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INTEGRATION OF A TITANIA LAYER IN AN
ANTI-REFLECTIVE COATING

can also serve as a surface passivation layer, whereby the

recombination of electron-hole pairs (that are formed by the
incident light) is retarded, since such recombination reduces
the electrons that are collected from the solar cell, and hence

CROSS REFERENCE TO RELATED
APPLICATION

reduces the ef?ciency of the solar cell.
According to an aspect of the present disclosure, a method
of forming an anti-re?ective coating is provided. A stack,

This application is a continuation of US. patent applica
tion Ser. No. 13/534,037, ?led Jun. 27, 2012 the entire content

from bottom to top, of a ?rst dielectric material layer and a
titanium layer is formed on a semiconductor substrate. The
stack is patterned to physically expose a semiconductor sur

and disclosure of which is incorporated herein by reference.
BACKGROUND

face of the semiconductor substrate. A remaining portion of
the titanium layer is converted into a titania layer by oxida

The present disclosure generally relates to an anti-re?ec
tive coating, and particularly to a method of forming an anti
re?ective coating including a titania layer and a structure
including the same. Further, the present disclosure relates to
a method of forming an anti-re?ective coating that has mul
tiple layers including with a structure that includes dual anti

tion. At least one metallic material is plated on the semicon

re?ective coating layers.
Light that impinges onto a front surface of a photovoltaic
device passes through the front surface and generates an
electron-hole pair within the semiconductor material. An

electrostatic ?eld generated by the p-n junction causes the
electrons generated by the light to move toward the n-type
material, and the holes generated by the light to move toward

20

25

ductor surface while preventing growth of the at least one
metallic material from the titania layer. A second dielectric
material layer is formed on the titania layer and the at least
one metallic material. The ?rst dielectric material layer, the
titania layer, and the second dielectric material layer collec
tively form an anti-re?ective coating.
According to another aspect of the present disclosure, an
anti-re?ective coating (ARC) structure including: a semicon
ductor substrate; a ?rst dielectric material layer located on the
semiconductor substrate; a titania layer located on the ?rst
dielectric material layer; at least one metallic material portion

the p-type material. Contacts are made to the front side and

in contact with a semiconductor material of the semiconduc

the back side of the photovoltaic device to collect the charge

tor substrate and overlying a portion of the titania layer; and
a second dielectric material layer located on the titania layer

carriers, thereby providing electromotive force for the pho
tovoltaic device.
Re?ection of light at the front surface reduces the ef?
ciency of a photovoltaic device. In order to increase the ef?

and an outer surface of the at least one metallic material
30

layer, and the second dielectric material layer collectively

ciency of a photovoltaic device, therefore, it is necessary to
minimize the re?ection of light at the front surface.
BRIEF SUMMARY

35

A stack of a ?rst dielectric layer and a titanium layer is
formed on a front surface of a semiconductor substrate

including a p-n junction, and is subsequently patterned so that
a semiconductor surface is physically exposed in metal con
tact regions of the front surface of the semiconductor sub
strate. The remaining portion of the titanium layer is con

portion, wherein the ?rst dielectric material layer, the titania

40

constitute an anti-re?ective coating layer.
According to yet another aspect of the present disclosure,
another method of forming an anti-re?ective coating is pro
vided. A stack, from bottom to top, of a ?rst dielectric mate
rial layer and a titania layer is formed on a semiconductor
substrate. The stack is patterned to physically expose a semi
conductor surface of the semiconductor substrate. At least
one metallic material is plated on the semiconductor surface
while preventing growth of the at least one metallic material

from the titania layer. A second dielectric material layer is

verted into a titania layer by oxidation. A metal layer is plated

formed on the titania layer and the at least one metallic mate

on the metal contact regions, and a copper line is subse
quently plated on the metal layer or a metal semiconductor

rial. The ?rst dielectric material layer, the titania layer, and the
second dielectric material layer collectively form an anti

45

alloy derived from the metal layer. A second layer is deposited

re?ective coating.

over the titania layer and the copper line to complete the

In one embodiment, the patterning of the stack is per
formed by irradiation by laser. In one embodiment, a p-n
junction present in the semiconductor substrate can be selec

formation of the anti-re?ection coating (ARC) stack, and is
subsequently patterned to provide electrical contact to the
copper line.
In one embodiment, an anti-re?ection coating (ARC) stack
including a ?rst dielectric layer, such as a silicon nitride layer,

50

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

can be formed on a front surface of a semiconductor substrate

including a p-n junction. The ARC stack can be subsequently
patterned so that a semiconductor surface is physically

55

exposed in metal contact regions of the front surface of the
semiconductor substrate. A metal layer can be plated on the
metal contact regions, and a copper line can be subsequently
plated on the metal layer or a metal semiconductor alloy
derived from the metal layer. A second ARC layer can be
deposited over the ?rst ARC layer and the copper line, and can

structure after formation of a faceted front surface of a faceted
60

back side surface according to an embodiment of the present
disclosure.
FIG. 3 is a vertical cross-sectional view of the exemplary
structure after formation of a front side p-n junction and a
back side p-n junction according to an embodiment of the

65

present disclosure.

copper line.

