be understood that the disclosure is not limited to particular methods or systems,
which can, of course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to be limiting. As used in
this specification and the appended claims, the singular forms "a," "an," and "the" include plural
referents unless the content clearly dictates otherwise. The term “plurality” includes two or more
referents unless the content clearly dictates otherwise. Unless defined otherwise, all technical and

scientific terms used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which the disclosure pertains.

{0069} A number of embodiments of the disclosure have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope
of the present disclosure. Accordingly, other embodiments are within the scope of the following

claims,
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Si microwire-array solar cells

Si microwire-array solar cells with Air Mass 1.5 Global conversion
efficiencies of up to 7.9% have been fabricated using an active
volume of Si equivalent to a 4 pm thick Si wafer. These solar cells
exhibited open-circuit voltages of 500 mV, short-circuit current
densities (J,.) of up to 24 mA cm?, and fill factors >65% and
employed AlLQ; dielectric particles that scattered light incident in
the space between the wires, a Ag back reflector that prevented the
escape of incident illumination from the back surface of the solar
cell, and an a-SiN:H passivation/anti-reflection layer, Wire-array
solar cells without some or all of these design features were also
fabricated to demonstrate the importance of the light-trapping
elements in achieving a high J,.. Scanning photocurrent microscopy
images of the microwire-array solar cells revealed that the higher J,,
of the most advanced cell design resulted from an increased
absorption of light incident in the space between the wires. Spectral
response measurements further revealed that solar cells with light-
trapping elements exhibited improved red and infrared response, as
compared to solar cells without light-trapping elements.

Vertically aligned arrays of crystalline-Si (c-Si) microwires may
enable the fabrication of flexible ¢-Si solar cells with near unity
internal quantum yield that are capable of absorbing >85% of the

PCT/US2010/058422

day-integrated (above band gap) direct solar ilumination using
a volume of Si equivalent to a 2.8 pm thick Si film.' Two advantages
conferred by the three-dimensional geometry of vertically aligned,
high-aspect ratio St microwires are: (1) the ability to create high-
quality single crystal Si structures with passivated surfaces via a vapor
growth process;™ and (2) enhanced absorption relative to planar ¢-Si
absorbers.! These two advantages, in combination with the ability to
grow arrays of Si microwires over large areas (>1 em®).? to peel the
wire arrays from the growth substrate in a tlexible polymer.® and to
re-use the growth substrate,” offer the potential to fabricate flexible,
high efficiency ¢-Si solar cells.®

Wire solar cells have been fabricated using ¢-Si,¥* amorphous-
Si' GaAs® Hlniride™ and InP? vig a variety of growth
techniques, including vapor-liquid-solid (VLS) growth, 101619
metal-calalyzed chemical etching,"™ molecular beam epitaxy,™
metal-organic chemical vapor deposition,™* and deep reactive-ion-
etching,'® In particular, the VLS growth method offers a materials-
efficient and scalable route for the synthesis of semiconducting wires.
However, the efficiencies of VLS-grown, ¢-Si, single-wire'*"*'* and
wire-array'®121592 eolar cells, up to 3.4%" and 1.8%4" respectively,
have fallen short of the ~15% photovoltaic efficiency predicted from
simple considerations.®® In particular these solar cells have failed to
demonstrate open-circuit voltages { Vo) i excess of 300mV, possibly
mdicative of significani recombination within the depletion region
and/or at the surfaces of the cells.*'** We report ¢-Si microwire-array
solar cells that have exhibited 7.9% conversion of simulated Air Mass
{AM) 1.5 Global (G) solar iflumination to electrical energy with
negligible photovoltaic response from the growth substrate.

Square-tiled arrays of vertically aligned Si microwires (2-3 pm in
diameter on a 7 pm pitch) were grown on p* (resistivity, p, <0.001 Q
cm) Si(111) wafers using the VLS growth method, as described
previousty.® P-type doping of the Si microwires was achieved during
growth using BCly as a gaseous dopant source.* Four-point electrical
measurements performed on individual Si wires {rom arrays grown
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under nominally identical conditions indicated that the wires were
p-type with p = 0.05 Q em, which corresponds to an electrically active
dopant concentration (Na) of 7 x 107 am™, asswmng a butk hole
mobility of 1.8 x HF em® V' 57! for Si.

Radial p-n junctions were fabricated within cach wire, as illus-
trated in Fig. 1. Firsl, the as-grown wire arrays (Fig. la) were
chemically etched to remove the Cu-catalyst and to remove a thin
laver (~50 nm) of surface Si, prior to the growth of a 200 nm thick
thermal oxide (Fig. 1b). The thermal oxide was then selectively
removed 1 a hydrofluoric acid (HF) solution (aq.), using poly-
dimethylsiloxane (PDMS) as an etch barrier for the thermal oxide
focated at the bases of the microwires (Fig. 1c). After removal of the
PDMS,* radial p-n junctions were formed in the upper region of the
Si microwires during a phosphorus diffusion (junction depth of
~80 nm in a planar controf), while the thermal oxide functioned as
a phosphorus diffusion barrier for the lower region of the wires
(Fig. 1d). We note that by appropriate choice of the PDMS layer
thickness, the p-n junction could be defined to approximate either
a radial or an axial p-n junction, or some combination of the two.

Three different types of Si microwire solar cells were fabricated.
The As-Grown cell contained no light trapping elements or surface
passivation. The Scatterer cell incorporated light-scattering ALO;
particles (nomimally 80 nm in diameler) in-between the wires, The
PRS cell utilized an a-SIN:H passivation layer to mininuze surface
recombination and to serve as an anli-reflection coating, a Ag back
reflector to prevent the loss of ncident Hlumination mio the growth
substrate, and ALO; particles to scatter light incident between the Si
microwires. Following the inclusion of the selected light-trapping
elements (see ESH), each wire array was filled to the tips of the wires
with  mounting wax (a transparent,  non-conducting,
thermoplastic polymer). Indium tin oxide (ITO) (120150 nm thick,
p =7 x 107* € cm) was then sputtered through a shadow mask to
form a top-contact pad and 1o define individual cells.

Fig 2 displays cross-sectional scanning electron microscope (SEM)
mmages ol a wire array after p-n junction formation and of a micro-
wire solar cell for each cell type. As seen in Fig. 24, the height of the
thermal oxide (and thus the extent of the radial p-n junction) was
uniform across the wire array. Wire heights ranged from 57-63 pum,
71-78 pm, and 43-49 pm for the As-Grown (Fig. 2b). Scatterer
{Fig. 2¢), and PRS (Fig. 2d) microwire solar cells, respectively. The
thermal oxide covered the lower 27-32 um ol the wires in the
As-Grown and Scatterer solar cells, but was removed prior to the
desorption of the a-SiNH layer in the PRS solar cells. For both
the Scatterer and PRS solar cells, the 80 nm AbLO; particles were
abserved to form micron-sized agglomerates that were located near
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the base of the wires, as evidenced by the granular texture of the
mounting wax near the bottom of the wire array (Fig. 2c and d) and
at the wire ips and sidewalls (Fig. 2c and d, 1nset). In the PRS solar
cells, the 1000 nm thick Ag back reflector covered the growth
substrate and the tapered base of the wires (Fig. 2d and S1+). The a-
SiN,:H anti-reflection/passivation layer in the PRS cell is not visible
in Fig. 2d. However, the a-SiN:H layer conformally coated the wires
and substrate prior to selective removal of the a-SiN:H from the tips
of the wires, which allowed for the ITO to contact the n-St emitter
(Fig. 827). For all devices, the mounting wax uniformly infilled the
wire array, and the ITO conformally coated the mounting wax and
the wire tips, thereby providing a continuous top contact despite the
highly textured surface.

An important consideration for measurements of the photovoltaic
performance of wire-array solar cells is the contribution from the
growth substrate to the observed photocurrent. Though the fabrica-
tion of an appropriate control cell is not straightforward (even if the
emitter dopmg compensated the substrate doping, the n” emitter and
P substrate would form a tunnel junction) significant photocurrent
from the substrate can be ruled out in our microwire-array solar cells.
For the As-Grown and Scatlerer solar cells, scanning photocurrent
microscopy measurements indicated an effective minority-carrier
diffugion length < 0.5 um for clectrons in the thermal-oxide-coated
bases of the wires.* Consequently, neither the growth substrate nor the
lower 27-32 um of the wires contributed significantly to the observed
photocurrent of the As-Grown and Scatterer solar cells, For the PRS
microwire solar cells, the removal of the thermal oxide, followed by the
deposition of the a-SiNH passivation layer, produced an effective
electron minority~-carrier diffusion length > 30 um in the p-type bases
of the wires.® Taken together, these results suggest that the butk
minority-carrier diffusion length is >3> 30 wm throughout the wire but
that the thermal-oxide-coated bases of the wires, for the Scatterer and
As-Grown cells, extubited very high surface recombination velocities,
himating the effective diffusion length n the oxide-coated wire bases to
<0.5 um, Hence, a photovoltaic response from the entire length of the
wires was possible for the PRS solar cells. However. the photovoltaic
conlribution {rom the substrate for the PRS cells should be negligibly
small, as the optically thick Ag back reflector coated the entire
substrate except for where the wires had grown, ensuring that only the
light guided through the Si microwires was able to reach the substrate.
Consequently, 95% of the lumination =800 nm should have been
absorbed over the 43-49 ym length of the wires, by a simple Beer--
Lambert law analysis. The remaining illumination entered the p™ St
substrate (p < 0.001 ©Q cm), which has been shown (o exhibil an
external quantum yield <0.05 for 800--1100 nm ilfumination.*?

N

7

Fig. 1 Schematic of the radial p-n jnction fubrication process, () VES-grown, p-8Si mievowive arvay, (b Micvowire aray afler catalest removal,
growth of a thermat oxide and deposition of & PDYMS fayer. {¢) Removal of the unprotected thenmal oxide. (d) Removal of the PDMSE and subsequent

phosphorus diffusion to complete the fabrication of a radial p-n junction.
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Fig. 2 8imicrowive seray sobliy cell desios geometry. (3} Cross-sectionad
scanning electron microscope (SEM) image of a Si microwire array afler
radial p-n jonction formation. The white arrow denotes the height of the
thermal oxide (used as a phosphorus diffusion barrier in the radial p-n
junction fabrication process). Inses: top-down SEM image of the same Si
microwire array illustrating the pattern fidelity and slight variation in
wire diameter. Cross-sectional SEM image of (b) an As-Grown solar cell,
{c) a Scatterer solar cell, and (d) a PRS solar cell. Insers: higher magni-
fication SEM images of the wire tips coated with ITO. For (b) and (¢} the
white arrow again denotes the height of the thermal oxide. For (d} the
white arrow denotes the presence of the Ag back reflector, For the inset of
(d) the white arrow denotes the ITO layer.

