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THIN FILM SOLAR CELL WITH GRADED
BANDGAP STRUCTURE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a solar cell, and particu-
larly to a multi-junction silicon thin-film solar cell.

2. Description of the Related Art

Solar cells are classified a silicon solar cell, a compound
semiconductor solar cell, and an organic solar cell according
to materials, and wherein they can be further subdivided into
a bulk type, a thin-film type, a single crystal type and a
poly-crystal type based on crystallization morphologies and
elemental structures.

A general solar cell comprises a p-n junction structure
formed by combining a p-type semiconductor and an n-type
semiconductor. A strong electric field to pull electrons
towards an n-type side and holes towards a p-type side occurs
at the p-n junction. That is, at the p-n junction, electrons like
children sliding down a slide and holes like bubbles in water
floating up move towards opposite directions. In other words,
the p-n junction functions to separate electrons and holes.

Although a compound semiconductor (fox example, CIGS
or CdTe) solar cell has a higher conversion efficiency, manu-
facture of the compound semiconductor is costly due to use of
rare element, and Cd and Te are toxic substances, easily
resulting in environmental pollution. Consequently, the sili-
con solar cell remains being a mainstream of commercialized
solar cells.

Today, the bulk-type crystal silicon solar cell has a great
market share of solar cells. However, since the thin-film sili-
con solar cell has a thickness in semiconductor layer, which is
Y1o~Vioo of that of the bulk crystal silicon solar cell, it is
prevented from the problem of the shortage of silicon raw
material to which the production of the bulk crystal silicon
solar cellis subjected, and it can be expected to greatly reduce
costs. Therefore, it draws much attentions to be a next gen-
eration solar cell.

Further, in the thin-film silicon solar cells, the amorphous
silicon (a-Si) solar cell is most popular. Although the a-Si
solar cell has a high optical absorption coefficient and can be
manufactured in several hundreds of nanometers in film
thickness, its conversion efficiency is degraded by 10% under
light irradiation. As compared with the a-Si solar cells, the
crystal silicon (c-Si) thin-film solar cells (here, microcrystal-
line Silicon (uc-Si) or polysilicon (poly-Si) are totally
referred to as crystal silicon), which can be manufactured in
the same way as that of the a-Si solar cell, can absorb a light
having a longer wavelength band without photodegradation.
Therefore, a thin-film solar cell having a higher conversion
efficiency can be manufactured by laminating the above-
stated two solar cells. In FIG. 1, a conventional tandem cell
with an a-Si solar cell functioning as a top cell and a ¢-Si solar
cell functioning as a bottom cell, is shown. Since the top solar
cell and the bottom solar cell can absorb light with short and
medium wavelength bands of an incident light, respectively,
in high efficiency, solar spectrum can be efficiently used with
wider wavelength band being covered.

FIG. 1 shows a schematic structure of a conventional a-Si/
¢-Si tandem solar cell 1 having a p-i-n junction. The tandem
solar cell 1 is formed with an a-Si cell 22 made of a p*-type
a-Silayer 16, an n-type ori-type a-Si layer 18, and an n*-type
a-Si layer 20; a transparent conductive oxide layer 24; a ¢c-Si
cell 32 made of a p*-type poly-Si or uc-Si layer 26, an i-type
poly-Si or pec-Si layer 28, and an n*-type poly-Si or pc-Si
layer 30; a metal electrode 34 made of Ag or Al; and a
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2

passivation layer 36 made of SiN_, on a glass substrate 12
having an anti-reflective coating 10 and a textured transparent
conductive oxide layer 14, in order.

FIG. 2 is a flow chart of manufacturing the a-Si/c-Si tan-
dem solar cell having a p-i-n junction as shown in FIG. 1. An
anti-reflective coating (ARC) 10 is grown on a glass substrate
12 by high density plasma chemical vapor deposition (HD-
PCVD) or plasma enhanced chemical vapor deposition
(PECVD) (step S10) to reduce the reflection of light on the
solar cell surface. A transparent conductive oxide layer
(TCO) 14, such as ITO or SnO,/Zn0O, is grown by sputtering
(step S20). In order to efficiently use a light incident to the
cell, the transparent conductive oxide layer 14 is textured by
wet etching (step S30). Next, a p*-type a-Si layer 16, an
n-type or i-type a-Si layer 18, and an n*-type a-Si layer 20 in
an amorphous silicon (a-Si) cell 22 are grown in order by
HDPCVD (steps S40, S50, and S60). A transparent conduc-
tive oxide layer (TCQO) 24, such as ITO or SnO,/Zn0Q, is
grown by sputtering (step S70). Then, a p*-type poly-Si or
ue-Si layer 26, an i-type poly-Si or pc-Si layer 28, and an
p*-type poly-Sior pue-Silayer 30 in a crystal silicon (¢c-Si) cell
32 are grown in order by HDPCVD or PECVD (steps S80,
S90, and S100). Next, a metal electrode 34 is formed by
sputtering Ag or Al using an E-gun evaporator (step S110).
Since the silicon surface of the solar cell is in a state that
unstably generated carriers are easy to recombine (i.e., the
surface recombination rate is large), SiN, is grown by
HDPCVD or PECVD into a passivation layer 36 (step S120),
thereby stabilizing the surface to suppress the losses caused
by the surface recombination. Finally, the films are thermally
processed by metal rapid thermal annealing (metal RTA) or
rapid thermal annealing (RTA) (step S140), to enhance the
densification and adhesion of the films.

However, very large contact resistances (referring to the
resistances generated by the n*/TCO junction and the TCO/p*
junction), series resistances (referring to the inherent resis-
tances of n*, TCO, and p*), carrier recombination, and inher-
ent light transmittance of TCO exist in the above tandem solar
cell having p*-i-(amorphous silicon)-n*/TCO/p*-i-(crystal
silicon)-n* structure, to cause a problem of low conversion
efficiency.

SUMMARY OF THE INVENTION

In view of the fact that the prior solar cell has a low con-
version efficiency, the present invention enhances the conver-
sion efficiency of the solar cell by means of: (1) confining
more lights incident to the element to increase an absorption
current; (2) reducing the recombination of minority carriers
to increase an open circuit voltage (Voc); and (3) reducing the
internal resistance of the element. By painstaking researches,
abandgap engineering technology is proposed, which obtains
optimal light absorption effect and conversion efficiency by
materials having suitable optical properties and electrical
characteristics matched, using existing production equip-
ments and manufacturing process, thereby achieving the
present invention which resolves the above problem.

Specifically, in the present invention, a supetlattice layer,
an amorphous phase SiGe (a-SiGe) layer, a mixed layer of
a-Si and pc-Si, or a mixed layer of a-Si and poly-Si is used as
a transition layer (tunneling junction) between a large band-
gap light absorption layer, such as a-Si, and a small bandgap
light absorption layer, such as ¢-Si. The entire bandgap of the
solar cell is made smoother to reduce the probability of hole
recombination.