The function of the dielectric layer that is placed immedi

coating (ARC) of the solar cell. Further, the dielectric layer

FIG. 1 is a vertical cross-sectional view of an exemplary
structure including a semiconductor substrate according to an

embodiment of the present disclosure.
FIG. 2 is a vertical cross-sectional view of the exemplary

be subsequently patterned to provide electrical contact to the
ately in contact with a silicon surface can be twofold. The
dielectric layer can function as a part of the anti-re?ection

tively deepened only in regions irradiated by the laser.

FIG. 4 is a top-down view of the exemplary structure of
FIG. 3.

US 8,946,844 B2
3

4

FIG. 5 is a vertical cross-sectional view of the exemplary
structure after deposition of a ?rst dielectric material layer on
the faceted front surface according to an embodiment of the

reference numerals refer to like elements across different

embodiments. The drawings are not necessarily drawn to
scale.
Referring to FIG. 1, an exemplary structure according to an
embodiment of the present disclosure includes a semiconduc
tor substrate 8 that includes a semiconductor layer 10. The
semiconductor layer 10 includes a semiconductor material.
The semiconductor material can be silicon, germanium, a
silicon germanium alloy, a silicon carbon alloy, a silicon

present disclosure.
FIG. 6 is a vertical cross-sectional view of the exemplary
structure after planarization of the back surface of the semi
conductor substrate according to an embodiment of the

present disclosure.
FIG. 7 is a vertical cross-sectional view of the exemplary
structure after formation of a back side contact layer accord
ing to an embodiment of the present disclosure.
FIG. 8 is a vertical cross-sectional view of the exemplary
structure after deposition of a titanium layer according to an

embodiment of the present disclosure.
FIG. 9 is a vertical cross-sectional view of the exemplary
structure after formation of a patterned masking layer accord
ing to an embodiment of the present disclosure.
FIG. 10 is a vertical cross-sectional view of the exemplary
structure after patterning of the titanium layer and the ?rst
dielectric material layer according to an embodiment of the
present disclosure.
FIG. 11 is a vertical cross-sectional view of the exemplary
structure after removal of the masking layer according to an
embodiment of the present disclosure.
FIG. 12 is a vertical cross-sectional view of the exemplary
structure after conversion of the titanium layer into a titania
layer according to an embodiment of the present disclosure.
FIG. 13 is a vertical cross-sectional view of the exemplary
structure after plating a ?rst metallic material directly on the

germanium carbon alloy, a III-V compound semiconductor
material, a II-VI compound semiconductor material, or any
other semiconductor material known in the art. The semicon
ductor material of the semiconductor substrate can be single

crystalline, polycrystalline, or amorphous.

20

101 8/cm3 . In one embodiment, the semiconductor material of
25

the semiconductor layer 10 can be p-doped single crystalline
silicon.
The top surface of the semiconductor layer 10 can be
provided as a planar surface or a faceted surface. If the top

30

semiconductor surface while preventing growth of the ?rst
metallic material from the titania layer according to an
embodiment of the present disclosure.
FIG. 14 is a vertical cross-sectional view of the exemplary
structure after forming a metal semiconductor alloy portion
by reacting the ?rst metallic material with a semiconductor
material underneath the semiconductor surface according to
an embodiment of the present disclosure.
FIG. 15 is a vertical cross-sectional view of the exemplary
structure after plating a second metallic material directly on

The semiconductor material of the semiconductor layer 10
is doped with dopants of a ?rst conductivity type, which can
be p-type or n-type. P-type dopants can be B, Ga, In, or a
combination thereof, and n-type dopants can be P, As, Sb, or
a combination thereof. Dopant concentration in the semicon
ductor layer 10 can be from l.0><1014/cm3 to 1.0x1021/cm3,
although lesser and greater dopant concentrations can also be
employed. In one embodiment, dopant concentration in the
semiconductor layer 10 can be from l.0><1016/cm3 to 1.0x

surface of the semiconductor layer 10 is planar, the top sur
face of the semiconductor layer 10 can be subsequently con
verted into a faceted surface. For example, if the semiconduc

tor layer 10 includes a single crystalline semiconductor
material, a wet etch in a base solution such as KOH can be

employed to form single crystalline facets on the top and
35

bottom surfaces of the semiconductor substrate as illustrated

40

in FIG. 2. Further, any facet-forming etch chemistries for a
single crystalline material, which are known as crystallo
graphic etches in the art, can also be employed to form facets
on the top and bottom surfaces of the single crystalline mate
rial of the semiconductor layer 10. If the semiconductor layer
10 includes a polycrystalline semiconductor material, a wet
etch in an acid solution such as a mixture of hydro?uoric acid

the metal semiconductor alloy portion while preventing
growth of the second metallic material from the titania layer

(HF) and nitric acid (HNO3) can be employed to form poly

according to an embodiment of the present disclosure.
FIG. 16 is a vertical cross-sectional view of the exemplary
structure after deposition of a second dielectric material layer
according to an embodiment of the present disclosure.
FIG. 17 is a vertical cross-sectional view of the exemplary
structure after forming an opening within a portion of the
second dielectric material layer over a topmost surface of the
second metallic material according to an embodiment of the

crystalline facets on the top and bottom surfaces of the semi
45

50

present disclosure.
FIG. 18 is a vertical cross-sectional view of a busbar region

of the exemplary structure at a processing step corresponding
to FIG. 17.