In total, 15 As-Grown microwire solar cells, 12 Scatterer microwire
solar cells, and 24 PRS microwire solar cells were fabnicated. The area
of the fabricated cells spanned a range from 0.12 (0 0.21 mm?, as
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a result of vanations in the gap between the top of the microwire
arrays and the shadow mask duriag the deposition of the ITO. For
each cell type, the majorty of the cells were found to exhibit mutually
similar V. and fill factor (FF) values (see Table S1t). To convert the
measured short-circuit currents to short-circuil current densities (/)
and to calculate the photovoltaic efficiency (n), scanning photocur-
rent microscopy (SPCM) was used to image the perimeter of 2-3 cells
from each cell type and thus accurately determing the photoactive cell
area (see Fig. S37).

Fig. 3 plots the measured current density as a function of voltage
for the champion microwire solar cell of each cell type, in the dark
(Fig. 3a) and under H00 mW cm? of simutated AM 1.5G ilumina-
tion (Fig. 3b), respectively. In the dark, the microwire solar cells
exhibited rectifying behavior with diode ideality factors between
1.7 and 2.2, The roll-off in the current density near 0.5 V in forward-
bias resulled from the series resistance of the solar cells, which ranged
from 300 to 3000 Q and was dependent upon the quality of the
contact belween the electrical probe and the ITO.

Under simulated AM 1.5G illumination, the champion PRS solar
cell exhibited markedly higher photovoltaic performance than the
champion Scatterer and As-Grown solar cells, as a result of a signil-
icant increase in Jg, (Fig. 3b). Table 1 displays the values of Ve, Jg.
FF, and 5 for all of the microwire solar codls whoss cell areas wewre
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measured by SPCM. V. of ~500 mV and FF > 65% were observed
for all three cell types. The champion PRS solar cell produced a Vo,
of 498 mV, J,. of 243 mA em™=, and FF of 65.4%, for an 7 = 7.92%.
The champion Scatterer and As-Grown solar cells exhibited
n = 5.64% and 7 = 3.81%, respectively, with similar V. and FF but
lower J,.. For the PRS and Scatterer cells, the differences in 5 within
a cell type largely resulted from differences in Ji., which may have
resulted from varations m the incorporation of the AlOj; scattermg
particles or from variations n the fraction of electrically contacted
wires (see Fig. 4b and c and S3t). We estimate the internal error in the
measurement of the celt area to be 5% and the miernal error in the
AM 1.5G illumination intensity to be 5%, vielding a ~7% mternal
error in the measurement of Jg. and 7.

To better understand the differences in J,. between the PRS,
Scatterer, and As-Grown solar cells, scanning photocurrent micros-
copy was used to map the photocurrent produced by the wire-array
solar cells as a function of localized laser illumination (2 = 650 nim,
~1.0 pm beam waist), as seen in Fig. 4. To facilitate comparison
between the different types of cells, each scanning photocurrent image
was normalized lo ils maximum photocurrent. The measured
photocurrent was maximized when the laser illumination was
centered on a wire and was minimized when the illumination was
centered between four adjacent wires, The photocurrent cross-
sections shown below each scanning photocurrent image indicated
that the relative magnitude of the decay in photocurrent as the laser

Table 1 Photovoltaic performance under simulated AM 1.5G illumi-
nation. The champion solar cell from each cell type is bolded

Sample VoodmV Joo/mA cm™? FF (%) 7 (59)
As-Grown C2R3 482 11.2 9.4 3.75
As-Grown C4R6 477 11.8 67.5 3.81
Scatterer C2R4 499 16.6 68.0 5.64
Scatterer C3R3 504 15.2 68.8 5.28
PRS C2R5 503 222 66.1 7.38
PRS C3RS 500 28 67.2 7.65
PRS C4R5 498 24.3 65.4 7.92

PCT/US2010/058422

moved rom a peak (cenlered on a wire) 1o a valley (between (wo
adjacent wires) clearly decreased from the As-Grown cell (Fig. 4a) (o
the Scatterer cell (Fig. 4b) and from the Scatterer cell to the PRS cell
{Fig. 4c). In particular, the PRS solar cell exhibited nearly uniform
photocurrent across the array, demonstrating that the Ag back
reflector and AbLO; dielectric scattering particles allowed for the
effective collection of light meident between the wires.

The spots of greatly reduced photocurrent in the Scatterer and
PRS solar cells arose from wires that were not electrically contacted
by the ITO (wire vacancies would be expected to produce a photo-
current simifar 1o the valley photocurrent, whereas, uncontacted
wires parasitically absorb incident illumination). The small fraction of
electrically inactive wires seen {or the PRS and Scatterer cells likely
results from the presence of ALOs scaitering particles at the wire tips
preventing the fabrication of a good electrical contact between the
n*-Si emitter and the ITO.

As seen in Fig 5, the As-Grown and Scatterer solar cells exhibited
similarly shaped spectral response curves (though different m abso-
lute magnitude), both exhibiting a decline in the external quantum
vield (EQY) at wavelengths >550 nm. By comparison, the PRS solar
cell exhibited nearly constant EQY between 500 nm and 800 nm. The
increased red and infrared response of the PRS cell presumably arose
from Lght incident between the wires that was scattered multiple
times from the ALO5 scattering particles and the Ag back reflector.
Integration of the observed EQY with the AM 1.5G solar
spectrum predicted J values of 3.3 mA an™®, 18.0 mA em™2, and
23.3 mA om™ for the As-Grown, Scatterer, and PRS solar cells,
respectively. in good agreement with the measured J. values.

The three types of microwire solar cells were fabricated to facilitate
a comparison between the cell types. However, three differences
between the cells are worth noting. First, the wire length and thermal
oxide heights translated to active wire lengths of 27-33 um,
41-48 um, and 43-49 um for the As-Grown, Scatierer and PRS solar
cells, respectively. Assuming no reflection losses and single-pass
absorption, the theoretical increase in J. from a 30 pm thick Si wafer
to a 45 pum thick Si wafer is 1.75 mA cm™?, a 5.3% increase. Applying
a 3.3% increase to the 11.8 mA ecm* J, of the As-Grown champion
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Fig. 4 Scanning photoowrant mivroscopy (3POMY images andd assoviated photoonorant e profiles feom the center of {2) an As-Grown seber cell, ()

a Scatterer solar el und (o) @ PRE sedar coll, The SPUM g

ke 90w x 90 e wees novmaiBaad toothe maxivm megsured photocirrent in

caclt image. The black fines on each SPCM image denote the cross-section used to produce the associaled photocurrem hine profiles. The black artows
denote spots of greatly reduced photocurrent believed to result from wires that were not in contact with the ITO.
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solar cell vie ds 3 Je of 124 mA em™?, well below the observed
16.6 mA an J, for the Scatterer champion solar cell. Thus, the
additional active wire length alone cannot explain the increase m J,
from the As-Grown solar cells to the Scatterer solar cells. Second, the
ALO; scattering particles were largely located adjacent to the pholo-
inactive, thermal-oxide-coated, bases of the wires. Consequently, the
full effect of the ALO; scatlering particles is unlikely to have been
seen in the Scatterer solar cells. Third, for the PRS and Scatterer cell
types, ~2% of the wires in the center of the cell (Fig. 4) and 2-20°% of
the wires near the perimeter of the cell (Fig. S37) were not electrically
active. Thus, with mproved contacting, the PRS and Scatterer cell
types would be expected to produce a still dightly higher J,. and #.
Recently, we have demonstrated single-wire solar cells with ¥, of
up to 600 mV and FF of up to 82%.° Additionally, we have previ-
ously shown that wire-array photoelectrochemical cells can exhibit
near-unity internal quantum yields.' Based on these measurements,
efficiencies for wire arrays of ~13%, as compared to the simple theo-
retical expectation of 1744, could potentially be achieved by mereasing
the J. to 32 mA an? {e.g., by using longer wires and increasing the
electrically active wire fraction, while accounting for parasitic
absorption in the I'TO and contact shading), by increasing the FF to
80% (through the addition of a metallic grid on the top contact), and
by increasing the V. to 600 mV.? Separately, the design of our p-n
Junction, which does not extend to the base of the wire array, should
prevent shunting of the p-n junction at the back contact in wire-array
solar cells that have been removed from the growth waler.
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Si Microwire-Array Solar Cells -- Supporting Information

Ag Back Reflector:

Figure S1 provides scanning electron microscope
(SEM) images that document the fabrication of a
Ag back reflector. Following two 500 nm Ag
evaporations Ag uniformly coated the substrate
and the wire sidewalls (Fig. S1A). PDMS was then
deposited and continuously coated the Ag-coated
substrate (Fig. S1A,B). (Because the SEM images
shown are from the edge of a wire array, the
PDMS is thinner than in the center of the wire
array and there exists a small area at the
immediate wafer edge where no PDMS coating
exists.) A Ag etch was then used to remove any
Ag that was not protected by the PDMS film at the
base of the wire array (Fig. S1B). After PRS cell
fabrication, the PDMS-protected Ag back reflector
was revealed by cell cross-sectioning (Fig. S1C).

Separately, the textured nature of the mounting
wax, which results from the presence of the Al;03
scattering particles, was visible above the
protective PDMS layer (Fig. S1C).

a-SiNx:H Layer:

Figure S2 is an SEM image of a wire array after
selective removal of the a-SiN¢H layer from the
wire tips. The bright tip is the ¢-Si wire, while the
darker base is the a-SiN:H-coated c-Si wire. The
difference in the extent of the exposed tip relates
to variations in the wire height and variations in
the height of the mounting wax etch barrier
(removed prior to imaging.)
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Figure 51. Tilted scanning electron microscope (SEM)
images illustrating the fabrication of a Ag back
reflector. A) SEM image post Ag and protective
polydimethylsiloxane (PDMS) deposition. B) SEM image
of the wire array from A) after a Ag-etch. C) Cross-
sectional SEM image of a PRS microwire solar cell.
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Figure S2. SEM image of a wire array after selective
removal of ¢-SiNy:H from the wire tips. The mounting
wax, which was used as an etch barrier, has been
removed from the wire array for clarity.

Cell Area:

Scanning photocurrent microscopy (SPCM)
images (90 um x 90 um) (Fig. S3A) were overlaid
to produce a photocurrent map of the cell
perimeter (Fig. S3B), which was then analyzed to
calculate the cell area (Fig. S3C).

Area analysis was performed using the
‘thresholding’ feature in Image J. Thresholding
was done in such a way that all of the wires
within the cell perimeter (defined by the
photoactive wires) were selected. The indent on
the left side of the cell resulted from contact
shadowing and an appropriate correction to the
cell area was made. A small photocurrent signal
was present outside of the cell perimeter (Fig.
S3A) and is presumed to arise from light that was
scattered/reflected into the active area. Though
this additional collection area was accounted for
during the thresholding process, no correction
should have been necessary given that an
equivalent amount of light would have also been
scattered/reflected out of the cell.