Furthermore, the transition layer may have a gradually-
varied bandgap. For example, by continuously adjusting
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hydrogen content in a process gas during film formation, a
layer with a-Si (crystallinity=0%) gradually varied into pc-Si
(crystallinity=60~100%) is formed. Since the gradient of the
bandgap can create a built-in electric field (built-in electric
potential), carriers can be more efficiently accelerated to
transmit, and carrier recombination is reduced so as to
enhance the ability of transmitting carriers to electrodes.

Moreover, in the prior a-Si/c-Si tandem solar cell, a first
light absorption layer made of a-Si absorbs sunlight having a
wavelength of 0.2 um or less, and a second light absorption
layer made of ¢-Si absorbs sunlight having a wavelength of
0.2~0.5 um. In order to efficiently use all bands in solar
spectrum, the second objective of the present invention is to
add a pe-Ge (microcrystalline germanium) layer for absorb-
ing along wavelength light (wavelength of 0.5 um or more) in
the prior tandem solar cell having a two-light absorption layer
structure of a-Si/c-Si, to form a tandem solar cell having a
three-light absorption layer structure, thereby enhancing light
absorption effect. Simultaneously, an a-SiGe layer or a super-
lattice layer is used as a transition layer between a large
bandgap light absorption layer, such as a-Si, and a small
bandgap light absorption layer, such as c-Si, and a pe-Si/uc-
Ge superlattice layer or a uc-SiGe layer is used as a transition
layer between a small bandgap light absorption layer, such as
¢-S1, and a smaller bandgap light absorption layer, such as
jic-Ge. The entire bandgap of the solar cell is made smoother
to reduce the probability of hole recombination.

Furthermore, the third objective of the present invention is
to replace the light absorption layers having different band-
gaps and the transition layers between the light absorption
layers in the solar cells of the first and second objectives with
superlattice layers according to the concept of a fully graded
bandgap. The entire bandgap of the solar cell is fully made
smooth. A thin-film solar cell according to the first aspect of
the present invention comprises: a front contact; a first light
absorption layer, formed on the front contact; a transition
layer, formed on the first light absorption layer; a second light
absorption layer, formed on the transition layer; and a back
contact, formed on the second light absorption layer, wherein
the transition layer has a constant bandgap, and is selected
from a group consisting of: a superlattice layer, an a-SiGe
layer, a mixed layer of a-Si and pic-Si, and a mixed layer of
a-Si and poly-Si. Alternatively, the transition layer has a
graded bandgap and is selected from a least one of a super-
lattice layer,

an a-SiGe layer, a layer with a-Si gradually varied into
ue-Si, and a layer with a-Si gradually varied into poly-Si,
wherein the layer with a-Si gradually varied into pic-S or the
layer with a-Si gradually varied into poly-Si is formed by
continuously adjusting hydrogen content in a process gas
during film formation.

Moreover, the front contact is a photosensitive material
having a bandgap Egl, the first light absorption layer is a
photosensitive material having a bandgap Egl, the transition
layer is a photosensitive material having a bandgap Eg2, the
second light absorption layer is a photosensitive material
having a bandgap Eg3, the back contact is a photosensitive
material having a bandgap Eg3, wherein Egl=FEg2=FEg3. Eg2
is a graded value from 1.8 eV to 1.1 eV, or Eg2 is a constant
value between 1.8 eV and 1.1 eV.

Furthermore, the superlattice layer is an n-type, p-type or
i-type (intrinsic) semiconductor, the configuration of which is
defined as:

ab/ashy/ .. lapy . Jah,
a;: the thickness of an a-Si layer with a bandgap Eg2a in a
ith unit,
b,: the thickness of a uc-Si or poly-Si layer with a bandgap
Bg2b in the i, unit,
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the bandgap of the i,, unit in the superlattice layer:

Eg2~Eg2a(a/(a+b)+Eg2b(bj(a+b,)),

a, =a, b, ;=b,, =1, 2, . . ., n, n=1~1000, ie., Eg2 is a
constant, and the thickness W1 of the superlattice layer
is defined as: 0 nm<W1<2.5 um.

Moreover, the superlattice layer is an n-type, p-type or

i-type semiconductor, the configuration of which is defined
as:

ab/ashy .. aby/ . b,

a,: the thickness of an a-Si layer with bandgap Eg2a ina ith
unit,

b;: the thickness of a pc-Si or poly-Si layer with bandgap
Eg2b in the i, unit,

the bandgap of the i,, unit in the superlattice layer:

Eg2~Eg2a(a;/(a+b,)+Eg2b(bj(a+b))),

a_;>a, b, <b,i=1,2,...,n,n=1~1000, i.e.,Eg2 is graded,
and the thickness W1 of the superlattice layer is defined
as: 0 nm<W1<2.5 um.

Furthermore, the units constituting the superlattice layer
are formed by growing small bandgap materials first and then
large bandgap materials, the configuration of which is defined
asbja;/bra,/ ... /ba/. .. /ba,

Moreover, the units constituting the superlattice layer are
formed by growing large bandgap materials first and then
small bandgap materials, the configuration of which is
defined as a;b,/a,b,/ ... /ab/ ... /ab,.

Furthermore, the a-SiGe layer is an n-type, p-type ori-type
semiconductor, the configuration of which is defined as:

a-Si,_,Ge,

x is aconstantand 0.01=x=<1,i.e., Eg2 is aconstant, and the
thickness W1 of the a-SiGe layer is defined as: 0
nm<W1<2.5 um.

Moreover, the a-SiGe layer is a modulated doping n-type,

p-type or i-type semiconductor, the configuration of which is
defined as:

a-Si,,Ge,

x is a function of position and 0.01=x<1,1.e., Eg2 is graded,
and the thickness W1 of the a-SiGe layer is defined as: 0
nm<W1<2.5 um.

Furthermore, the mixed layer of a-Si and pc-Si or the mixed

layer of a-3i and poly-Si is a (an) n-type, p-type or i-type
semiconductor, the configuration of which is defined as:

(8-81) 1 (pe-Si),

(a-81), (poly-Si),

x is a constant and 0.01 =x<1, i.e., Eg2 is a constant, and the
thickness W1 of the mixed layer of a-Si and pic-Si or the
mixed layer of a-Si and poly-Si is follows as: 0
nm<W1=2.5 um, wherein hydrogen content in a process
gas is adjusted during film formation to change the x
value.

Moreover, the layer with a-Si gradually varied into pic-Si or
the layer with a-Si gradually varied into poly-Si is an n-type,
p-type ori-type semiconductor, the configuration of which is
defined as:

(8-81) 1 (e-81),

(a-81) (poly-Si),,
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xis a function of position and 0.01=x=1,1.e., Eg2 is graded,
and the thickness W1 of the layer with a-Si gradually
varied into pic-Si or the layer with a-Si gradually varied
into poly-Si is as follows: 0 nm<W1<2.5 pm, wherein
hydrogen content in a process gas is continuously
adjusted during film formation to make the x value vary
with position.