55

FIG. 19 is a vertical cross-sectional view of a ?nger region

physical faceted bottom surface of the semiconductor layer
10 may have regular or irregular spacing and/or height among
the facets.
Referring to FIGS. 3 and 4, at least one p-n junction is
formed in the semiconductor substrate 8 by converting at least
one surface portion of the semiconductor substrate 8 into at
least one semiconductor portion having a doping of a second

conductivity type, which is the opposite of the ?rst conduc
tivity type. For example, if the ?rst conductivity type is

of the exemplary structure at the processing step correspond
ing to FIG. 17.
FIG. 20 is a top-down view of the exemplary structure at

the processing step corresponding to FIG. 17.

conductor substrate as illustrated in FIG. 2. While the faceted

top surface and the faceted bottom surface of the semicon
ductor layer 10 are illustrated as having a regular periodicity,
it is noted that the illustration in FIG. 2 is only schematic, and
that an actual physical faceted top surface and an actual

60

DETAILED DESCRIPTION

p-type, the second conductivity type is n-type, and vice versa.
The at least one p-n junction is formed by introducing dopants
of the second conductivity type into at least a surface region of
the front surface of the semiconductor substrate 8.
In one embodiment, the at least one p-n junction can

include a ?rst p-n junction (a front side p-n junction) formed

As stated above, the present disclosure relates to a method

of forming an anti-re?ective coating including a titania layer

65

near the top surface of the semiconductor substrate 8 and a

and a structure including the same, which are now described

second p-n junction (a back side p-n junction) formed near the

in detail with accompanying ?gures. It is noted that like

bottom surface of the semiconductor substrate 8. For

US 8,946,844 B2
5
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example, dopants of the second conductivity type can be

a single p-n junction formed near the top surface of the semi

planarizes the surface, but such planarization is not an essen
tial feature. The wet etch chemical can be selected such that
the ?rst dielectric material layer 30 present on the top surface
of the semiconductor substrate 8 prevents etching of the front
surface of the semiconductor substrate 8.
The deliberate removal of the backside p-n junction
described above can be omitted depending on the succeeding
process step. For instance, if blanket aluminum is reacted
with the back surface, the backside p-n junction is over
whelmed, and hence does not need to be removed. If local
back-contacts are to be made, however, the backside p-n

conductor substrate 8. For example, dopants of the second

junction can be removed as described above.

conductivity type can be introduced into an upper surface

Referring to FIG. 7, a back side contact layer 40 is formed
on the back side of the semiconductor substrate 8, for

introduced into an upper surface region underneath the top
surface and into a lower surface region directly above the
bottom surface of the semiconductor substrate 8 during an
exposure to a dopant gas at an elevated temperature. If the

dopants include phosphorus, POCl3 doping gas can be
employed in an anneal for a duration of about few minutes to
1 hour at an elevated temperature selected in a range from
700° C. to 1,0000 C.
In another embodiment, the at least one p-n junction can be

region underneath the top surface of the semiconductor sub
strate 8 by ion implantation of dopants of the second conduc

example, by physical vapor deposition (PVD). The back side

tivity type.

contact layer 40 can include a metallic material such as alu
minum or any other elemental metal or an interrnetallic alloy.

Each p-n junction is formed within the semiconductor
layer 10 at a location vertically offset from a semiconductor

surface. The portion of the semiconductor substrate 8 having
a doping of the second conductivity type and located under

20

neath the front surface is herein referred to as a front doped

semiconductor portion 20. The portion of the semiconductor
substrate 8 having a doping of the second conductivity type
and located directly above the back surface is herein referred
to as a backside doped semiconductor portion 22. The thick
ness of the front doped semiconductor portion 20 can be
measured by the vertical distance, i.e., the distance as mea

sured in a direction perpendicular to a plane passing through
the average height of the faceted front surface of the semi
conductor substrate 8, between the front surface of the semi
conductor substrate 8 and the p-n junction near the front

back side ?eld is heavily doped with aluminum. The thickness
of the back side ?eld can be from 1 micron to 50 micron,
25

conductivity type.
Local contacts with passivated back-surfaces can also be
30

deposition of aluminum, and laser processing. Local contacts
are formed between the aluminum layer and the silicon sub
35

dielectric passivation layer.
Referring to FIG. 8, a titanium layer 50 is deposited on the
40

surface of the ?rst dielectric material layer 30, for example,
by physical vapor deposition (PVD). The thickness of the
titanium layer 50 can be from 5 nm to 60 nm, although lesser
and greater thicknesses can also be employed. A stack includ