As discussed in the text the dark spots (Fig.
S3A,B) indicate wires that are not electrically
contacted by the indium tin oxide (ITO).
Comparing Fig. S3B with Fig. 4C, the fraction of
electrically inactive wires was higher near the cell
perimeter (2-20%), which is not unexpected
given the decreased ITO thickness at the device
edge.
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TG

Figure 3. Measuring PRS C4RY's active area.
A) 90 wm x 90 wm scanning photocurrent
microscopy (SPCM) image along the cell
perimeter. B) Twenty-six SPCM images over-
laid to map out the cell perimeter. C) Image of
B] after thresholding. The blue line is the cell
perimeter from which the cell area was
calculated.
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Table S1. Vo, and FF (All Devices)

Grﬁ;m Voe (MV)  FF (%)
C4R2 401 59.3
C4R3 209 44.9
C4R4 452 61.4
C4R5 257 42.2
C4R6 478 59.1
C3R2 419 43
C3R3 339 52
C3R4 474 66.2
C3R5 453 65.8
C3R6 485 68.4
C2R3 482 69.4
C2R4 492 70.1
C2R5 484 71.6
C2R6 429 59.1
CiR6 463 54.4

Scatterer: V,. (mV) FF (%)
C1R1 477 61.7
C2R1 429 54.8
C3R1 387 53.5
C4R1 475 61.4
C1R2 498 67.5
C2R2 503 68.6
C3R2 481 54.3
C4R2 475 65.1
C1R3 497 64.9
C2R3 486 60.4
C3R3 505 68.8
C2R4 499 68
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PRS: Voc (MV) FF (%)
C2R1 491 59.3
C3R1 487 61.2
C4R1 488 59.7
C5R1 485 61.9
C2R2 497 61
C3R2 493 60.8
C4R2 495 61.1
C5R2 489 60
C2R3 499 63.3
C3R3 497 63
C4R3 495 62.9
C5R3 493 61.5
C2R4 504 62.6
C3R4 494 64.5
C4R4 502 62.5
C5R4 501 61.5
C2R5 503 66.1
C3R5 500 67.2
CAR5 498 65.4
C5R5 497 62.6
C2R6 502 63.4
C3R6 499 63.3
C4R6 489 61
C5R6 485 64.3

Voc and FF:

As seen in Table S1 above, the V.. and FF were
remarkably consistent for the PRS solar cells. The
Vo and FF were also consistent between the best
Scatterer and As-Grown solar cells, however some
cells with lower V,. and FF were observed. For the
As-Grown solar cells, obvious fabrication defects
{cracking of the mounting wax prior to ITO
deposition) may have resulted in the larger
variation in cell performance. Between cells with
similar performance (within each respective cell
type), we attribute much of the variation in FF to
the observed variations in the probe tip to ITO
contact resistance.
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Indium Tin Oxide:

Figure S4 plots the transmission as a function of
wavelength for a glass coverslip with and without
a 150 nm-thick indium tin oxide (ITO) layer.
Transmission through the ITO was found to be >
80% for wavelengths > 500 nm, and at least 65%
for wavelengths between 400 and 500 nm.

Strong oscillations in transmission were observed
as a result of Fabry-Pérot interference. Thus, a 5
nm running average was used to smooth the
oscillations in transmission for wavelengths > 700
nm. As can be seen by comparing the smoothed
data below, the oscillations were inherent to the
thin nature of the glass coverslip.
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Fig. S4. Transmission as a function of wavelength for a
glass coverslip with and without a 150 nm-thick indium
tin oxide coating. A 5 nm running average was applied
to smooth the oscillations in transmission at
wavelengths greater than 700 nm.
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Experimental:

Wire Array Growth. Si microwire arrays were grown as described previously® The
growth substrates were boron-doped p*+-Si (111) wafers, having a resistivity, p < 0.001
Q-cm, that were coated with 450 nm of thermal oxide (Silicon Quest International). Arrays
of 4-um-diameter circular holes, on a square lattice with a 7 um pitch, were defined in the
oxide by photolithographic exposure and development of a photoresist layer (Microchem
$1813), followed by a buffered HF(aq) (BHF) etch (Transene Inc.) The holes were then
filled with 600 nm of Cu (ESPI metals, 6N) via thermal evaporation onto the patterned
photoresist, followed by liftoff. Patterned substrates approximately 1.5 cm x 1.5 ¢m in
dimension were then annealed in a tube furnace for 20 min at 1000 °C under H; flowing ata
rate of 500 scem. Wire growth was performed by the introduction of SiCly (Strem,
99.9999+%), BClz (Matheson, 0.25% in Hz), and H; (Matheson, research grade) at flow rates
of 10, 1.0, and 500 scem, respectively, for 30 min. Following growth, the tube was purged

with N; at 200 sccm and was allowed cool to ~ 650 °C over the course of ~30 min.

p-n Junction Fabrication. Following growth the Cu catalyst was removed from the wire
arrays by etching in 5% HF(aq) for 30 s, 6:1:1 by volume H20:H202(30% in H:0):conc. HCl
(aq.) at 75°C for 15min, and 20 wt % KOH (aq.) at 20°C for 60s. A conformal Si0:
diffusion-barrier that was 200 nm in thickness was grown via dry thermal oxidation at
1100 °C for 2 h. The wire array samples were then coated with a solution that contained
4.4 g hexamethycyclotrisiloxane (Sigma-Aldrich), 1 g PDMS (Sylgard 184, Dow Corning),
and 0.10 g of curing agent in 5 ml of dicholoromethane; spun at 1000 RPM for 30s; and
cured at 150 °C for 30 min, to produce a 10-20 um thick PDMS layer selectively at the base
of the wire array.6 After a quick etch (~2 s) in a 1:1 mixture of 1.0 M tetrabutylammonium
fluoride in tetrahydrofuran (Sigma-Aldrich) and dimethylformamide (PDMS etch)z¢ and a DI
rinse, these partially infilled arrays were immersed for 5 min in BHF, to remove the exposed
diffusion-barrier oxide. The PDMS was then completely removed by etching for 30 min in
PDMS etch. A 10 min piranha etch (3:1 ag. conc. H2S04:H20;) was performed to remove
residual organic contamination. After etching the wires for 5 s in 10% HF {aq), thermal P
diffusion was performed using solid source CePs014 wafers (Saint-Gobain, PH-900 PDS) at

850 °C for 10 min (As-Grown and Scatterer) or 15 min (PRS) under an N; ambient, to yield a
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radial p-n junction in the wire regions unprotected by the thermal oxide. A 30 s etch in BHF

was used to remove the surface dopant glass.

Photovoltaic Device Fabrication. The As-Grown cell was fabricated as follows. After p-n
junction fabrication, the wire array was heated to 150 °C on a hot plate, and mounting wax
(Quickstick 135, South Bay Tech.) was melted into the array. Excess wax was removed from
the array using a glass coverslip. The mounting wax was then etched in an 0, plasma (400
W, 300 mTorr) until the wire tips were sufficiently exposed for electrical contacting (30-90
min). After etching with BHF for 30 s, 150 nm of indium tin oxide [0.0007 Q-cm] was
sputtered (48 W, 3 mTorr, 20:0.75 sccm Ar:10% O; in Ar) through a shadow mask, to serve
as a transparent contact to the n-type shell of the Si microwires, thereby defining the area of
the microwire solar cells. Contact to the p-type core of the Si microwires was established
through the p*-Si substrate by scribing a Ga/In eutectic onto the back side of the growth

wafer.

Fabrication of the Scatterer cell was performed identically to that of the As-Grown cell,
except that prior to infilling with wax, Al,O; light-scattering particles (0.08 pm nominal-
diameter, South Bay Technology) were added to the wire array. The wire-array was placed
face-up in a flat-bottomed glass centrifuge tube and ~ 3 ml of an ethanolic dispersion of the
particles (~0.3 mg/ml} were added. Centrifugation (~3000 RPM) for 5 min was used to

drive the particles to the base of the wire-array.

Fabrication of the PRS cell was performed identically to that for the Scatterer cell, except
that prior to the addition of the Al.Oz particles, an a-SiN«H passivating layer and a Ag back
reflector were added to the cell. After p-n junction fabrication, the wire arrays were etched
for 5 min in BHF, to completely remove the remaining oxide diffusion barrier. A standard
clean was then performed (10 min in 5:1:1 by volume H:0:H:0:(30% in H:0): NH:OH{15%
in Hz0) at 75 °C, 30 s in BHF, 10 min in 6:1:1 by volume H;0:H20,(30% in H;0}:conc. HCI
(aq.) at 75 °C, 30 s in BHF), prior to deposition of an a-SiN:H layer (~ 140 nm thick at the
wire tip and ~ 60 nm thick at the wire base) using plasma-enhanced chemical vapor
deposition, as described previously.! The a-SiNx:H was then etched for 15 s in BHF, prior to
the deposition of a total of 1 um planar-equivalent of Ag via thermal evaporation (two

successive 500 nm evaporations at two different specimen-tilt angles (+ ~5 degrees) with
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sample rotation, to ensure continuous coverage of the growth substrate). The array was
then infilled with ~5 pum of PDMS using a process similar to the one described above. This
PDMS etch barrier allowed the Ag at the wire tips and sidewalls to be selectively removed
by etching for 6.5 min in 8:1:1 methanol: NH4OH(15% in H20): 30 wt.% aq. H20:. A thin
layer (~40 nm} of Si02 was then sputtered to improve the incorporation of the Al:03
particles. The Al:03 scattering elements, mounting wax, and ITO were then added as

described above.

Characterization. Dark and light current-voltage measurements were performed on a
probe station with a 4-point source-measure unit (Keithley 238). Contact to the ITO top
contact was made with a micromanipulator-controlled Au-coated tungsten probe tip.
Simulated solar illumination was provided by a 1000 W Xe arc lamp with air mass (AM
1.5G) filters {Oriel), calibrated to 1-sun illumination by an NREL-traceable Si reference cell
(PV Measurements, Inc.}). Spectral response measurements were performed in an overfilled
geometry using chopped (30 Hz} illumination from a 300 W Xe arc lamp coupled to a 0.25 m
monochromator (Oriel) that provided ~2 nm spectral resolution. The specimen
photocurrent was normalized (by area) to that of a 3 mm-diameter calibrated photodiode,
to determine the external quantum yield. The signals were measured with independent
lock-in detection of the sample and calibration channels. Scanning photocurrent
microscopy measurements were performed using a confocal microscope (WIiTEC) in a light-
beam-induced current (LBIC) configuration described previously.® Scanning photocurrent
microscopy (SPCM) images were formed by rastering each device beneath a ~1.0 pm-
diameter laser spot (A = 650 nm) while recording the short-circuit current (0 V bias) under
otherwise dark conditions. Multiple 90 um x 90 um SPCM images were manually stitched
together and post-processed to determine the active cell area using image processing

software (Image J) (see Supporting Information Fig. S3.)
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APPENDIX 2
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Fabrication of Wire-Array Solar Cells

The inventions disclosed relate to the development of a new type of solar cell for the conversion of solar
energy nto either electrical or chemical energy.

The new type of sofar cell involves the use of a structured semiconductor with high-aspect ratio
dimensions. Two primary advantages of such a semiconductor are the dramatically reduced usage of
semiconducting material and the ability to easily incorporate light trapping clements that ensure the
efficient collection of all incident illumination.