Furthermore, the transition layer with the graded bandgap
comprises a plurality of first superlattice layers and a plurality
of second superlattice layers, wherein the plurality of first
superlattice layers are made of a photosensitive material with
a first bandgap, the plurality of second superlattice layers are
made of a photosensitive material with a second bandgap,
each one of the plurality of first superlattice layers being
alternated with each one of the plurality of second superlat-
tice layers in a tandem arrangement, and the graded bandgap
ofthe transition layer is formed by varying the thickness of at
least one of the first superlattice layer and the second super-
lattice layer. Besides, the first bandgap is larger than that of
the second bandgap.

The thickness of each first superlattice layer is gradually
thinned towards the second light absorption layer, and the
thickness of each second superlattice layer is gradually thick-
ened towards the second light absorption layer, so that a
decreasing graded bandgap of the transition layer is gained.

Alternatively, the thickness of each first superlattice layer
is gradually thickened towards the second light absorption
layer, and the thickness of each second superlattice layer is
gradually thinned towards the second light absorption layer,
so that a increasing graded bandgap of the transition layer is
gained.

Further, the thickness of each first superlattice layer is
gradually thinned from an initial thickness to a specific thick-
ness, and then gradually thickened to the initial thickness; the
thickness of each second superlattice layer is gradually thick-
ened from an initial thickness to a specific thickness, and then
gradually thinned to the initial thickness, so that a graded
bandgap of the transition layer which is first decreased and
then increased can be gained.

Still further, the thickness of each first superlattice layer is
gradually thickened from an initial thickness to a specific
thickness, and then gradually thinned to the initial thickness;
the thicknesses of each second superlattice layer is gradually
thinned from an initial thickness to a specific thickness, and
then gradually thickened to the initial thickness, so that a
graded bandgap of the transition layer which is first increased
and then decreased can be gained.

Preferably, the arrangements mentioned above could be
arranged in tandem so as to achieve a better photo-electric
conversion efficiency.

Furthermore, the transition layer having graded bandgap
further comprises: alayer with a-Si (crystallinity=0%) gradu-
ally varied into pc-Si (crystallinity=60~100%), a layer with
uc-Si (crystallinity=60~100%) gradually varied into a-Si
(crystallinity=0%), a layer with pc-Si gradually varied into
pe-Ge, or a layer with pc-Ge gradually varied into pc-Si,
formed by continuously adjusting hydrogen content in a pro-
cess gas during film formation.

A thin-film solar cell according to the second aspect of the
present invention comprises: a front contact, having a band-
gap Egl; a first light absorption layer, formed on the front
contact and having a bandgap Egl; a first transition layer,
formed on the first light absorption layer and having a band-
gap Eg2; a second light absorption layer, formed on the first
transition layer and having a bandgap Eg3; a second transition
layer, formed on the second light absorption layer and having
a bandgap Egd; a third light absorption layer, formed on the
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second transition layer and having a bandgap Eg5; and a back
contact, formed on the third light absorption layer and having
a bandgap Eg5, wherein the configuration and definition of
the first transition layer are the same as those of the transition
layer in the thin-film solar cell according to the first aspect of
the present invention.

The second transition layer has a constant bandgap Egd
between 1.1 eV and 0.7 eV and is selected from a group
consisting of’ a superlattice layer of pc-Si and pc-Ge; a super-
lattice layer of poly-Si and pc-Ge; a pe-SiGe layer; a mixed
layer of pc-Si and pc-Ge; and a mixed layer of poly-Si and
uc-Ge. Alternatively, the second transition layer has a graded
bandgap Eg4 from 1.1 eV to 0.7 €V and is selected from a
group consisting of: a superlattice layer of uc-Si and puc-Ge; a
superlattice layer of poly-Si and pc-Ge; a pc-SiGe layer;
(uc-S1),_, (uc-Ge), layer; and (poly-Si), . (uc-Ge), layer,
wherein x varies with position; the third light absorption layer
is an n-type pie-Ge layer.

Moreover, the front contact is a photosensitive material
having a bandgap Egl, the first light absorption layer is a
photosensitive material having a bandgap Fgl, the first tran-
sition layer is a photosensitive material having a bandgap
Eg2, the second light absorption layer is a photosensitive
material having a bandgap Eg3, the second transition layer is
a photosensitive material having a bandgap Egd, the third
light absorption layer is a photosensitive material having a
bandgap Eg5, the back contact is a photosensitive material
having a bandgap Eg5, wherein Egl=Fg2>Fg3>Fgd=Fg5.

Furthermore, the superlattice layer of pc-Si and pe-Ge or
the superlattice layer of poly-Siand pc-Geis an n-type, p-type
ori-type semiconductor, the configuration of which is defined
as:

cdi/eydy/ . ledy L ed,

¢,: the thickness of a jic-Si or poly-Si layer with a bandgap
Egdc in a ith unit,

d;: the thickness of a pc-Ge layer with a bandgap Egdd in
the ith unit,

the bandgap of the ith unit in the superlattice layer of pc-Si
and pic-Ge or the superlattice layer of poly-Si and pc-Ge:

Ega=Egic(c/(cdy))+Egad(dy(c+d)),

¢.,=¢, d_,=d, =1, 2, . .., n, n=1~1000, ie., Egd is a
constant, and the thickness W2 of the superlattice layer
of pe-Si and pe-Ge or the superlattice layer of poly-Si
and pc-Ge is defined as: 0 nm<W2<2.5 pm.

Moreover, the superlattice layer of pe-Si and pe-Ge or the
superlattice layer of poly-3i and pc-Ge is an n-type, p-type or
i-type semiconductor, the configuration of which is defined
as:

cdilesdy . led/ .. e d,

¢;: the thickness of a pic-Si or poly-Si layer with a bandgap
Egdc in a ith unit,

d,: the thickness of a pc-Ge layer with a bandgap Egdd in
the ith unit,

the bandgap of the ith unit in the superlattice layer of pc-Si
and pie-Ge or the superlattice layer of poly-Si and pe-Ge:

Egd=Egic(c/(citdy)) +Egdd(dy(c+dy),

¢, ;>¢c,d, ;<d,i=1,2,...,n,0=1~1000,1.e., Eg4 is graded,
and the thickness W2 of the superlattice layer of pc-Si
and uc-Ge or the superlattice layer of poly-Si and uc-Ge

is defined as: 0 nm<W2<2.5 pum.
Furthermore, the units constituting the superlattice layer
are formed by alternatively and repeatedly growing small
bandgap material with a thickness being gradually increased
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and large bandgap material with a thickness being gradually
decreased, the configuration of which is defined as d,c,/
dyeo/ ... /Mde/. .. /dc,.

Moreover, the units constituting the superlattice layer are
formed by alternatively and repeatedly growing a large band-
gap material with a thickness being gradually decreased and
a small bandgap material with a thickness being gradually
increased, the configuration of which is defined as c,d,/
c,ds/ .. led/. e d,.

Furthermore, the pc-SiGe layer is an n-type, p-type or
i-type semiconductor, the configuration of which is defined
as:

pe-Si ,Ge,

x is aconstant and 0.01=x<1, i.e., Egd is a constant, and the
thickness W2 of the pc-SiGe layer is defined as: 0
nm<W2<2.5 pm.