ing, from bottom to top, the ?rst dielectric material layer 30
45

material layer 30 can be deposited, for example, by chemical
vapor deposition (CVD), atomic layer deposition (ALD), or a
combination thereof. In one embodiment, the ?rst dielectric

material layer 30 can be deposited by plasma enhanced
chemical vapor deposition (PECVD). The thickness of the

strate. In this case, as was discussed above, the backside p-n

junction can be etched away prior to the deposition of the

102l/cm3 , although lesser and greater dopant concentrations
can also be employed.
Referring to FIG. 5, a ?rst dielectric material layer 30 is
deposited on the faceted front surface of the semiconductor
substrate 8. The ?rst dielectric material layer 30 includes a
dielectric material such as silicon nitride. The ?rst dielectric

formed, for instance, by depositing, on the backside, a dielec
tric passivation layer, which can be, for example, aluminum

oxide deposited by atomic layer deposition, followed by

doped semiconductor portion 20 and the backside doped
semiconductor portion 22 can be from l.0><1017/cm3 to 1.0x

although lesser and greater thicknesses can also be employed.
The back side contact layer 40 provides an electrical contact
to the semiconductor layer 10 having a doping of the ?rst

surface. Likewise, the thickness of the backside doped semi
conductor portion 22 can be measured by the vertical distance
between the back surface of the semiconductor substrate 8
and the p-n junction near the back surface. The thickness of
the front doped semiconductor portion 20 can be from 1
micron to 20 microns, although lesser and greater thicknesses
can also be employed. Dopant concentration in the front

If the semiconductor layer 10 includes a p-type semiconduc
tor material and if the back side contact layer 40 includes
aluminum, a back side ?eld (not explicitly shown) can be
formed near the back side contact layer 40 and within a
surface portion of the semiconductor substrate 8 such that the

50

and the titanium layer 50 is formed on the semiconductor
substrate 8.
It is noted that removal of the ?rst dielectric material layer
30 or any surface sputtering by an inert gas is not necessary

for deposition of the titanium layer 50. Further, it is not
necessary to raise the temperature of the exemplary structure
above room temperature prior to deposition of the titanium
layer 50. Thus, the titanium layer 50 can adhere to the under

?rst dielectric material layer 30 can be from 5 nm to 60 nm,

lying ?rst dielectric material layer 30 with suf?cient adhesion

although lesser and greater thicknesses can also be employed.

strength to remain attached to the ?rst dielectric material
layer 30. In one embodiment, the ?rst dielectric material layer
30 includes silicon nitride, and the titanium layer 50 is

In one embodiment, phosphorus doped silicate glass (PSG)
can be formed on the surface of the silicon during the phos

55

phoryl chloride (POC13) diffusion as the ?rst dielectric layer.
Referring to FIG. 6, the back surface of the semiconductor

attached to the silicon nitride material of the ?rst dielectric

material layer 30.
Referring to FIG. 9, a patterned masking layer 57 is formed

substrate 8 can be processed to remove the backside p-n

junction. The process can be performed employing any
method for etching one side of a semiconductor substrate. In

over the titanium layer 50. In one embodiment, the patterned
60

masking layer 57 can be a photoresist layer that is applied and

one embodiment, the process can be performed by subjecting

lithographically patterned by exposure and development. In

the back side surface of the semiconductor substrate 10 to a

another embodiment, the patterned masking layer 57 can be a
printed material layer that can be printed or stamped onto the
surface of the titanium layer 50.

wet etch process that employs a chemical that isotropically
etches the semiconductor material of the semiconductor sub

strate 8. For example, tetramethylammonium hydroxide
(TMAH) can be employed to isotropically etch the back side
surface of the semiconductor substrate 10. This wet-etch also

65

The pattern in the patterned masking layer 57 is selected
such that regions in which formation of an antire?ective coat

ing layer is desired are covered with the patterned masking

US 8,946,844 B2
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8

layer 57. Regions in which the antire?ective coating layer is

cally exposed surface of the ?rst doped semiconductor por

not to be formed can be employed to subsequently form an

tion 20 can thus be essentially free of silicon oxide after the

electrical contact to the front doped semiconductor portion 20

preclean process.

having a doping of the second conductivity type.

In one embodiment, laser patterning is employed. After the

Referring to FIG. 10, the stack of the ?rst dielectric mate

processing step shown in FIG. 8, a laser irradiation can be

rial layer 30 and the titanium layer 50 is patterned employing
the patterned masking layer 57 as an etch mask. The etch of

employed to directly write the required pattern on the surface
of the wafer instead of using lithographic methods and wet

the physically exposed portions of the titanium layer 50 can
be performed, for example, by a wet etch employing a mix
ture of hydrogen peroxide (H202) and dilute hydro?uoric
acid (HF). For example, a 20: 1 :1 mix oszO, H2O2, HP at 20°

etches to de?ne a pattern in the titanium layer. Portions of the
titanium layer can be ablated away wherever the laser energy
is directed onto the surface. Unirradiated portions of the tita
nium can be left essentially undisturbed at other locations.