In particular we have fabricated solar cells from arrays of vertically-aligned wires (which happen to be a
few microns in diameter)

The most basic design involves the use of 1) a transparent structural and dielectric infill (mounting wax).
This mounting wax ensures effective electrical isolation between the n and p fayers of the solar cell and
planarizes the three-dimensional array, reducing the area that a top contact (presumably a transparent
conducting oxide (TCQO)) must cover.

More importantly, the mounting wax can be used 2) as an etch mask in subsequent processing steps. By
infilling the entire array with mounting wax and using O2 plasma etching, one can remove the mounting
wax until a desired height is reached. Once a desired height has been reached, 3) processing steps (such as
wet chemical etches, e.g. etching ¢-Si3Ny:H or S10; in hydrofluoric acid) can be performed without
affecting the wire array that is still covered by the mounting wax. This is how we locally remove our -
SiN,:H passivation layer from the wire tips prior to the deposition of our TCO,

emonsirating the selective removal of a-SiIN,

anage 4 H froor the tps of the wives, The monating wax

has been removed for elarity.

4) For the successtul use of mounting wax a slow cool step post infill (melt in) at 150 C was found to be
critical to prevent the formation of large cracks (looks like dried mud), which prevent the formation of a
continuous top-contact.
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More advanced solar cell designs employ the use of ALO; scattering particles and a Ag back reflector.
Both the use of ALO; scattering particles and a Ag back reflector have been discussed in one of our recent
provisional patents. However in this work we developed 5) a process for the deposition of a Ag back
reflector in a wire array affixed to a substrate.

A reflective metal (Ag) was evaporated in such a manner (the use of sample rotation and the use of
multiple evaporation angles) as to conformally coat the substrate (and the wires). In a process nominally
identical to one of our previous provisional patents PDMS was then drop cast onto the substrate so as to
produce a thin layer at the base of the wires. This thin layer of PDMS served as an etch barrier, such that a
Ag elch could be performed to remove the Ag at the wire tips and sidewalls (where it would prevent the
wires from absorbing the incident hght) without removing the Ag from the substrate. Thus the fabrication
of a Ag reflecting layer that exists only at the base of the wire array was achieved.

6) The deposition of a transparent top contact (TCQ, specifically Indium Tin Oxide (ITO)) was used to
produce a top contact that connected all of the wires together. ITO deposited at lower operating voltages
was found to produce devices with higher open-circuit voltages. Presumably because the wires have a
shallow pn-junction which was being damaged while sputtering at higher operating voltages.

7) Scanning photocurrent microscopy was demonstrated to be capable of resolving the photocurrent from
individual wires in wire array solar cells. This may prove to be useful in indentifying local regions with

poor performance in larger area solar cells so that subsequent processing steps can be used to remove the
damaged cell regions (laser ablation ?7)
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Abstract

Si microwire array solar cells with open-circuit voltages of 500 mV, short-circuit current
densities (J.) up to 24 mA/cmz, and fill factors > 65% have been fabricated, achieving an
AM 1.5G conversion efficiency up to 1y = 7.9% using a volume of Si equivalent to a <7
pm thick Si wafer. These solar cells include Al,Os dielectric particles that scatter light
incident in the space between the wires, a Ag back reflector that prevents the escape of
incident illumination from the back surface of the solar cell, and an a-SiN:H
passivation/antireflection layer. Solar cells without some or all of these design features
were also fabricated and used to demonstrate that a cell design that includes light trapping
features is important to achieving high J,.. Two-dimensional mapping of the
photocurrent response within microwire array solar cells revealed that the higher J,. of
the most advanced cell design resulted from an increased efficiency in harvesting light

incident in the space between wires.
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Vertically aligned arrays of crystalline-Si (c-S1) microwires provide a photovoltaic
geometry that enables the possibility for flexible ¢-Si solar cells with near unity internal
quantum yield and capable of the absorption of > §5% of the day-integrated (above
bandgap) solar illumination using a volume of Si equivalent to a 2.8 wm thick Si film."
Two advantages conferred by the three-dimensional geometry of vertically aligned, high-
aspect ratio Si microwires are 1) the ability to create high-quality single crystal Si
structures with passivated surfaces via a vapor growth process and 2) enhanced
absorption relative to planar c-S1 absorbers. Vapor phase growth of high-quality ¢-Si
wires with large minority-carrier diffusion lengths is possible via a copper-catalyzed
vapor-liquid solid chemical vapor deposition growth process’. The incorporation of light
scattering particles located in the space between adjacent wires in combination with a
metallic back reflector has recently been reported to enable very effective light trapping.'
These two advantages in combination with the ability to grow arrays of Si microwires
over large areas (> 1 cm’)’, to peel the the wire arrays from the growth substrate in a
flexible polymer®, and to re-use the growth substrate’, offer the exciting possibility of
fabrication of flexible, high efficiency c-Si solar cells.®

Wire solar cells have been fabricated using materials including ¢-Si” 7 10 11 12 B 141516
amorphous-Si'’, GaAs'®, III-Nitride'®, and InP* and via a variety of growth techniques
including vapor-liquid-solid growth™", metal-catalyzed chemical etching'™"*, molecular
beam epitaxy’, metal-organic chemical vapor deposition'®!”, and deep reactive-ion-
etching'?. In particular, the vapor-liquid-solid (VLS) chemical vapor deposition (CVD)

growth method offers a materials-efficient, and scaleable route for the fabrication of
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semiconducting wires. However, initial results for VLS-grown, ¢-S1, wire array and
single wire solar cells have fallen short of photovoltaic performance predicted from
simple considerations.” In particular these solar cells have failed to demonstrate high
open-circuit voltages (V. ), possibly indicative of significant recombination within the
cell’s depletion region. ™' Recently we have demonstrated >10 pm bulk minority-carrier
diffusion lengths™ and high ¥, (450 mV — near the limit of our photoelectrochemical
cell’s redox electrolyte system) and near-unity internal quantum yield for carrier
collection in Cu-catalyzed, BCl; doped, Si microwires.”** These results are indicative of
a significant improvement in our materials quality and suggest the possibility for the

fabrication of highly efficient solar cells.

Here we report on c-Si microwire array solar cells with V. = 500 mV, short-circuit
current densities (J) up to 24 mA/em’, and fill factors (FF) > 65% that achieve the 7.9%
efficient conversion of AM 1.5G solar simulation to electrical energy with negligible
photovoltaic response from the growth substrate. The most efticient cell design
employed Al,O; light scattering particles, an a-SiNy:H passivation/antireflection layer
and an Ag back reflector which we have previously shown to enhance optical absorption
in microwire arrays.! Two-dimensional photocurrent mapping of Si microwire solar cells
demonstrated improved collection of light incident between wires for cells employing
these light trapping elements as compared to cells without light trapping elements. For
all of the microwire solar cells studied the growth substrate provided no appreciable

photovoltaic response.
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Square-arrays of vertically-aligned Si microwires 2-3 um in diameter on a 7 pum pitch
were grownonap' Si(111) substrate using the vapor-liquid-solid (VLS) growth method
as described previously.” The Si microwires were doped p-type during the growth
process using BCl; as a gaseous dopant source. Four-point probe measurements of wires
that were removed Si wire arrays grown under nominally identical growth conditions
indicated that the wires were p-type with p = 0.05 Q-cm. This value corresponds to an
acceptor concentration N, of 7x10" em™, assuming a bulk hole mobility (1.8x10” ¢m”

Vs for Si.

A radial pn-junction was then defined as illustrated in Figure 1 and described below. As-
grown wire arrays (Fig. 14) were etched to remove the Cu-catalyst and a thin layer (~50
nm) of surface Si prior to the growth of a 200 nm thermal oxide (Fig. 1B8). The thermal
oxide was then selectively etched in a hydrofluoric acid (HF) solution (aq.) using
polydimethylsiloxane (PDMS) as an etch barrier for the thermal oxide at the base of the
microwires (Fig. 1C). After removal of the PDMS, radial pn-junctions were formed in
the region of the Si microwires where a thermal oxide was not present during a
phosphorous diffusion — the thermal oxide functions as a phosphorous diffusion barrier
(Fig. 1D). Note that by appropriately choosing the thickness of the PDMS layer, the pn-
junction can be defined in such a way as to approximate either a radial or an axial pn-
junction, or some combination of the two (as in the PRS cell below). Equally
importantly, the pn-junction does not extend to the base of the wire array, thus a back

contact can be fabricated to a wire array which has been removed from the growth
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substrate without fear of shunting the pn-junction.

Three different types of Si microwire solar cells were fabricated. The as-grown cell
contained no light trapping elements or surface passivation, The scatterer cell
incorporated light-scattering Al,Os particles (nominally 80 nm in diameter) in-between
the wires. The PRS cell contained an ¢-SiN;:H passivation layer to minimize surface
recombination and serve as an anti-reflection coating, a Ag back reflector to prevent the
loss of incident illumination into the growth substrate, and Al,Os particles to scatter light
incident between the Si microwires. Following the inclusion of the selected light-
trapping elements (see Methods), each wire array sample was filled to the tips of the
wires with mounting wax, which served as a structural support for a sputtered indium tin

oxide (ITO) (p ~ 0.0007 C2-cm) top-contact pad.

Cross-sectional scanning electron microscope (SEM) images of a wire array after radial
pn junction formation and for each microwire solar cell type are shown in Fig. 2. As seen
in Fig. 24 the height of the thermal oxide (and thus the location of the radial pn-junction)
is uniform across the wire array. Wire heights range from 57-63 um, 71-78 um, and 43-
49 um for the as-grown (Fig. 2B), scatterer (Fig. 2C), and PRS (Fig. 2D) microwire solar
cells, respectively. Thermal oxide covers the lower 27-31 um of the as-grown solar cells
and 29-32 um for the scatterer solar cells. These wire and thermal oxide heights
translated to active wire lengths of 27-33 pm (as-grown), 41-48 pm (scatterer), and 43-49
um (PRS). For the scatterer cells, the 80 nm Al,Os particles are observed to form

micron-sized agglomerates that are located primarily near the base of the wire array, as
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evidenced by the granular texture of the mounting wax near the base of the wire array. A
fraction of the AOs particles are also found to coat the wire tip and sidewalls (Fig. 2C,
inset.) For the PRS solar cells, the ALO; particles again collect near the base of the wire
array but an increased fraction are found on the wire surfaces (Fig. 2D, inset.) The Ag
back reflector in the PRS solar cells is visible covering the growth substrate and the
tapered base of the wires (Fig. 2D and Supporting Information, SFig. 2). For all devices,
the mounting wax was observed to uniformly infill the wire array. Additionally, the ITO
was observed to conformally coat the mounting wax and the wire tips, thereby providing

a continuous top contact despite the highly textured surface.