Moreover, the pe-SiGe layer is a modulated doping n-type,

or p-type semiconductor, the configuration of which is
defined as:

a-Si;,Ge,

xis a function of position and 0.01=x<1,1.e., Eg4 is graded,
and the thickness W2 of'the ic-SiGe layer is defined as:
0 nm<W2<2.5 pm.
Furthermore, the mixed layer of pic-Si and pc-Ge or the
mixed layer of poly-Si and jic-Ge is an n-type, p-type ori-type
semiconductor, the configuration of which is defined as:

(pe-8i); ,(pe-Ge),

(poly-Si); {pe-Ge),

x is aconstant and 0.01=xx<1, i.e., Egd is a constant, and the
thickness W2 of the mixed layer of pc-Si and pe-Ge or
the mixed layer of poly-Si and pc-Ge is as defined: 0
nm<W1=2.5 um, wherein hydrogen content in a process
gas is adjusted during film formation to change the x
value.
Moreover, the (uc-Si1), . (ue-Ge), layer or the (poly-Si), .
(pe-Ge), layer is a (an) n-type, p-type or i-type semiconduc-
tor, the configuration of which is defined as:

(ne-Si);(pe-Ge),

(poly-Si);(ue-Ge),

xis a function of position and 0.01=x<1, i.e., Eg4 is graded,
and the thickness W2 of the (uc-Si),_ (uc-Ge), layer or
the (poly-Si), (uc-Ge), layer is as follows: 0
nm<W2<2.5 pm, wherein hydrogen content in a process
gas is continuously adjusted during film formation to
make the x value vary with position.

Furthermore, the above solar cell further comprises: an
a-SiO:H (hydrogenated a-SiQ) layer, located between the
front contact and the first light absorption layer. The a-SiO:H
layer having a graded bandgap is formed by introducing
oxygen to the chamber of a film forming device after growing
a p*-type a-Si layer and making oxygen content in the atmo-
sphere of the chamber be 0~20%. Since the bandgap of the
a-Si0:H layer is about 2.0 eV, larger than that of a-Si (Eg=1.7
eV), the built-in electric field of the solar cell can be enhanced
to speed the collection of carriers.

A thin-film solar cell according to the third aspect of the
present invention comprises: a first electrode; a front contact,
formed on the first electrode; a first light absorption layer,
formed on the front contact; a second light absorption layer,
formed on the first light absorption layer; a third light absorp-
tion layer, formed on the second light absorption layer; a
fourth light absorption layer, formed on the third light absorp-
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tion layer, a back contact, formed on the fourth light absorp-
tion layer; and a second electrode, formed on the back con-
tact, wherein the first electrode is made of a transparent
conductive oxide layer; the front contact is made of p*-type
a-Si; the first light absorption layer is made of a-Si gradually
varied into a-Si0:H; the second light absorption layer is made
of a-Si0:H gradually varied into a-Si; the third light absorp-
tion layer 508 is made of a-3i gradually varied into pic-Si or
a-Si gradually varied into poly-Si; the fourth light absorption
layer is made of pic-Si gradually varied into a-Si or poly-Si
gradually varied into a-Si; the back contact 512 is made of
n*-type a-Si; and the second electrode 514 is made of a
transparent conductive oxide layer, Ag, or Al.

Furthermore, in the thin-film solar cell according to the
third aspect of the present invention, the front contact may be
formed of n*-type a-Siand the back contact may be formed of
p*-type a-Si.

Moreover, the thin-film solar cell according to the third
aspect of the present invention can further have a reflecting
layer made of a-Si0,_ :H(x=0~0.3) disposed between the back
contact and the second electrode. Light utilization efficiency
1s enhanced by making light incident to the reflecting layer
generate multiple reflections.

Furthermore, the above solar cell further comprises: one or
more row(s) of nano-particles, the nano-particles disposed in
any layer of the thin-film solar cell. Preferably, the nano-
particles have at least two different bandgaps and/or reflex
indexes.

Moreover, the material of the nano-particles is one selected
from a group consisting of Si, Ge, metals, materials having
different dielectric constants from SiO,, and composite mate-
rials thereof.

Furthermore, the size of the nano-particles ranges from 1
nm to 100 nm.

By doing so, electrons are accelerated in the thin-film solar
cell through graded structure, which is so configured that
a-SiO:H is gradually varied into a-Si and gradually varied
into pc-Si, and efficiently collected, thereby enhancing pho-
tocurrent. As compared with n*-type uc-Si/TCO, a leakage
current is reduced and an open-circuit voltage (Voc) is
increased by means of n*-type a-Si/TCO, thereby efficiently
increasing efficiency.

The present invention provides a method of manufacturing
the thin-film solar cell according to the aspects above, in
which a film forming system selected from a group consisting
of a high density plasma chemical vapor deposition (HD-
PCVD) system, a plasma enhanced chemical vapor deposi-
tion (PECVD) system, a metal organic chemical vapor depo-
sition (MOCVD) System, a molecular beam epitaxy (MBE)
system, an ultra-high vacuum chemical vapor deposition
(UHVCVD) system, an atomic layer deposition (ALD) sys-
tem, and photo chemical vapor deposition (Photo-CVD) is
used to form individual layers having different crystalline
phases, different doping, and different thicknesses.

The above thin-films having different crystalline phases
are formed by controlling the flow rate of hydrogen during
film formation to adjust crystallinity thereof. For example, in
the case that a structure with a large bandgap layer gradually
varied into a small bandgap layer (such as a-Si gradually
varied into pc-Si) is formed, an a-Si layer having crystallinity
0f 0% is gradually varied into a pc-Si layer having crystallin-
ity of 60~100% by controlling the flow rate of hydrogen
during film formation.

The Effect of the Invention

According to the solar cell of the present invention, since Si
and Ge elements which are rich in the earth and have no harm
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to environments are used as raw materials, the problems of
such as high manufacturing costs of compound semiconduc-
tor (for example, CIGS or CdTe) solar cells and environmen-
tal pollution are prevented. Therefore, it is referred to as a new
green energy solar cell.

The conversion efficiency of the prior solar cell using a
p/i/n structure is about 7%. Although the conversion effi-
ciency of a current mainstream solar cell having a p/i/n/TCO/
p/i/n structure can reach 14% or more in theory, due to carrier
recombination easily caused by resistances existing in each
layer of /TCO/p and junctions between them and the factors,
such as transmittance, resistance and refraction index of the
TCO itself, the conversion efficiency is only about 8% in
practice.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view showing the structure of an
a-Si/TCO/c-Si tandem solar cell having a p-i-n junction in the
prior art.

FIG. 2 is a flow chart of manufacturing the a-Si/TCO/c-Si
tandem solar cell having a p-i-n junction shown in FIG. 1.

FIG. 3 is a schematic view showing a tandem solar cell
having a structure of a first light absorption layer, a transition
layer, a second light absorption layer according to the present
invention.

FIG. 3A is a schematic view showing a structure of the first
light absorption layer, the transition layer and the second light
absorption layer according to the embodiment 3A of the
present invention.

FIG. 3B is a schematic view showing a structure of the first
light absorption layer, the transition layer and the second light
absorption layer according to the embodiment 3B of the
present invention.