C. can provide an etch rate about 1,100 nm/min for titanium.

The underlying dielectric layer can also be partially removed
by the laser. After the formation of the pattern, the titanium

The etch rate can be adjusted by diluting or concentrating the
etch solution and/or by changing the etch temperature. The
?rst dielectric material layer 30 can be etched employing a
suitable etch chemistry known in the art. For example, if the
?rst dielectric material layer 30 includes silicon nitride, buff
ered oxide etch (BOE) or hot phosphoric acid can be
employed to etch the silicon nitride material of the ?rst dielec
tric material layer 30. The etch rate of silicon nitride in a 9:1
buffered oxide etch solution is about 130 nm/min at 20° C.

layer can be oxidized as illustrated in FIG. 12.

In one embodiment, the deposition of the titanium layer in
the processing step of FIG. 8 can be replaced by the deposi
tion of a titania layer, or by the deposition of a titanium layer
immediately followed by in-situ oxidation to convert it to a
20

The pattern in the patterned masking layer 57 is thus rep
licated in the stack of the ?rst dielectric material layer 30 and
the titanium layer 50. A semiconductor surface of the front

doped semiconductor portion 20 is physically exposed in
regions that are not covered by the patterned masking layer

25

In one embodiment, the laser processing can be done in the

presence of phosphorus sources (either by using phosphoric

Referring to FIG. 1 1, the patterned masking layer 57 can be

removed, for example, by ashing (if the patterned masking
30

dissolves the material of the patterned masking layer without
dissolving titanium or the semiconductor material of the
semiconductor substrate 8.
Referring to FIG. 12, the titanium layer 50 is converted into
a titania (TiO2) layer 52. The conversion of the titanium layer
50 into the titania layer 52 can be effected, for example, by
thermal oxidation in an oxidiZing ambient. For example, the

acid over the surface, or by using the phosphorus present in
the ?rst dielectric layer if the ?rst dielectric layer is PSG
formed during the p-n junction formation). In this case, the

p-n junction can be selectively deepened in the regions where
the semiconductor surface is exposed, and thus, irradiated by
35

the laser beam. The laser processing conditions can be chosen
to melt the silicon in the regions exposed to the laseriand to

recrystallize it, including the phosphorus as the dopant. The

exemplary structure can be placed within an oxidation fur
nace, and annealed at an elevated temperature, which can be
between 250° C. and 600° C. The ambient gas can contain

nitride material to expose the semiconductor surface. The
chemistry of the wet etch can be selective such that the titania

layer is not etched during the wet etch.

57.

layer 57 includes a photoresist material) or by a wet etch that

titania layer. This is then followed by laser patterning, where
the titania layer is ablated away in desired locations, while the
portion of the titania layer and layers underneath are left
substantially undisturbed in unirradiated regions. This can be
followed by wet-etching to remove the remaining silicon

40

oxygen and/or H20 and optional inert balance gas such as N2

nitrogen (and Ti) present above the Si are also included in the
portions of silicon that are recrystallized, but do not substan
tially interfere with the electrical functionality of the device.
A ?rst metallic material is plated directly on the semicon
ductor surface of the physically exposed portions of the ?rst

and/or Ar. The duration of the anneal is selected so that the

doped semiconductor portion 20 to form a ?rst metallic mate

entirety of the titanium layer 50 is converted into the titania

rial portion 60. Because the ?rst dielectric material layer 30
and the titania layer 50 are not conductive, the ?rst metallic
material does not grow from the surface of the titania layer 52.
Thus, the plating process does not cause the ?rst metallic
material to grow from the titania layer 52, and growth of the
?rst metallic material from the titania layer 52 is prevented
during the plating of the ?rst metallic material.

layer 52.
A physically exposed surface portion of the front doped

45

semiconductor portion 20 can be converted into a semicon

ductor oxide material (not explicitly shown). If the ?rst
dielectric material layer 20 includes an effective oxidation
barrier material such as silicon nitride that blocks diffusion of

oxygen therethrough, the ?rst dielectric material layer 30 can
prevent conversion of any semiconductor material in the por

50

The ?rst metallic material can be any metallic material that
can be plated by electroplating as known in the art. The ?rst

tion of the ?rst doped semiconductorportion 20 that underlies

metallic material can include, for example, Au, Ag, Cr, Zn,

the ?rst dielectric material layer 30. It is noted that the con
version of titanium into titania typically proceeds at a faster

an elemental metal or an intermetallic alloy, the ?rst metallic

rate than conversion of a semiconductor material into a semi

Sn, Cd, Ni, or a Ni4Co alloy. If the ?rst metallic material is
55

conductor oxide. Thus, the thickness of a semiconductor

oxide portion formed on the physically exposed surface of the
?rst doped semiconductor portion 20 is typically less than the
thickness of the titania layer 52.

the ?rst metallic material can be from 2 nm to 200 nm,

Referring to FIG. 13, any semiconductor oxide material
that is present on the surface of the ?rst doped semiconductor
portion 20 is removed by an etch that removes the semicon
ductor oxide selective to titania. For example, if silicon oxide
is present on the ?rst doped semiconductor portion 20 that