An important consideration for on-substrate measurement of the photoveltaic
performance of wire-array solar cells is the current contribution from the growth
substrate. Scanning photocurrent microscopy measurements indicate a < 0.5 um
minority-carrier diffusion length for electrons in the p-type wire core beneath the 200 nm
thermal oxide, apparently due to a high surface recombination velocity.” Thus
consequently photovoltaic response is not possible from either the growth substrate or the
lower 27-32 um of wires for both as-grown and scatterer microwire solar cells. For the
PRS microwire solar cells, thermal oxide removal followed by the deposition of the ¢-
SiNy:H passivation layer produces an electron minority-carrier diftusion length >> 30
{m in the p-type wire core.”* Hence photovoltaic response from the entire length of the
wire and the substrate is possible. However the photovoltaic contribution from the
substrate should be negligibly small. The optically-thick Ag back reflector will ensure

that only illumination passing through the Si microwires is able to reach the substrate.
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Therefore 95% of the illumination < 800 nm should be absorbed over the 43-49 pm
length of the wires according to a simple Beer-Lambert’s law analysis. The remaining
illumination will enter a p"" Si substrate (p < 0.001 Q-cm) that has been shown to exhibit

an external quantum yield < 0.03 for 800 nm -1100 nm illumination.™"'

In total, 15 as-grown cells, 12 scatterer cells, and 24 PRS cells were fabricated. The area
of the fabricated cells spanned a range from 0.12 to 0.21 mm” as a result of variations in
the distance between the top of the microwire arrays and the shadow mask during ITO
deposition. For each cell type, the majority of cells was tound to exhibit similar open-
circuit voltages and fill-factors (see Supporting Information). In order to convert the
measured short-circuit current to a short-circuit current density and to calculate a cell
efficiency, scanning photocurrent microscopy measurements were performed to
accurately determine the cell areas of 2-3 cells from each cell type by producing a

photocurrent map of the cell perimeter (see Supporting Information, SFig. 1).

The current density as a function of voltage is plotted in Fig. 3 for the champion
microwire solar cell of each cell type in the dark (Fig. 34) and under 100 mW cm™ of
simulated AM 1.5G illumination (Fig. 35). In the dark, each microwire solar cell type
exhibits the diode behavior characteristic of a pn-junction with an exponential increase in
current density under forward-bias (V > 0) and a greatly reduced current density under
reverse-bias (V < 0). The roll-off in the current density near 0.5 V in forward-bias results
from the series resistance of the solar cells, which ranged from 300 to 3000 ohms and

was dependent upon the quality of the contact between the electrical probe and the ITO.
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The diode ideality factor for all three solar cell types was ~ 1.8. Additionally, all three
solar cell types exhibited a similar saturation-current density of ~ 0.001 mA/cm?.
Normalizing the saturation-current density per wire yields a saturation-current per wire of
5x10™"" mA, which is close to the measured saturation-current per wire of 1x10™'" mA for

: : : 24
single microwire solar cells.

Under simulated AM 1.5G illumination, the champion PRS solar cell exhibited a marked
improvement in the short-circuit current density (Ji.) over the champion scatterer solar
cell (24.3 mA/ em’ vs. 16.6 mA/cmz), which in turn exhibits a marked improvement in J.
over the champion as-grown solar cell (16.6 mA/em” vs. 11.2 mA/em?, Fig. 2B). This
trend (Jee, prS > Jse, Scatterer > Jve, 4s-Grown) SUggests that the use of optical light trapping
elements (back reflector and dielectric scattering particles) is critical for realizing high

e

The open-circuit voltage (V),.), J, fill-factor (FF), and cell efficiency (#) for all
microwire solar cells with cell areas measured by SPCM are displayed in Table 1. V,.’s
near or above 500 mV and FF > 65 can be scen for all three cell types. We estimate the
internal error in the measurement of the cell area to be 2% and the internal error in the
AM 1.5G illumination intensity to be 5%, yielding a ~ 5 % internal error in the

measurement of the cell efficiency.
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To better understand the differences in J,. between the PRS, Scatterer, and As-Grown
solar cells, scanning photocurrent microscopy (SPCM) studies were undertaken to
produce two-dimensional maps of the photocurrent as a function of local laser
illumination (A = 650 nm, ~ 500 nm beam waist). As can be seen in Fig, 4, the
photocurrent is largest when the laser illumination is centered on a wire and lowest when
centered between four adjacent wires. The magnitude (both relative and absolute) of the
decay in photocurrent as the laser moves from a peak (centered on a wire) to a valley
(between two adjacent wires) can be clearly seen to decrease from the as-grown cell (Fig.
4A4) to the scatterer cell (Fig. 48) and to decrease again from the scatterer cell to the PRS
cell (Fig. 4C). The PRS solar cell exhibits nearly uniform absorption across the array,
demonstrating that the Ag back reflector and Al,O; dielectric scattering particles are
capable of ensuring the collection of light incident between wires, whereas the as-grown

and scatterer cells capture significantly less of the light incident between wires.

The two-dimensional photocurrent maps for both the scatterer and PRS solar cells exhibit
tour ‘dead’ spots where the photocurrent is greatly reduced. These dead spots coincide
exactly with the location of a wire but are not correlated with defects in the wire array.
Noting that the photocurrent is markedly decreased even when compared with the valley
photocurrent and that uncontacted would be expected to produce a lower photocurrent
response than wire vacancies because of their parasitic optical absorption, we conclude
that these dead spots arise from wires that are present but not electrically contacted by the

ITO.
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In addition to measuring the photocurrent as a function of local laser illumination, the
external quantum yield (EQY) for the champion cell of each cell type was measured from
300 nm to 1100 nm using a calibrated AM1.5G solar simulator. As seen in Fig. 5, the as-
grown and scatterer solar cells have similarly shaped spectral response curves (though
different in absolute magnitude), both exhibiting decay in the EQY starting around 550
nm. The shape of the spectral response curves for the as-Grown and scatterer solar cells
agrees well with the shape of the recently reported optical absorption for St microwire
arrays with similar wire diameters and heights on the same square lattice with 7 um
pitch.' By comparison, the external quantum yield for the PRS solar cell is nearly
constant between 500 nm and 800 nm, demonstrating the importance of a combination of
light trapping elements for capturing photons of wavelengths where the absorption
coefficient in ¢-Si is small (the absorption coefficient in c-Si decreases with increasing
wavelength). Integrating the observed external quantum yield with the AM 1.5 solar
spectrum predicts Je. of 12.0 mA/cmz, 18.0 mA/ cmz, and 23.3 mA/cm?’ for the As-Grown,

Scatterer, and PRS solar cells respectively, in good agreement with the measured J..

In conclusion we have demonstrated that microwire array solar cells fabricated from
arrays of VLS-grown Si microwires can exhibit significant photovoltaic performance,
achieving V. > 500 mV, J,, > 24 mA/cm’, FF approaching 70%, and 17= 7.9 % with
negligible photovoltaic response from the growth substrate. We have also shown that the

combination of a Ag back-reflector and AL,O; dielectric scattering particles enable the

51

SUBSTITUTE SHEET (RULE 26)



WO 2011/066570 PCT/US2010/058422

efficient collection of light incident across the wire array, including light incident
between wires. We anticipate that efficiencies of ~ 15% could potentially be
achievement by optimization of J,. (e.g., by using longer wires), FF (addition of a
metallic grid on the top contact), and V. (improved surface passivation and junction

engineering.)
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Methods:
Wire Array Growth. Simicrowires arrays were grown as previously described.

The growth substrates were boron-doped p-Si (111) wafers, having a resistivity, p <
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0.001 € cm, that were coated with 450 nm of thermal oxide (Silicon Quest International).
Arrays of 4-um-diameter circular holes, on a square lattice with a 7 um pitch, were
defined in the oxide by photolithographic exposure and development of a photoresist
layer (Microchem S1813) followed by a buffered HF(aq) etch. The holes were then filled
with 600 nm of copper (ESPI metals, 6N) via thermal evaporation onto the patterned
photoresist, followed by a subsequent liftoff of the resist. Patterned substrates
approximately 1.5 x 1.5 cm in dimension were then annealed in a tube furnace for 20 min
at 1000 °C under H, flowing at a rate of 500 sccm. Wire growth was performed by the
introduction of SiCly (Strem, 99.9999+%), BCl; (Matheson, 0.25% in H»), and H,
(Matheson, research grade) at flow rates of 10, 1.0, and 500 scem, respectively, for 30
min. Following growth, the tube was purged with N(g) at 200 scem and was allowed
cool to ~ 650 °C over the course of ~30 min.

pn junction fabrication. The Cu catalyst was removed from the wire arrays
following growth by etching in 5% HF(aq) for 30 s, 6:1:1 by volume H;0:H>0,(30% in
H20):cone. HCI (aq.) at 75 °C for 15 min, and 20 wt % KOH (aq.) at 20 °C for 60s. A
conformal SiO; diffusion-barrier 200 nm in thickness was grown via dry thermal
oxidation at 1100 °C for 2 hr. The wire array samples were then coated with a solution
containing 4.4 g hexamethycyclotrisiloxane (Sigma-Aldrich), 1 g PDMS (Sylgard 184,
Dow Corning), and 0.10 g curing agent in 5 ml of dicholoromethane; spun at 1000 RPM
for 30 s; and cured at 150 °C for 30 min, in order to produce a 10-20 um thick PDMS
layer selectively at the base of the wire array. These partially infilled arrays were then
immersed for 5 min in buffered HF (BHF) to remove the exposed diffusion-barrier oxide,

after which the PDMS was removed by etching for 30 min in a 1:1 mixture of [.OM
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tetrabutylammonium  fluoride  in tetrahydrofuran ~ (Sigma-Aldrich)  and
dimethylformamide.”” A 10 min piranha etch (3:1 aq. conc. HySO4:Hx0,) was performed
to remove residual organic contamination. After etching the wires for 5s in 10% HF
(aq), thermal P diffusion was performed using solid source CePsOy4 wafers (Saint-
Gobain, PH-900 PDS) at 850°C for 10 min (As-Grown and Scatterer) or 15 min (PRS)
under an N, ambient to yield a radial pn junction in the wire regions unprotected by the
thermal oxide. A 30 s etch in BHF was used to remove the surface dopant glass.

Photovoltaic device fabrication. Three variations of Si microwire solar cells,
As-Grown, Scatterer, and passivation-scatterer-reflector (PRS), were fabricated from the
pn-junction wire arrays.

The As-Grown cell was fabricated as follows. The pn wire array was heated to
150 °C on a hot plate and mounting wax (Quickstick 135, South Bay Tech.) was melted
into the array. Excess wax was removed from the array with a glass coverslip. The
mounting wax was then etched in a O2 plasma (400 W, 300 mT) until the wire tips were
sufficiently exposed for electrical contacting (30-90 min). After etching with buffered
HF (BHF) for 30 s, 150 nm of indium tin oxide [0.0007 Q-cm] was sputtered (48 W, 3
mTorr, 20.7:0.075 scem Ar:0») through a shadow mask to serve as a transparent contact
to the n-type shell of the Si microwires, thereby defining the area of the microwire solar
cells. Contact to the p-type core of the Si microwires was established through the p'-Si
substrate by scribing a Ga/In eutectic onto the back side of the substrate.