F1G. 3C is a schematic view showing a structure of the first
light absorption layer, the transition layer and the second light
absorption layer according to the embodiment 3C of the
present invention.

FIG. 3D s a schematic view showing a structure of the first
light absorption layer, the transition layer and the second light
absorption layer according to the embodiment 3D of the
present invention.

FIG. 3E is a schematic view showing two first arrays in
tandem according to the embodiment 3E of the present inven-
tion.

FIG. 3F is a schematic view showing two second arrays in
tandem according to the embodiment 3F of the present inven-
tion.

FIG. 4 is a schematic view showing the bandgap of the
tandem solar cell showing in FIG. 3.

FIG. 5 is a schematic view showing the bandgap of the
transition layer of the tandem solar cell showing in FIG. 3.

FIG. 6 is a schematic view showing a structure of a tandem
solar cell having a first light absorption layer, a first transition
layer, a second light absorption layer, a second transition
layer and a third light absorption layer according to the
present invention.

FIG. 7 is a schematic view showing the bandgap of the
tandem solar cell showing in FIG. 6.

FIG. 8 is a schematic view showing the bandgap of the
second transition layer of the tandem solar cell showing in
FIG. 6.

FIG. 9 is a schematic view showing a structure of a solar
cell using a superlattice layer as a light absorption layer, of the
present invention.

FIG. 10 is a schematic view showing the fully graded
bandgap of the solar cell shown in FIG. 9.
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FIG. 11 is a schematic view showing a structure of a solar
cell having superlattice layers with different configuration, as
a first light absorption layer and a second light absorption
layer.

FIG. 12 is a schematic view showing the fully graded
bandgap of the solar cell shown in FIG. 11.

FIG. 13 is a J-V simulation graph of the present invention
using a graded p-type a-Si/uc-Si superlattice layer as a tran-
sition layer between an i-type a-Si layer and a pec-Si layer.

FIG. 14A is a bandgap graph showing the fully graded
structure of a heterojunction light absorption layer having
nano-particles of the present invention.

FIG. 14B is a bandgap graph showing the fully graded
structure of a heterojunction light absorption layer having
nano-voids of the present invention.

FIG. 14C is a bandgap graph showing the fully graded
structure of a heterojunction light absorption layer having
semiconductor layers of the present invention.

FIG. 15 is a schematic view showing the bandgap of thin-
film solar cell according to another aspect of the present
invention.

FIG. 16 is a graph showing that the dilution ratio of hydro-
gen affects degree of crystallization and Si—H bonding.

FIG. 17 is a bandgap schematic view of adding a layer with
n*-type pe-Si gradually varied into a-Si, an n*-type a-Si layer,
and a Ag or Al or textured ITO layer into FIG. 4.

FIG. 18 is a bandgap schematic view of adding a layer with
n*-type pe-Si gradually varied into a-Si, an n*-type a-Si layer,
and a Ag or Al or textured ITO layer into FIG. 7.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hereinafter, the embodiments of the thin-film solar cell of
the present invention are described with reference to the
accompanying drawings.

First Embodiment

Referring to FIG. 3, a thin-film solar cell according to the
first aspect of the present invention comprises: a front contact
106; a first light absorption layer 108, formed on the front
contact 106; a transition layer 110, formed on the first light
absorption layer 108; a second light absorption layer 112,
formed on the transition layer 110; and a back contact 114,
formed on the second light absorption layer 112.

A tandem solar cell 2 having an a-Si (first light absorption
layer 108)/a-SiGe (transition layer 110)/c-Si (second light
absorption layer 112) structure shown in FIG. 3 is manufac-
tured. FIG. 5 is a schematic view showing the bandgap of the
transition layer of the tandem solar cell showing in FIG. 3.

First, an anti-reflective coating 100, such as silicon oxyni-
tride, silicon nitride, or silicon oxynitride/silicon nitride, is
deposited on a glass substrate 102 by HDPCVD or PECVD.
A transparent conductive oxide layer 104, such as ITO or
Sn0,/Zn0, is grown by sputtering, and then the transparent
conductive oxide layer 104 is textured by etching.

The substrate is transferred into a film forming system
selected from a group consisting of HDPCVD, PECVD,
MOCVD, MBE, UHVCVD, ALD, and photo chemical vapor
deposition (photo-CVD) systems, and various process gases
of nitrogen (N,), argon (Ar), silane (SiH,), germane (GeH,)
and the like are introduced to deposit Si(Ge) films. Accord-
ingly, p*-type a-Si, i-type a-Si, a-SiGe, n-type uc-Si, and
n*-type pc-Si films having different crystalline phases, dif-
ferent doping, and different thicknesses are formed by adjust-
ing film forming process parameters of temperature, pressure,
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gas flow rate and the like, so as to function as a front contact
106, a first light absorption layer 108, a transition layer 110,
a second light absorption layer 112, and a back contact 114,
respectively. For the deposition of a-SiGe, generally, SiH,
with a stable flow rate is first introduced, and then GeH, is
slowly introduced to modify Ge content in a SiGe film, so as
to form an a-SiGe junction buffer.

Then, a metal electrode 116 is formed by sputtering tex-
tured transparent conductive oxide, Ag or Al using an E-gun
evaporator. Next, silicon nitride or silicon dioxide is grown as
a passivation layer 118 by HDPCVD or PECVD. Finally, a
thermal treatment to the films are performed by RTA.

Second Embodiment

A tandem solar cell 2 having an a-Si (first light absorption
layer 108)/superlattice (a-Si/pc-Si, transition layer 110)/pc-
Si(second light absorption layer 112) structure shown in FIG.
3 is manufactured.

Except for a process of determining the number of units of
superlattice according to Eg* and total thickness required by
the transition layer, the other processes are the same as those
ofthe first embodiment, wherein it is defined that a single unit
of the superlattice consists of one a-Si and one pic-Si and its
bandgap is Eg*.

Example 1: bandgap is constant, and the thicknesses of a-Si
and pe-Si in the unit are the same.

let a,: the thickness of the a-Silayer and b;: the thickness of
the pc-Si layer,

i=1,2, ..., n, n=1~1000,

set a;: b=1:1, 1 nm<a,, b,<10 nm

Eg* =Bg*,=bg*,=. ..

(a-S1) (ue-Si),;Eg*=1.7x+1.1y

x=a,/(a+b,)

y=b/(as+b,)

For example, if it is given that Eg*=1.4 eV, and a,;:b,=1:1,
then (x, y)=(0.5, 0.5).

Next, if it is given that a, is 1 nm, then the thickness of the
single unit is 2 nm. If it is given that the total thickness <100
nm, then the transition layer consists of about 50 units.

Example 2: bandgap is constant, and the thicknesses of a-Si
and pe-Si in the unit are different.

1.2 eV<Bg*<l.6 eV

let a,: the thickness of the a-Silayer and b;: the thickness of
the pc-Si layer,

i=1,2, ..., n, n=1~1000,

set a: b=x:y; 0<x, y<1; 1 nm<a,, b,<10 nm

Eg* =Bg*,=Eg*,= ...