60

includes doped silicon, dilute hydro?uoric acid can be

65

employed in a preclean process to remove the silicon oxide

selective to titania with selectivity greater than 5. The physi

material portion 60 is a ?rst metal portion. In one embodi
ment, the ?rst metallic material can be Ni. The thickness of

although lesser and greater thicknesses can also be employed.
In one embodiment, the ?rst metallic material portion 62
can be reacted with the underlying semiconductor material of
the ?rst doped semiconductor portion 20 to form a metal
semiconductor alloy portion 62 as illustrated in FIG. 14. The
reaction of the ?rst metallic material with the semiconductor
material underneath the semiconductor surface of the semi
conductor substrate 8 can be effected, for example, by a
thermal anneal, which can be performed at a temperature
between 400° C. and 800° C. in an inert (non-oxidizing)
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ambient. The ?rst metallic material portion 62 can thus be

In still another alternate embodiment, formation of the ?rst
metallic material portion 60 and the subsequent thermal con

converted into the metal semiconductor alloy portion 62. If
the ?rst doped semiconductor portion 20 includes silicon
and/ or germanium, the metal semiconductor alloy portion 62

version process can be omitted, and the second metallic mate

rial portion 70 can be plated directly on the ?rst doped semi
conductor portion 20 such that the second metallic material
portion 70 grows over a peripheral top surface of the titania
layer 52 during plating of the second metallic material. In this

can include a metal silicide and/or a metal gerrnanide. If the

?rst doped semiconductor portion 20 includes silicon and/or
germanium and if the ?rst doped semiconductor portion 20
includes Ni, the metal semiconductor alloy portion 62 can
include nickel silicide and/or nickel germanide.

case, the resulting structure is similar to the structure illus

trated in FIG. 15 with the exception that the volume occupied
by the metal semiconductor alloy portion 62 of FIG. 15 is
occupied by the second metallic material portion 70 of FIG.
14, and that the second metallic material portion 70 is in direct
contact with the ?rst doped semiconductor portion 20.
Referring to FIG. 16, a second dielectric material layer 80
is deposited on the titania layer 52 and the second metallic

Referring to FIG. 15, a dilute hydro?uoric acid can be

optionally employed to clean the surfaces of the metal semi

conductor alloy portion 62 and the titania layer 52. Option
ally, a thin layer of nickel can be electroplated on the conduc

tive surface of the metal semiconductor alloy portion 62
selective to the dielectric surface of the titania layer 52. A
second metallic material is plated directly on the metal semi

material of the second metallic material portion 70. In one
embodiment, the second dielectric material layer 80 can
include a material selected from silicon nitride, silicon oxide,

conductor alloy portion 62, while preventing growth of the
second metallic material from the titania layer 52, to form a

second metallic material portion 70.
Because the ?rst dielectric material layer 30 and the titania

20

layer 50 are not conductive, the second metallic material does
not grow from the surface of the titania layer 52. Thus, the

ration, or a combination thereof. The thickness of the second
dielectric material layer 80 can be from 20 nm to 200 nm,

although lesser and greater thicknesses can also be employed.

plating process does not cause the second metallic material to

grow from the titania layer 52, and growth of the second
metallic material from the titania layer 52 is prevented during
the plating of the second metallic material.

25

The ?rst dielectric material layer 30, the titania layer 52,
and the second dielectric material layer 80 collectively form
an anti -re?ective coating layer in regions that are not covered
by the second metallic material. In one embodiment, the
thicknesses of the various layers among the ?rst dielectric

The second metallic material can be any metallic material

that can be plated by electroplating as known in the art. The

second metallic material can include, for example, Au, Ag,
Cr, Zn, Sn, Cd, Ni, or a Ni4Co alloy. If the second metallic

and magnesium oxide. The second dielectric material layer
80 can be deposited, for example, by chemical vapor deposi
tion (CVD), atomic layer deposition (ALD), vacuum evapo

30

material layer 30, the titania layer 52, and the second dielec
tric material layer 80 can be tuned to optimize the effective

material is an elemental metal or an intermetallic alloy, the

ness of the anti-re?ective coating layer within the wavelength

second metallic material portion 70 is a metal portion, which

range of the solar radiation. For example, the thicknesses of

is herein referred to as a second metal portion. In one embodi
ment, the second metallic material can be Cu.
The thickness of the second metallic material can be from
50 nm to 2,000 nm, although lesser and greater thicknesses
can also be employed. The thickness of the second metallic
material can be selected so that the second metallic material is

deposited over the top surface of the titania layer 52. In this

35

can be optimized to reduce re?ection of light at the ant
re?ective coating layer in a wavelength range from 400 nm to
800 nm in which the energy of the solar radiation is concen

45

trated.
Referring to FIGS. 17-20, an opening can be formed within
a portion of the second dielectric material layer 80 over a
topmost surface of the second metallic material portion 70 so
that electrical contacts can be made to selected regions of the
second metallic material portion 70. In one embodiment, the
second metallic material portion 70 can be formed in a shape

50

the busbar as illustrated in FIG. 20. In this case, the opening
in the second dielectric material layer 80 can be made over a
center portion of the busbar. The second metallic material
portion 70, as provided in a con?guration of a busbar and a

40

case, the second metallic material grows over a peripheral top

surface of the titania layer 52 during plating of the second
metallic material. In general, at least one metallic material
among the ?rst and second metallic material can grow over a

peripheral top surface of the titania layer 52 during plating of

including a busbar and a plurality of ?ngers extending from

one of the at least one metallic material.