Fabrication of the Scatterer cell was performed identically to that of the As-
Grown cell, except that prior to infilling with wax, light-scattering particles (0.08 pm

nominal-diameter Al,Os, South Bay Technology) were added to the wire array. The
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wire-array was placed face-up in a flat-bottomed glass centrifuge tube and ~ 3 ml of an
ethanolic dispersion of the particles (~0.3 mg/ml) were added. Centrifugation (~3000
RPM) for 5 min was used to drive the particles to the base of the wire-array.

Fabrication of the PRS cell was performed identically to that for the Scatterer cell,
except that prior to the addition of the ALO; particles, a passivating layer and back
reflector were added to the cell. After definition of the radial-pn junction, the wire arrays
were etched for 5 min in BHF to completely remove the oxide diffusion barrier. The
wire arrays then underwent the full standard clean for ¢-Si (10 min in 5:1:1 by volume
H,0:H;0,(30% in H,O): NH4OH(15% 1n H,O) at 75 °C, 30 s in BHF, 10 min in 6:1:1 by
volume H;0:H;0,(30% m H,0):conc. HCI (ag.) at 75°C, 30 s i BHF), prior to
deposition of an a-SiN:H layer (~ 140 nm thick at the wire tip and ~ 60 nm thick at the
wire base) using plasma-enhanced chemical vapor deposition as described previously.'
The a-SiNs:H was then etched for 15 s in BHF prior to the deposition of a total of 1 um
planar-equivalent of Ag via thermal evaporation (two subsequent 500 nm evaporations at
two different angles (& ~5 degrees) with sample rotation to ensure continuous coverage of
the growth substrate). The sample was then coated with a solution containing 4.4 g
hexamethycyclotrisiloxane, 0.5g PDMS, and 0.05g curing agent m Sml of
dicholoromethane, spun at 1000 RPM for 30 s, and cured at 150 °C for 30 min, in order
to produce a ~3-10 um thick PDMS layer selectively at the base of the wire array. This
PDMS etch barrier allowed the Ag at the wire tips and sidewalls to be selectively
removed by etching for 6.5 min in &:1:1 methanol: NH4sOH(15% in H,O): 30 wt.% aq.
H,0;. AL Os scattering elements, mounting wax, and ITO were then added as described

ahove.
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Characterization. Dark and light current-voltage measurements were performed
on a probe station with a 4-point source-measure unit (Keithley 236). Contact to the ITO
top contact was made with a micromanipulator-controlled Au-coated tungsten probe tip.
Solar simulation was provided by a 1000 W Xe arc lamp with air mass (AM 1.5G) filters
(Oriel), calibrated to 1-sun illumination by an NREL-traceable Si reference cell (PV
Measurements, Inc.). Spectral response measurements were made in an overfilled
geometry using chopped (30 Hz) illumination from a 300 W Xe arc lamp coupled to Y4 m
monochromator (Oriel) that provided ~2 nm spectral resolution. Specimen photocurrent
was normalized (by area) to that of a 3 mm-diameter calibrated photodiode to determine
external quantum efficiency. The signals were measured with independent lock-in
detection of the sample and calibration channels. SPCM measurements were performed
using a confocal microscope (WITEC) in a light-beam-induced current (LBIC)
configuration. SPCM images were formed by rastering each device beneath a ~0.5 um

laser spot (A = 650 nm) while recording the short-circuit current (0 V bias).
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Fig. 1. Schematic of the radial pajunction (abrication process. {4} As-grown p-Strmierowire array. {8)

v

Microwire array after catalyst removal, growth of a thermal oxide and deposition of a PDMS layer. (C)
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Btching in a hydrofluoric acid solution removes the unprotected thermal oxide. (D) PDMS is removed and

a phosphorous diffusion is performed to complete the fabrication of a radial pn-junction.

Tt

S

Fig. 2. Si microwire array solar cell device geometry. (4) Cross-sectional scanning electron microscope
(SEM) image of a Si microwire array after radial pn-junction formation. The white arrow denotes the
height of the thermal oxide (used as a phosphorous diffusion barrier in the radial pn-junction fabrication

process.) fnset, top-down SEM image of the same Si microwire array illustrating the pattern fidelity and
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slight variation in wire diameter. Cross-sectional SEM image of (B) as-grown solar cell, (C) scatter solar

cell, and (D) PRS solar cell. nsets, higher magnification SEM images of the wire tips coated with ITO,

For (B

)-(C) the white arrow again denotes the height of the thermal oxide. For (D) the white arrow denotes

the presence of the Ag back reflector. Far the inset of (D) the white arrow denotes the ITO layer.
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Table I
Sample Voo (mV) J (mA/cm2) FF (%) 77 (%)
As-Grown C2R3 482 11.2 69.4 3.78
As-Grown C4R6 478 11.0-15.5 59.1 3.1-44
Scatterer C2R4 499 16.6 68.0 5.64
Scatterer C3R3 504 152 68.8 5.28
PRS C2RS5 503 222 66.1 7.38
PRS C3R5 500 22.8 67.2 7.65
PRS C4R5 498 24.3 65.4 7.92

"The numbers shown reflect bounds on the active area of as-grown C4R6 at the time of IV characterization.

See supporting information for a further discussion.
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Fig. 4. Two-dimensional photocurrent maps (90 pum x 90 um) and associated photocurrent line profiles
from the center of (4) an as-grown solar cell, (B) a scatterer solar cell, and (C) a PRS solar cell. The black
lines on each photocurrent map denote the cross-section used to produce the associated photocurrent line

profifes,
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Device fabrication
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zation of sificon nigride film,
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AbO, Hght-seattering particles

Alunting particles v
FRMS Tofill of selected
iim‘ oright othenwise
wirss without heing ﬁi“saa*rispd )Xigﬂ;\-_ 9&‘.‘.
£ 0.5 somiral particls  sized  wee
hyslrophohicized vin surfucs funciionmdization
>3 broin oo plfmd wimethvlsblorstlane i
-m,sr T izmg soveral  thmes W
tichiony iy, the parti-
LR § o Dy sonieation.
This & *nspen' m WRS .‘,tn_meﬁ \mh nneuved FOMS
o vield o ravfo of wyaan Alady :g:f“ri aClaPHMY
b welght The suspersion was drop ot oy
the wire arrys and spon at spe Is \}f (500~
000 REM (depeading on devion grsa), Prior b
ruving, the arrass were

_st“hﬂf!i\’%’{\ v sey aral

nuinetes to ri rive the ALL p:.m:i‘ie\ mwrdm the
hattonn of the POME lover, Wir wv fihos

wine cured and peeled off as desed hwi in the
i

Methods ssetion,

the opbicd a.’i}s.sa'n‘;::‘su
» AR-conting and
3 \.wti it half with
m‘,. i‘ Qe 1

Fallowing characterization of
ion, & wirg aregy wth He 8
embedded ALY po m 3 W
a vazoy Hade for crong-sect
fature m‘

N 4

‘«pm at 2.4 zzz.haw- 1 nitgat :
Fig, Saa shows the oross-sschion {‘rf &
arvay whose absorption i plotted i B 3
Alomina particles were observed betwesn the
wives, digiribured within the lower half of the
POMS film,  New tm* edge ol this %;‘V‘smmh
larger 'm'&,imuvmi::s of gonng particles waye
also phasrved above the top of the wire aney
{Fig. Sabi abthough thwee areay were ol
ifhiminated duving optical measuraments. Some
wirgs wens tadvertently severad  during the
croea-sectitiing procsy, allowing the ~8oam
SNy AR-vouting 1o by sbserverd {Fig. S3b, inset,

The optical properties S9-embeddend
ALGH partivles were also wessured, fy engure
'thm*. they did not t:aenzi:s-i‘{fe;;;te 10 parasitic
' fon withi ' s A drop of
h) pm leg wis
cursd ot 8 guart "‘de W amou{ spinning
ceptrifuging, o yleld a fie W
{mug;,s*:d ke o that of the wire IrTavy {msl
.}' {hi shsrpii this filin i shows in
‘}i'_ms 1 was fess than 8%

¥

& vaiEe of thia st
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Figure 33. 5EM images of the paivmse
embedded 8 wire gy that was medsunad in
Fig. 30 @, cross=sectdon of central arén of array
shiwing distribution of ALO: particles. b, viaw of
adge of array, with inset showing the ~80 nm 8¥,
AR-coating visible on wie sidewsll

'w
Z

Rt
o’

Blasorpron

2

T T
iy

Figurs B4, hiegrated normancidente abstip-

thomy of ~300 wn-thick Sl of ARGy particles

embedold within FOMS,  inset Digitad ph um“

graph of this specinmen.
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Integrating sphere measuremends

Eapermentol apporatns

Pvtegrated  reflection and  tragmmission
teasureniants were performed with o custom~

i sphiere apparatus, 8¢ showt
in Figure 85, The internsd sirfacss of the sphiere,
baffles, port apertures, and e
sanatbdasied, they cleaned and coated with @
Baly, bmegrating sphers enating (LabSphers,
ine} to achieve neardy b Lambertiat
reflectivite,  [Hannnation was provided by a
chopped supercontivanut hser soures {Flastnn

built 4" degrat

i

stages

sopted fo & D28 mmonoghrymainy, alfowing
tunable excitation froam 00 s 1 > IB00 DM
with & typde
station bean wi
size {FWHM) with <« 0.7 of beam divergenes. &
pair of caditented B {geo-uigo amd o Ge
{inpoo-1dea noy  photodiodes was wed o
sivtiltowousdy mwmitor the Habt Intansity of the
ineident beam (veferenved vin & quarte besn

sl dugensity internal vo the
splare. Measurs vptealty perforned
from 4001150 B 0 2w inorements, exospt

=52

betwesnt 1058 et 1ovo mn whers the reportes

HEls »

Fhotodatecty

Haffte assembly -

N )
Saraple

Figure S5,

al prssband of < 0.5 . The Hhanl-
focused to produee 8 1 mns spot

{on guany shidel

Hustration of integrating sphere measurements,

whith way areessed by wotin

vtuey were hterpolated from medssmemend o
either endpoint due 1 sn wastalde peak i the
Hhnmination dsosity & 1064 .

fnn fransobssiont owde, each specimed was
placed over a 1 mm-dlameter entranes port of
the irdegraling sphems (Fig. Sxad.  Motorized
operation  permitted  cecentric vofation and
translation i pwo dimensions with oa’ and
106 o resolition, vespertively. The wire array
fragmmission wag normalized o B8 previousty
measired trapwmission of the guany slides
fred travedativn of
the sphere at the begiviing of the wemsurement
seqpenes. In rellection puwsde, each speefmen
wag plaed al the centor of the sphire ovey & 5
mnciarneter Hght trap that abswhed any light

Uthrough the specimen (Fig.
parrsttond

Sy Y

rotation i one dimension (8. with oa” veseola-
tion. The Gl 1o the sepond (L) dimvension was
typdesdly fixed gt ~0.5% o prevent the specelay
retlestiva from sscapdug the sphers theough the
1 mmedineter mingtion port apertire, The
wive arvay reflection was normalized to 2