(a-Si) (ue-Si),: Bg*=1.7x+1.1y

x=a,/(a+b,)

y=bi/(a;+b,)

For example, if it is given that Eg*=1.5 eV, and the total
thickness of the transition layer<100 nm, then Eg*=1.7x+
1.1y, and O<x, y<1.

A set of solution (%, v)=(0.3, 0.9) can be selected.

Also, since ai:bi=x:y, if it is set that a,=1 nm, b =3 nm, the
single unit (ai, bi)=(1 nm, 3 nm).

If it is given that the total thickness <100 nm, then the
transition layer consists of about 25 units.

Example 3: graded bandgap

1.2 eV<Eg*<l.6 eV

let a,: the thickness of the a-Si layer and b,: the thickness of
the pc-Si layer,

i=1,2, ..., n; n=1~1000,

set a,: b=x:y; 0<x, y<l1; 1 nm<g,, b,<10 nm

if the unit number n is given and if Eg* >Hg*,>
Bg*;>. .., then (a-Si),(uc-Si) :Bg*=1.7x+1.1y.
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x=a/(a+h;)

y=b,/(a;+b,)

The present invention further provides six kinds of graded
bandgap embodiments.

In FIGS. 3A-3F, the horizontal direct indicates the thick-
ness or the film formation direction, and the vertical direct
indicates the variation of bandgap. It is noted that the FIGS.
3A-3F are schematically illustrated and not drawn to scale.

The first graded bandgap embodiment 3A is described with
reference to FIG. 3A, and that shows a first light absorption
layer 108, a transition layer 110 and a second light absorption
layer 112, wherein the first light absorption layer 108 is made
of a photosensitive material with a first bandgap Egl; the
second light absorption layer 112 is made of a photosensitive
material with a third bandgap Eg3; and the transition layer
110 comprises of a plurality of first superlattice layers 1101
and a plurality of second superlattice layers 1102. The plu-
rality of first superlattice layers 1101 are made of a photosen-
sitive material with the first bandgap Egl, the plurality of
second superlattice layers 1102 are made of a photosensitive
material with the second bandgap Eg2. The first bandgap Egl
is larger than the second bandgap Eg2. In addition, each one
of the first superlattice layers 1101 is alternated with each one
of the second superlattice layers 1102 in a tandem arrange-
ment, and the graded bandgap of the transition layer 110 is
formed by varying a thicknesses of at least one of the first
superlattice layer 1101 and the second superlattice layer
1102.

In the embodiment 3A, the thickness of each one of the first
superlattice layers 1101 is gradually thinned towards the sec-
ond light absorption layer 112, the thickness of each one of
the second superlattice layers 1102 is gradually thickened
towards the second light absorption layer 112, so that the
graded bandgap of the transition layer 110 which is decreas-
ing is gained. Specifically, FIG. 3A shows that the first light
absorption layer 108 with a thickness d at the beginning, and
the second light absorption layer 112 with a thickness f at the
end, and the plurality of first superlattice layers 1101 and the
plurality of second superlattice layers 1102 are arranged
between the first light absorption layer 108 and the second
light absorption layer 112. Each one of the first superlattice
layers 1101 is alternated with each one of the second super-
lattice layers 1102 in a tandem arrangement, which is
expressedasab,/.../ab/.../a b, in which a, represents the
thickness of the i,,, layer of the first superlattice layers 1101,
and b, represents the thickness of the i, layer of the second
superlattice layers 1102,i=1,2, ..., n(nis aninteger); a,>a,,
and b<b,, ;.

The second graded bandgap embodiment 3B is described
with reference to FIG. 3B. The thickness of each first super-
lattice layer 1101 is gradually thickened towards the second
light absorption layer 112, the thickness of each second
superlattice layer 1102 is gradually thinned towards the sec-
ond light absorptionlayer 112, so that a graded bandgap of the
transition layer which is decreased is gained. Specifically,
FIG. 3B shows that the first light absorption layer 108 with a
thickness d at the beginning, and the second light absorption
layer 112 with a thickness f at the end, and the plurality of first
superlattice layers 1101 and the plurality of second superlat-
tice layers 1102 are arranged between the first light absorp-
tion layer 108 and the second light absorption layer 112. Each
one of the first superlattice layers 1101 is alternated with each
one of the second superlattice layers 1102 in a tandem
arrangement, which is expressed as a;b,/ . .. /ab,/ ... /a b,
in which a, represents the thickness of the i,,, layer of the first
superlattice layers 1101, and b, represents the thickness of the
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1,5, layer of the second superlattice layers 1102,1=1,2,...,n
(nis a integer); a,<a,,, and b>b,, .

The third graded bandgap embodiment 3C is described
with reference to FIG. 3C. The thickness of each first super-
lattice layer 1101 is gradually thinned from an initial thick-
nessa, toaspecific thickness a,,, and then gradually thickened
to the initial thickness a, ; the thickness of each second super-
lattice layer 1102 is gradually thickened from an initial thick-
ness b, to a specific thickness b,, and then gradually thinned
to the initial thickness b, so that a graded bandgap of the
transition layer 110 which is decreased and then increased is
gained.

Specifically, FIG. 3C shows that the first light absorption
layer 108 with a thickness d at the beginning, and the second
light absorption layer 112 with a thickness fat the end, and the
plurality of first superlattice layers 1101 and the plurality of
second superlattice layers 1102 are arranged between the first
light absorption layer 108 and the second light absorption
layer 112. Each one of the first superlattice layers 1101 is
alternated with each one of the second superlattice layers
1102 in a tandem arrangement, which is expressed
as a;b/ . . . /ab/ laba, b ]
a, b, /.../la,b,..inwhicha, tepresents the thickness of
the i,,, layer of the first superlattice layers 1101, and b, repre-
sents the thickness of the 1,, layer of the second superlattice
layers 1102,i=1,2, ..., n(nis an integer); j=1, 2, .. ., m (m
isaninteger); a,>a,,  andb<b,, ;;a,, <a, . andb,, >b, ..
However, the thickness a , , of the last layer of the first
superlattice layers 1101 is equal to the thickness a ; the thick-
ness b, of the last layer of the second superlattice layers
1102 is equal to the thickness b,.

The fourth graded bandgap embodiment 3D is described
with reference to FIG. 3D. The thickness of each first super-
lattice layer 1101 is gradually thickened from an initial thick-
ness a, to a specific thickness a,,, and then gradually thinned
to the initial thickness a, ; the thickness of each second super-
lattice layer 1102 is gradually thinned from an initial thick-
ness b, to a specific thickness b,,, and then gradually thick-
ened to the initial thickness b, , so that a graded bandgap of the
transition layer 110 which is increased first and then
decreased is gained.