In an alternate embodiment, the conversion of the ?rst

metallic material portion 60 into the metal semiconductor
alloy portion 62 can be postponed until after a second metallic
material is plated directly on the ?rst metallic material portion
60. In this embodiment, a stack of the ?rst metallic material
portion 60 and a second metallic material portion 70 is formed
?rst, and a thermal anneal can be subsequently performed to
convert the ?rst metallic material portion 60 into the metal

semiconductor alloy portion 62. In other words, before for
mation of any metal semiconductor alloy portion, the second

plurality of ?ngers extending therefrom, can provide electri
cal contact to the entirety of the ?rst doped semiconductor

portion 20 without excessively blocking radiation that
impinges on the front surface of the semiconductor substrate
55

rial, while preventing growth of the second metallic material

15 with the exception that the metal semiconductor alloy
portion 62 of FIG. 15 is substituted with the ?rst metallic
material portion 60 of FIG. 14.

8 that includes a p-n junction and can operate as a solar cell.

The back side contact layer 40 provides electrical contact to
the semiconductor layer 10 that has a doping of the opposite
type from the ?rst doped semiconductor portion 20.

metallic material is plated directly on the ?rst metallic mate

from the titania layer 52. The resulting structure is identical to
the exemplary structure illustrated in FIG. 15.
In yet another alternate embodiment, the thermal conver
sion of the ?rst metallic material portion 60 into a metal
semiconductor alloy portion can be omitted. In this case, the
resulting structure is similar to the structure illustrated in FIG.

the various layers among the ?rst dielectric material layer 30,
the titania layer 52, and the second dielectric material layer 80

The exemplary structure illustrated in FIGS. 17-20 is an
60

65

anti-re?ective coating (ARC) structure in which the ?rst
dielectric material layer 30, the titania layer 52, and the sec
ond dielectric material layer 80 collectively constitute an
anti-re?ective coating layer. The ARC structure includes the
semiconductor substrate 8, the ?rst dielectric material layer
30 located on the semiconductor substrate 8, the titania layer
52 located on the ?rst dielectric material layer 30, at least one

metallic material portion (62, 70) in contact with the semi
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conductor material (i.e., the semiconductor material of the

What is claimed is:

?rst doped semiconductor portion 20) of the semiconductor
substrate 8 and overlying a portion of the titania layer 52, and

a semiconductor substrate having a ?rst region and an

1. An anti-re?ective coating (ARC) structure comprising:

adjacent second region;

the second dielectric material layer 80 located on the titania

a ?rst dielectric material layer located continuously on a

layer 52 and an outer surface of the at least one metallic

topmost surface of said ?rst region of said semiconduc
tor substrate, but not said second region of said semi

material portion (62, 70).
The at least one metallic material portion (62, 70) can
include the metal semiconductor alloy portion 62 that is in
contact with the semiconductor material in the semiconductor
substrate 8. The metal semiconductor alloy portion 62 can
include an alloy of an electroplatable metal and the semicon

conductor substrate;
a titania layer located continuously on a topmost surface of
said ?rst dielectric material layer, but not said second

region of said semiconductor substrate;
a ?rst metallic portion located directly on a topmost surface

ductor material of the ?rst doped semiconductor portion 20.

of said second region of said semiconductor substrate,
but not said titania layer;
a second metallic material having a ?rst portion in direct
physical contact with a topmost surface of said ?rst
metallic portion and a second portion that is in direct
physical contact with a topmost surface of said titania

The at least one metallic material portion (62, 70) can further
include the second metallic material portion 70, which can be
a metal portion, that is in contact with a top surface of the

titantia layer 52.
In one embodiment, the metallic semiconductor alloy por
tion 62 is not in contact with the top surface of the titania layer
52. In one embodiment, a portion of the ?rst dielectric mate
rial layer 30 can underlie a portion of the second metallic
material portion 70, which can be a metal portion, and does
not underlie the metal semiconductor alloy portion 62. In one
embodiment, the ?rst dielectric material layer 30 can be in
lateral contact with the metal semiconductor alloy portion 62.
In one embodiment, a portion of the top surface of the titania
layer 52 can be in contact with the second dielectric material

layer; and
20

that is in direct physical contact with at least an outer

25

tively constitute an anti-re?ective coating layer.
material portion comprises a metal semiconductor alloy por

52 can be is in contact with the at least one metallic material
30

35

The ARC structure further includes a p-n junction located

within the semiconductor substrate 8 and vertically offset

6. The ARC structure of claim 4, wherein said semicon

portion (62, 70) and the semiconductor substrate 8. A ?rst

ductor material is polycrystalline.
40

material portion (62, 70) can be faceted.
The ARC structure of the present disclosure can be
employed to form a photovoltaic device. As used herein, a
“photovoltaic device” refers to any device that generates elec