7
=
%
g:
=
}

Reflaciznca
shandasd ™ \\

aparhas

& configuration for transmission

measurements. The incldance heam angls variation was achieved by the sucentric tilt of the entire sphers
apparstus, b, canflouration for reflection measurgments. The inddence beam angle warlation was achieved

by rotation of the reflsction stage within the sphers,
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v kmnoc standdard {LabSphmve, ne} within the
which  wig s ‘uy motariesd
frs and v mﬁwn sof the sprobugn st
and sphere assenddy,  For the measueene it\
parformed om g ith’!ﬂ{ bk-reflsctors, each wire
wrray Hlm wis pemoved frwn the transparent
guavty slide and pheed omte o shde which had
beart costed with w00 wm of svaporated Ag
Fou the Lambertian back meflecton stucies, e \‘ﬂ

HOQES

wire  array Ghn owas remeved  fromr the
travesparant sty slide and p faced b a sheet
of AL thar bad been cleannd, voughened, sl
coatedt with  Bal, h'im '}w other nternad

gintaces of the  degoding
reflectivity of soch  supfaoes
thronghout most of the measurenient rng
Fig. R61.

sphimpe. Thie
eveperiad o
e {spe

100%

sAunhenan iy &»CU btk sf

R

gaosh

SN
NN
N
\-.\““\\\\\
NSNS
N

RPN
““\“\-m“‘“\\\\ AN AR
S

o

s .
i STl A vl el
SR ‘ 4

Reflection

45 &by
A nm

Figure 56, integrated reflection measurements of

the hackvaffectors used i these studiss,

Deterpanution of ahsorpiion

The aleorption of  aeach  sprOmms Wk
detérmingd from the wavelsngth- angd anglse
vesibvad Integrated bansmission and reflectinn
wessurementy. Fre pop-opap apechoens (.8
placed  wpon quarty shides),
ratendated as:

WHE  Aays
abserptim was

A el ROL LA 8 {1}

For-gpague speeimens fog the conanergdal $

solar eelty or thove placed on opague bick-
vaflockows,  sbsorption wis oalouluted  froms
veflactivity yneasirements only:

AR, =1 B H {2

Example transoission, reflection, and resulting

abmorpiion meastvements of 3 trlangular-tiled

74
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Yiomny

]
R

TR

&

b ~~¢\\\ \
N \ X

i s

Figure §7. Example absorption measursments.
Schematic (np row) angd messurements of rafleg

tion {secomdd mawd, Transodssiaay {third rowy), and
absorption {thottom mw! of a wangular-tiled wire
array e = LAW, placed on g guanz siu:se {leh
cohnnn} of & Larbanian back-reflacior (right,
array (= 88%, SR i wire lengihl are shown

o Figo 87 Shudlar wmeamummaents  were
perfirmert on all wivs arrays tn this studs,

.41} and {2}, 9 vepresents the divectnn of
it durtng meamrernents, which wag gsially 8
as defined in Fig. L Due o the angdarh
andssiropic optical propevtiss of the pariodic

(g seprae-tiled ) wive avvays {see Fig 21 3t was
i

mpurtant that sach avray e vhad i the sapm
divection with respoct to the Lt

wirgs—aspechally  when  cpmbining
moiwd refloction and transmission meastve~
o cadeidaie absorption, Ficdhieial
markings & the corner of each areay provided
i

pinent o howaver fo
LRsHE z‘e?‘.t\a‘{larm‘i‘xl: orvientation of the periadig
arraye within the 1l plane, thelr

teansmitted {or
veffectady diffeaction patterns ware imed o aligh

approxinate ali

ot
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sawh arvay’
mstch the
Furthermn

sotvention. depigied dn Big 2.
the specular vefle
spertmen was tsad 1 align
noraabincidence Hundnation
o e measursment.

e feran e‘fif‘h

Fosa

sonditions _g,:t;\(..»r.

Sub-bandgap ahsprption

prohrally esvhsd measurensets of e wire
v owers aso perfonmed ab wavelengths
excending the B band edge {Ha0-1200 nuid
where e band-to-baned sbeprption s eypevted.
In the absence of a back-meflecior, the abserved
sub-handgay absarption d8 noy swead 3% to
MJ% angd was tbypieally helvw g%
eyiation o dve absorption {
i pasondar) can be
experimental artifant

avising from the
vaviation f the sy optical 4
the transnission snd refection measurements
not e
cation on

pdih\l;

wed et the same
sy sperimesn,

wiys

ach
arfations of up W 0.08 in absolite transmis-
gion were obsenverd boroms the wire sy

hewever this astifact alone conld not ascomnt for
the larger fnstances of sub-lwmudgap sheption,
mer tiat obgerved when the aevays were placed
on the back-reflector {1-313%})  Thux, this sub-

bandgap shsorptinn vy be doe o parssitic
Wy wwefal) absorption proc

{non-photpvoltaieg
Parvasitic shsorption at shove-handgap
wavelrugths wondd be delrimentad to any phote-
vodtate devies, and oot be addvessed din thig
absorption stwly.

LRSS,

VL e

P, &
o L T
% ot W
§ RN iy gt & 4

g : - -
400 600 ESEY 1008
1 i

Figure 58, Integrated normalb-ingidencs
shsarption of ~1ranethick BOMS flm.

 attien pattern orievtation to the

the equipmeng o

Sonng
negative values
m‘l‘rab& sd o an

exvsity, hecause
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carvier absorption is an ivtnsic souvce of
_ dtie  absorption . within S solay cslige
However the abstrption fus to fres-currier pro-
gessey was Hkely nepligide &t these wavalsngthy,
Tecause myost wives wave nominally undoped,
and the dhimination levels
septivaleny infensiiy). Abwe
FDMS was also xwg!gﬂ
feat, T thick) &l

e

were fow (< 3aun
seorptiog due 1o the
& refarivady thick

Foured PDMS extibited
sheorption  helow ~poe  thronghont  the

neasiy

anert range (Fig. 88}

Chars by
Au-vatalyvs
~g3d at these waveleng

$
primarily

d sub-bandgap sbemption in
s {up o
bee

T PEpoTte

od, VES-growny 88 wire agi
thsd and tids has
stritunnd o the prasence m’” surhy

states, defenty, alest metal particlest
W 'i ~Kanen .‘§ wocertin defets o z,s.egmz‘itieS

EQ\;&) i A

\-@‘1{‘3 &

oy bm)(

mh h wdgap

‘r)‘.fm?t 5
absarption mechanism has besn proposed sl
stdind as voute to extetd the officlasey Kot of
& singledunetion solar sell ¥ parteadasty 1o ngne

fd\v 3‘32{\;"‘%‘;{’312? 5

panar jaretion gemgetiey e

The 1PV efiect has been sprrimentally shissrved
rii vorgrhiened SUsufavesy aid for Au traps in
oth of mmh sy be prasent in A

ahm; piors b oot veb begy shown tg pm&uw
an overall fnoresss In efficlengy s, comparable
convertiona § solar cells. Moveover, po sub-
bandeap photogeneration hay been repotted fiw
sither surfacesstute-tnitored s Au-teap-indaead

1PV absorpiion within v purely pholovoliaie
dovive.,  Becausd of this, sud the wellbnowsn
defeterinng. properties of surfase

deepdovel trapy within S solyy e g
conetude thay TRV shaorphion,  preser, should

for th
¢ performaneg

pob pesently be considered  psedul
purpose of egtimating photovolta
bty frean absorptisn: m

oRurements,
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b

Fysenrg s

S Y

s

SR

Figure 59, Exampls of scaling procedurs,
appdied o the rreasurements of a triangular-tited
wirg array inf = 4.9%) that exhibited ~14% sub-
bandgap absorption {placed on & Lombertisn
Back-reflectorl & raw absorption dats, and b
acaled absorpion data.

Thus n this study it was assuined that vhee
sub-bandgap absorplioh, whert present, wis
parasitie,  Parasitie behavior ot sbove-bandgsp
phuton enerfies could not be determined foun
the optical measrements, becaise W raanot be
distinguished fron 8 absorpiion. I presmd,
howsvr, the above-bandgap parasitic absurg-
oy shoold vot be neluded i the estimation of
a solar vell's sunlight witlization potsotisl {dah
not should # be included iy the comparison of 3
wirs srrd's absorphion o planar sbsoy
Tty a8 W Figo 4 Thos o winingdze the
potential cantribution of parasitic sbeorption 1o
mil ]

these smadyess {as ay to pate

wall >
experimental avtifet desoriiad el the
shsvrption of vach wire grray wis scaled based
on s observad sub-bavdgap absorpticsr. This
was achdeved by poiformiy scaling {by uwp
1oy} the transmission and reflection meass
itsof each wire armay, 50 as to prodice an
on (averaged from ¥150-1300 ) sgnal

N

r that s a PIOME il {~on) A sauaphs of
g of the st axtrene tasss of this acaling is

shown i Fig 8¢ Most wire arrays did nnt
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.

requiie substtial seallng og Bg v

e

o owhish
data appears ansealed. )

Koo that the scaling provedize was ot appliad

data wsed 3o calenlate te LOQUE of the
wire suray elecivode {Fig. 51 bocsuse {hix
experimient suught to o {nvestigete  preasitie
shsorption.  Furthermorg,
apprhied to oy of the cordr messorements, w
thove of nonewirgarsay absovbess {sg the
eommards] 8 solar ool of Figs, 30 and B1y,
Sealing aot appd
photosdsetrochemnical measres
» Slne those rocgstranaid

weefal  Quoweparasit

" L,
th e

an sealing  wis

R
gt

was . giso

ggding afticie
directly

absorption.