Specifically, FIG. 3D shows that the first light absorption
layer 108 with a thickness d at the beginning, and the second
light absorption layer 112 with a thickness fat the end, and the
plurality of first superlattice layers 1101 and the plurality of
second superlattice layers 1102 are arranged between the first
light absorption layer 108 and the second light absorption
layer 112. Each one of the first superlattice layers 1101 is
alternated with each one of the second superlattice layers
1102 in tandem, which is expressed as a;b,/ . . ./
ab/.../abfa, b, /.. Ja, b .. b, inwhich
a, represents the thickness of the 1, layer of the first superlat-
tice layers 1101, and b, represents the thickness ofthe i, layer

of the second superlattice layers 1102,1=1, 2, ..., n(nis an
integer); =1, 2, ..., m (m is an integer); a,<a,,, and b>b,, ;;
a, >4, . adb, <b . However, the thickness a,,  of

the last layer of'the first superlattice layers 1101 is equal to the
thickness a, ; the thickness b, , ,, of the last layer of the second
superlattice layers 1102 is equal to the thickness b, .

The fifth graded bandgap embodiment 3E and the sixth
graded bandgap embodiment 3F are described with reference
to FIG. 3E and F1G. 3F. Two first arrays Arrl are connected in
tandem.

As mentioned in the embodiment 3C, each of the first array
Arrl consists of the first light absorption layer 108, the tran-
sition layer 110 and the second light absorption layer 112.
Similarly, two second arrays Arr2, as mentioned in the
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embodiment 3D, are connected in tandem. Based on these
two embodiments, a skilled person could tandem two or more
arrays to achieve abetter photo-electric conversion efficiency.

Third Embodiment

A tandem solar cell 4 having a graded superlattice layer as
a light absorption layer 308 (shown in FIG. 9) instead of the
a-Si (first light absorption layer 108)/a-SiGe (transition layer
110)/c-Si (second light absorption layer 112) structure is
manufactured. FIG. 10 is a schematic view showing the fully
graded bandgap of the solar cell shown in FIG. 9, wherein
abscissa represents thickness.

First, an anti-reflective coating 300, such as silicon oxyni-
tride, silicon nitride, or silicon oxynitride/silicon nitride, is
deposited on a glass substrate 302 by HDPCVD or PECVD.
A transparent conductive oxide layer 304, such as ITO or
Sn0,/Zn0, is grown by sputtering, and then the transparent
conductive oxide layer 304 is textured by etching.

The substrate is sent into a film forming system selected
from a group consisting of HDPCVD, PECVD, MOCVD,
MBE, UHVCVD, ALD, and photo chemical vapor deposition
systems, and various process gases of nitrogen (N,), argon
(Ar), silane (SiH,) and the like are introduced to deposit Si
films. Accordingly, p*-type a-Si, a-Si/jic-Si superlattice, and
n*-type uc-Si films having different crystalline phases, dif-
ferent doping, and different thicknesses are formed by adjust-
ing film forming process parameters of temperature, pressure,
gas flow rate and the like, so as to function as a front contact
306, a light absorption layer 308, and a back contact 314,
respectively, wherein the configuration of the superlattice
layer is determined by the process described in Example 3 of
the second embodiment.

Then, a metal electrode 316 is formed by sputtering tex-
tured transparent conductive oxide, Ag or Al using an E-gun
evaporator. Next, silicon nitride or silicon dioxide is grown as
a passivation layer 318 by HDPCVD or PECVD. Finally, a
terminal treatment to the films are performed by RTA.

Fourth Embodiment

Referring to FIG. 6, a thin-film solar cell according to the
second aspect of the present invention comprises:

a front contact 206, having a bandgap Egl;

a first light absorption layer 208, formed on the front con-
tact 206 and having a bandgap Egl;

a first transition layer 210, formed on the first light absorp-
tion layer 208 and having a bandgap Eg2;

a second light absorption layer 212, formed on the first
transition layer 210 and having a bandgap Eg3;

a second transition layer 214, formed on the second light
absorption layer 212 and having a bandgap Eg4;

a third light absorption layer 216, formed on the second
transition layer 214 and having a bandgap Eg5; and

a back contact 218, formed on the third light absorption
layer 216 and having a bandgap Eg5,

wherein the configuration and definition of the first transi-
tion layer 210 are the same as those of the transition layer 110.

A tandem solar cell 3 having an a-Si (first light absorption
layer 208)/a-SiGe (first transition layer 210)/uc-Si (second
light absorption layer 212)/uc-SiGe (second transition layer
214)/uc-Ge (third light absorption layer 216) structure shown
in FIG. 6 is manufactured. FIG. 8 is a schematic view showing
the bandgap of the second transition layer of the tandem solar
cell showing in FIG. 6.

First, an anti-reflective coating 200, such as silicon oxyni-
tride, silicon nitride, or silicon oxynitride/silicon nitride, is
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deposited on a glass substrate 202 by HDPCVD or PECVD.
A transparent conductive oxide layer 204, such as 1TO or
SnO,/7n0, is grown by sputtering, and then the transparent
conductive oxide layer 204 is textured by etching.

The substrate is sent into a film forming system selected
from a group consisting of HDPCVD, PECVD, MOCVD,
MBE, UHVCVD, ALD, and photo chemical vapor deposition
systems, and various process gases of nitrogen (N,), argon
(Ar), silane (SiH,), germane (GeH,) and the like are intro-
duced to deposit Si(Ge) films. Accordingly, p*-type a-Si,
i-type a-Si, a-SiGe, n-type [ic-Si, [c-SiGe, n-type pe-Ge, and
n*-type uc-Si films having different crystalline phases, dif-
ferent doping, and different thicknesses are formed by adjust-
ing film forming process parameters of temperature, pressure,
gas flow rate and the like, so as to function as a front contact
206, a first light absorption layer 208, a first transition layer
210, a second light absorption layer 212, a second transition
layer 214, a third light absorption layer 216, and a back
contact 218, respectively. For the deposition of a-SiGe, gen-
erally, SiH, with a stable flow rate is first introduced, and then
GeH, is slowly introduced to modify Ge content in a SiGe
film, so as to form an a-SiGe junction buffer.

Then, a metal electrode 220 is formed by sputtering tex-
tured transparent conductive oxide, Ag or Al using an E-gun
evaporator. Next, silicon nitride or silicon dioxide is grown as
a passivation layer 222 by HDPCVD or PECVD. Finally, a
terminal treatment to the films are performed by RTA.

As shown in FIG. 7, the entire bandgap of the solar cell is
made smoother to reduce the probability of hole recombina-
tion.

FIG. 14A is a bandgap graph showing the fully graded
structure of a heterojunction light absorption layer having
nano-particles NP of the present invention, in which at least
part of the first light absorption layer 108, the transition layer
110 and the second light absorption layer 112 are doped with
nano-Particles NP. A layer with p*-type a-Si gradually varied
into a-Si0 is formed by introducing oxygen into a chamber of
a film forming device, after a a-Si layer is grown, by gradually
increasing oxygen content in the atmosphere of the chamber
from 0% to 20%. Next, a layer with a-SiO:H gradually varied
into a-Si, then a layer with a-Si gradually varied into pe-Siand
then gradually varied into n*-type uc-Si are formed by gradu-
ally adjusting oxygen content in the atmosphere of the cham-
ber from 20% to 0%.