4. The ARC structure of claim 1, wherein said semicon
ductor substrate comprises a semiconductor material.
5. The ARC structure of claim 4, wherein said semicon

ductor material is single crystalline.

from the interface between the at least one metallic material

interface betweens the semiconductor substrate 8 and the ?rst
dielectric material layer 30 and a second interface betweens
the semiconductor substrate 8 and the at least one metallic

tion.
3. The ARC structure of claim 1, wherein said ?rst dielec

tric material layer comprises silicon nitride, and said second
dielectric material layer comprises a material selected from
silicon nitride, silicon oxide, and magnesium.

rial layer 80 can be in contact with a peripheral portion of the
top surface of the at least one metallic material portion (62,

70), i.e., in contact with a peripheral portion of the top surface
of the second metallic material portion 70.

surface portion of said second metallic material portion,
wherein said ?rst dielectric material layer, said titania
layer, and said second dielectric material layer collec
2. The ARC structure of claim 1, wherein said ?rst metallic

layer 80, another portion of the top surface of the titania layer
portion (62, 70), and a portion of the second dielectric mate

a second dielectric material layer that is in direct physical
contact with an exposed portion of said titania layer and

7. The ARC structure of claim 1, wherein said semicon
ductor substrate has a planar topmost surface.
8. The ARC structure of claim 1, wherein said semicon
ductor substrate has a faceted topmost surface in said ?rst and

second regions.
45

9. The ARC structure of claim 1, wherein said second

metallic material portion comprises Ni.

tricity by exposure to infrared, visible, and/ or ultraviolet

10. The ARC structure of claim 1, wherein said second

radiation, can be manufactured on a semiconductor substrate

dielectric material layer comprises silicon nitride, silicon

including a p-n junction by providing electrical contacts to the
p-type semiconductor material and electrical contacts to the
n-type semiconductor material within the semiconductor

50

oxide or magnesium oxide.
11. The ARC structure of claim 1, wherein said semicon
ductor substrate comprises a p-n junction.

substrate. By employing the ARC layer of the present disclo

12. An anti-re?ective coating (ARC) structure comprising:

sure that incorporates a titania layer, re?ection of incident
radiation can be minimized for the photovoltaic device.

a semiconductor substrate having a ?rst region, a second

While the present disclosure has been particularly shown
and described with respect to preferred embodiments thereof,
it will be understood by those skilled in the art that the fore
going and other changes in forms and details may be made
without departing from the spirit and scope of the present
disclosure. Each of the various embodiments of the present
disclosure can be implemented alone, or in combination with
any other embodiments of the present disclosure unless
expressly disclosed otherwise or otherwise impossible as
would be known to one of ordinary skill in the art. It is
therefore intended that the present disclosure not be limited to
the exact forms and details described and illustrated, but fall

within the scope of the appended claims.
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region, and a third region, wherein said second region is
positioned between said ?rst and third regions;
a ?rst dielectric material layer located continuously on a
topmost surface of said ?rst region and on a topmost

surface of the third region of said semiconductor sub
strate, but not said second region of said semiconductor
60

substrate;
a titania layer located continuously on a topmost surface of

said ?rst dielectric material layer on said ?rst region and
the third region of said semiconductor substrate, but not
said second region of said semiconductor substrate;
65

a ?rst metallic portion located directly on a topmost surface

of said second region of said semiconductor substrate,
but not said titania layer;
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a second metallic material portion having a ?rst portion in
direct physical contact With an entire topmost surface of
said ?rst metallic portion, a second portion located
directly on a portion of a topmost surface of said titania
layer Within said ?rst region and a third portion located
directly on a portion of a topmost surface of said titania

layer Within said third region; and
a second dielectric material layer that is in direct physical
contact With an exposed portion of said titania layer in
said ?rst and third regions and that is in direct physical
contact With at least an outer surface portion of said

second metallic material portion, Wherein said ?rst
dielectric material layer, said titania layer, and said sec
ond dielectric material layer collectively constitute an

anti-re?ective coating layer.
13. The ARC structure of claim 12, Wherein said ?rst
metallic material portion comprises a metal semiconductor

alloy portion.

14. The ARC structure of claim 12, Wherein said ?rst

dielectric material layer comprises silicon nitride, and said
second dielectric material layer comprises a material selected

from silicon nitride, silicon oxide, and magnesium oxide.
15. The ARC structure of claim 12, Wherein said semicon
ductor substrate comprises a semiconductor material.
16. The ARC structure of claim 15, Wherein said semicon

ductor material is single crystalline or polycrystalline.
17. The ARC structure of claim 12, Wherein said semicon
ductor substrate has a planar topmost surface in said ?rst,
second and third regions.
18. The ARC structure of claim 12, Wherein said semicon
ductor substrate has a faceted topmost surface.
19. The ARC structure of claim 12, Wherein said semicon

ductor substrate comprises a p-n junction.
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