TRERSULE

twas nob clesy what caused some samples to
exhibit sub-landeap absorption, while others
ware vivhdly travapaesat at these wavelongth
Beeanse cach wire aoray was saliject to ldotied
etrhing vonditions during proosssing,

that this sbyovptiot wmay b die to endrapped
particles of eatslysr mersl, rather than surfive-
state ov  bull-teap stel  absorption s
previously saggested.  Catadyat metal Juclusions

fi atyzed VI&-grown

IR,

ol

)

v besn oheervad In Ao
Siwdres, B and 1t i known that €
pregipitge npem rapid cosling within covstadiine

fetinately, the cooling se of wims
4 greatly

w aiek Nireadily

followity VLS growth vark

not eantrntiad) in this study
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Figure of merit calcplations

Figre of mortt definidon

Thi figure of neetd (FOMY utilized in s shudy

calvolutes the appeancdioats fracti of aboves

v
Dandeap sundight e ﬁ; mcizz‘rmt} that & wire
seray might sbsorh inox day of npevation ss v
noretracking eoday (:(sri'i. This  calealation

eorodyines the angle~ and wavelenaths dependent
absorption measisaads A4 of each wirg
avray with a standard veference spectrun that
speaifios the photon flax of diveet nomwal
sediation {1 4t each hour { wwl v
thravghout the day. Ths speeh sresenis
dirent solay solation typlest of 3 summmer o
{he southwrst LS

i eua:ﬁﬂgti'x A

the FOM calialaticn and the
it
oyedd an alsorbing device, tiled so 88 o fack the
st 8t poon, but which di nb othervwiss track
the sue (e, oviented at global tih) The path of
thie san seross the sky way simpliffed as s
squatirial are that i sonfined within the
sqaterial phine such that o sbugle angle 8400
deseribes the Incidence angle of divent sun
throughout the day, Inthis cage, 8, = 0% @l noon
snd progeesses st 157/ b, Undeér these sssunipe-
tiong, the fraction of sboverbandiep welde
photons that would be sheovhed Hom this
refirence specinim, duy, van be expressed as:

Figure 810 depicts
assodated stmplifiing condifons. We o

- 0f)

N

K

Thiv ealealstion v pecformed for e witn
aver the range 400 k< oo nn and
o o s (B torzend, These Hindts ave
fopossd by the spestral vange of  ths
anrination souree R 400 1) and th
band adge (Rae ~ 10000, & W

“ Nuts that the wfsvane '\}g&‘i‘ PRI W & Myoeshif ti o
yigdd maximing die : zmia iom Hlensiy
froRry, b privtiatby cor < betw
noxan ansd Foos)

%

N,

“I REN
A

i,

&

Figies $10, Schematis of FOM raltidation
mechsoreal vedation ity of the integrating
sphere, 15 us Integration fHOEe SRUOWINEIES
25 mAH o of the 9085 mAH an® of aboves
banwleap photrvegquivalent charge that would
strike the glabal il plase nnde this sdesace

spectninm and wssoclgted siplifiing

Lttt {resolved by o

figare of perit calonlation
sffectively ntiliees the full extent of thy agde
and  wavelengthedependent  adsoption msass
urements })t Rl ed hernin, B clearly I8 nob a

af salar pell pfficleney, nor
deass i s:sm*rm“? to :i‘ul_ij approximate veadistie
solar Hwnination,  Coe privary Hodtation is
that - diffise,

_"‘(\h;'fi. hamiaation {whreh
avcoind for s madovity of q

sl ol vadintion

i smne greas 0‘1‘ the wor u} ot tiben into
socount. Althoush  diffiss dhanbetion proefile
svelength and

shimorptitn of a

sounld be broken
mudﬂ‘u'? smviz:‘ 't'(a 8¢

a3

STt varies wes i

HER and DERERTUE mhe
ther subieet of muaeh rosearch and modeimw ami
ix bevoad the senpe of this study, Fucthermore,
the  lak of v absorption dats
eiv‘at-ﬁsi%’g‘:’mndim -m > 50Y incldenve anglex Thmity
difbuse dbxmpt;m eodd

r«u [OUR o]

i:ss';'; m&;ﬂ Q ?ii«.ﬁﬁ .
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I his stody, the onission of diffase iradiation
tiong s pantially mitgamed by the
g veleretwe  spestrine that &
ot chinate. Diffuse

frradintion aceonnts for onby ~10% of thie totd

pe

3

above-handgay  phicton curvent stribing the
globat 1l plane ander the reference conditions.
Fusthermore, sinee diffuse sundig)
aofay ol from all ansles, the day-integraisd
alworption of  ditest  sonlight owwr
calendated hewsin s lkely alen & reay
sudheator of the wive s’y effectivensess b
absorbing diffuse sudight.

Although our figare of wmerit wokes ssmarsl
sipyatifving  sesumiptions, does '
diffuse. dlumination, and neglechs

suitput effictency considerstion {such as the ol

proeides gn

.
sQiar-a1

tngtructive gange o compare §
ptiltestion-patential of the wis araye ay 2
perrentage of the theoretical Tnit of an ideally
absorbing S solar cell. To provide s refersues
pefnt for this flgurs of marit oxdenlarion, wa have

also miensured the shaorption charsoteristies of a
eennvisreial, AR~oaterd, podyerystadline solar cell
asing the same integrating sphus apparatus
g, Sun T Its i
0,871 i counpared to tose of the wive arvays i

g, qe,

Sborption
9%
S
> et

. 300
Atvan}

Figure 311 Measurnd intagratad absorption of

280-urn-thick, commercid polysiyataiine 51 salar
rell with dislectric AR-coating. Right: Photagraph
of ~2 orvesguare arsa of tis solar cell,

Study of wive areay goometry

in this study, @8 wdgos 81 wire armays wers

grown by a photolithographically patterned VIS

PCT/US2010/058422

- arvay patteray devived eont seven

filing paiterns, with dameters of 9 ov 5 paand
pipimpm piteh  {cantordo-couter distanes
bedwenny adiacent holes) of 70 9, o 12 pone The
nling  patterny  inclededs perlodic Gguare,
wimngadary;  chipedeperindic  {sguae and
gl latiloss where each wire bl been
randosaly disphiced by up to 2 aod quasi-
periodis {Fenvose, dodenagomwall and quasi-
vatidonn {random placament of wives not less
than the mininuws ied from one snotherd
Wive fength was waninally controllsd by VES
growth Bme, howsever, arays with higher avesd
panking fraction exhibited slower growth rates
than those with lower packing fractions.

otal, wire arsys of sanh of the 28 unigui iy
Tt g h packing
ranging from LE% 0 BN, wire

8 W gronem, w

N ' §
ERERIEE b ERh RS

g foom 24 0 97 e The wire aray

Sheriinens were approxiitately § win e Sann in
extent, snel bast varving optical properties visibls

o the naked eye (Fig. S12)

Figure $12. Digital photograph of several wirg
array sampdes oo particlar orden) flustrating
the vaniation i optical properties visilde to the

v

Figurss Siga and S5h show the fipures of merit
for the wive arvays msasured indids studdy, bath
with {b) and without {8} a Lambertian bk~
Hrctor; a6 a fopepion of aveal packing fraction,
wite wize, soud avvay lstter padtern, The gse oty
Lambertian back reflectnr may overestiaats the
randomaration of Hght thay could be aclieved by

e
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hiere in this

frravs the

seattering par wi;_, ;L & f&:n ¥ sedgen
amd v, without m{}v ing dupticate ¢
fabrivated with the embedied lghdsomtterhg
particles.

o of mederste

fraction achieved the tughest
o Adthouzh wirg aeeges with I
1 32 ng i torions {< 7% ex htmmiiv\wmb\u -
tion, thelr daw udue« were oftan oty tiges
{1ne-2sx thely aveal packing fis u‘mn with the
gremtest Aqginy vabios oo :‘re;»;’:»zmdiﬂng o the
Torgest (up W~ 10D g} wires: s erhanig-
it Hkely avises from thee inheveny scattering
aad diffeaction of 1gght aleng the lenghh of

'r‘ o

pu‘iyrz‘;e!ii--emL‘»wdi o wire arvgey, The wirg gregvs
st packing frachiony (1-16%) did
vk it ihe. grestest absorption, partially
becanse these wires were shorter {~2% gt in
longt) alt of o shwer VLS gooeth made
ohasyved for § RES RIS %*l‘;mm by, these
dense-packed arravs extibited grester wf
tivity than the moderately p;;;ﬁkmi ArTavs,
prasinahly doe to the neremsing sarfses arg

aof
the zeflws‘txw oy varfaves of the wirss. Thus,
wederats (B-10%] packing

i eneval, we found that v
ih««um} pad\m

Thi

with the highe

28

S0

Farfions with longey
{’4{.}«—0(} Hin wive %.smg‘th.\; were fmnsd o optin
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CLAIMS

1. A structure comprising:
an array of elongated semiconductor elements;
an infill material located in a space between the elongated semiconductor elements; and
a reflective material, configured to reflect incident light and direct the incident light to the

elongated semiconductor elements.

2. The structure of claim 1, wherein the reflective material is a metal material.

3. The structure of claim 1 or 2, including a light scattering texture applied to the reflective

material.

4. The structure of any one of the preceding claims, including a light concentrating texture

applied to the reflective material.

5. The structure of any one of the preceding claims, wherein the elongated semiconductor
elements extends from a substrate, and the reflective material 1s interposed between the infill

material and the substrate.

6. The structure of any one of the preceding claims, wherein the reflective material also transmits

at least some of the light at photon energies below that of a semiconductor bandgap energy.

7. A structure comprising:

an array of elongated semiconductor elements;

an infill material located between the elongated semiconductor elements; and

an antireflective coating at least partially and superficially covering a respective elongated
semiconductor element, the antireflective layer being interposed between the infill material and

the respective elongated semiconductor element.
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8. The structure of claim 7, further comprising a plurality of antireflective coatings, wherein
each coating at least partially and superficially covers the respective elongated semiconductor

element.

9. The structure of claim 7 or §, wherein the antireflective coating varies in thickness along a

surface of the elongated semiconductor elements.

10. The structure of claim 7 or &, wherein the antireflective coating varies in composition along a

surface of the elongated semiconductor elements.

11. The structure of any one of claims 7 to 10, further comprising light scattering material

applied on the antireflective coating.

12. A structure comprising:
an array of elongated semiconductor elements;
an infill material located in a space between the elongated semiconductor elements; and
a light scattering material included in the infill material and surrounding the elongated

seniconductor elements.

13. The structure of claim 12, wherein the infill material includes an infill bottom zone closer to
a bottom of the structure than to a infill top zone, and wherein a concentration of the light
scattering elements is higher in the infill bottom zone than in the mnfill top zone, the bottom of

the structure being opposite to a zone exposed to incident light.

14. The structure of claim 12 or 13, wherein the light-scattering elements comprise one element
selected from the group including void, bubble, dielectric composition, particle of metal, and a

polymer.

15. The structure of claim 14, wherein the dielectric composition comprises one element selected

from the group including AL, O;, BaSO,, T10,, Si0;.
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16. The structure of claim 14, wherein the particle of metal comprises one element selected from

the group including Ag, Au, Ni, Al and Cu.

17. The structure of any one of claims 13 to 16, wherein the elongated semiconductor elements

have minor dimension of at least 1 um.

18. The structure of any one of claims 13 to 16, wherein the array of elongated semiconductor

elements has a packing fraction less than 10%.

19. A structure comprising:

an array of substantially vertically oriented elongated semiconductor elements;

an mfill material located in a space between the elongated semiconductor elements; and
a material applied at least partially on a surface of the infill material, said material being
selected from the group consisting of: light scattering material, concentrating material, and a

fexture.

20. A solar cell comprising the structure of any one of claims 1-19.

21. A photoconverter device, comprising:

a top transparent contact,

a bottom metal contact, and

the structure of any one of claims 1 to 19, interposed between the top transparent contact
and the bottom metal contact, wherein the bottom metal contact also serves in part or in whole as

the reflective material of said structure.

22. A photoelectrochemical device comprising a liquid electrolyte solution and the structure of
any one of claims 1 to 19 placed in the liquid electrolyte solution, wherein the liquid electrolyte

partially or wholly comprises the infill material of said structure.
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