Referring to FIG. 14A, the nano-particles NP can make
light obliquely incident to the solar cell to generate multiple
reflections so as to increase the traveling distance of the light
inside the solar cell, and enhance an effect of light trapping in
cooperation with the textured transparent conductive layers,
which are described above. Also, the nano-particles NP can
generate the effect of quantum confinement. Alternatively, in
the other embodiment of the present invention, the nano-
particles NP could be replaced with Nano-voids NV or air
voids to achieve the same object, as shown in FIG. 14B.

Similarly, please refer to FIG. 14C, in order to generate
multiple reflections to increase the traveling distance of the
light inside the solar cell, and enhance the effect of light
trapping in cooperation with the textured transparent conduc-
tive layers, in another embodiment of the present invention, a
plurality of semiconductor layers CL are built into at least one
of the first light absorption layer 108, the transition layer 110
and the second light absorption layer 112. Fach one of the
semiconductor layer CL has different reflex index and is
arranged alternatively with another one in a tandem arrange-
ment. As shown in FIG. 14C, the semiconductor layers CL are
consist of nano-dimensional superlattices composed of
a-Si0,/a-Si a-SiO,/jic-Si or similarities. Hence, the above
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embodiment can increase the light absorption so as to
improve effectively a photo-electric conversion efficiency.

Referring to FIG. 15, a thin-film solar cell comprises: a first
electrode 500; a front contact 502, formed on the first elec-
trode 500; a first light absorption layer 504, formed on the
front contact 502; a second light absorption layer 506, formed
on the first light absorption layer 504; a third light absorption
layer 508, formed on the second light absorption layer 506; a
fourth light absorption layer 510, formed on the third light
absorption layer 508, aback contact 512, formed on the fourth
light absorption layer 510; and a second electrode 514,
formed on the back contact 512, wherein the first electrode
500 is made of a transparent conductive oxide layer; the front
contact 502 is made of p*-type a-Si; the first light absorption
layer 504 is made of a-Si gradually varied into a-Si0:H; the
second light absorption layer 506 is made of a-SiO:H gradu-
ally varied into a-Si; the third light absorption layer 508 is
made of a-Si gradually varied into pe-Si or a-Si gradually
varied into poly-Si; the fourth light absorption layer 510 is
made of ne-Si gradually varied into a-Si or poly-Si gradually
varied into a-Si; the back contact 512 is made of n*-type a-Si;
and the second electrode 514 is made of a transparent con-
ductive oxide layer, Ag, or Al.

FIG. 11 is a schematic view showing a structure of a solar
cell having superlattice layers with different configuration, as
a first light absorption layer and a second light absorption
layer. FIG. 12 is a schematic view showing the fully graded
bandgap of the solar cell shown in FIG. 11.

FIG. 13 is a J-V simulation graph of the present invention
where a graded p-type a-Si/uc-Si superlattice layer is used as
a transition layer between an i-type a-Si layer and a pc-Si
layer, wherein Jsc represents short-circuit current density
(unit: mA/cm?), Voc represents open-circuit voltage (unit: V),
FF represents fill factor, 1 represents conversion efficiency,
their relations are defined as:

n=VocxJsexFFxA)/Pin

wherein Pin is intensity of incident light, A is a light receiv-

ing area.

It can be seen from the J-V graph of FIG. 13 that in the case
of fixing the bandgap of the superlattice layer used as the
transition layer as 1.4 eV, the conversion efficiency can reach
15.56%, and in the case of designing the superlattice layer
used as the transition layer into a graded bandgap, the con-
version efficiency can reach 17.4%.

FIG. 16 is a graph showing that the dilution ratio of hydro-
gen affects degree of crystallization and Si—H bonding. A
crystalline fraction X~ (%) of a layer formed with a-Si gradu-
ally varied into uc-Si by adjusting hydrogen content in a
process gas during film formation is measured by Raman
scatter spectroscopy, wherein it is given that X -=(I5,,)/(Iygo+
L.,;), wherein 1,4, is an intensity located at 480 cm™", repre-
senting a-Siabsorption peak, L5, is an intensity located at 520
cm™, representing uc-Si absorption peak. A Si—H bonding
ratio R is measured by FT-IR, wherein it is given that
R=(L,060)/s000+15090), Wherein 1, is an intensity located
at 2000 cm™", representing Si—H transmittance peak, I,,q, is
an intensity located at 2090 em™, representing H—Si—H
transmittance peak.

Moreover, in the above solar cell, the back contact is made
ofann*-type a-Silayer, and a layer with n*-type uc-Si gradu-
ally varied into a-Si is further included between the light
absorption layer closest to the back contact and the back
contact. FIG. 17 is a bandgap schematic view of adding a
layer with n*-type uc-Si gradually varied into a-Si, an n*-type
a-Si layer, and a (an) Ag or Al or textured ITO layer into FIG.
4 under such an aspect. FIG. 18 is a bandgap schematic view
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of adding a layer with n*-type pc-Si gradually varied into
a-S1, an n*-type a-Si layer, and a Ag or Al or textured ITO
layer into FIG. 7 under such an aspect.

Although the invention has been described with reference
to the specific embodiments, ordinary persons skilled in the
art can easily make various changes and substitutions without
departure from the spirit and scope of the present invention
which is determined by the claims below.

LIST OF REFERENCE NUMERALS

1 tandem solar cell

2 tandem solar cell

3 tandem solar cell

4 tandem solar cell

5 tandem solar cell

10 anti-reflective coating

12 glass substrate

14 transparent conductive oxide layer
16 p*-type a-Si layer

18 n-type or i-type a-Si layer

20 n*-type a-Si layer

22 amorphous silicon (a-Si) cell

24 transparent conductive oxide layer
26 p*-type poly-Si or pe-Si layer

28 i-type poly-Si or pe-Si layer

30 n*-type poly-Si or pc-Si layer

32 crystal silicon (c-Si) cell

34 metal electrode

36 passivation layer

100 anti-reflective coating

102 glass substrate

104 transparent conductive oxide layer
106 front contact

108 first light absorption layer

110 transition layer

112 second light absorption layer
114 back contact

116 metal electrode

118 passivation layer

200 anti-reflective coating

202 glass substrate

204 transparent conductive oxide layer
206 front contact

208 first light absorption layer

210 first transition layer

212 second light absorption layer
214 second transition layer

216 third light absorption layer

218 back contact

220 metal electrode

222 passivation layer

300 anti-reflective coating

302 glass substrate

304 transparent conductive oxide layer
306 front contact

308 light absorption layer

314 back contact

316 metal electrode

318 passivation layer

400 anti-reflective coating

402 glass substrate

404 transparent conductive oxide layer
406 front contact

408 first light absorption layer

412 second light absorption layer
418 back contact
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420 metal electrode

422 passivation layer

500 first electrode

502 front contact

504 first light absorption layer
506 second light absorption layer
508 third light absorption layer
510 fourth light absorption layer
512 back contact

514 second electrode

1101 first superlattice layer
1102 second superlattice layer
Arrl first array

Arr2 second array

CL semiconductor layer

NP nano-particle

NV Nano-void

S10~S130 steps

ay, bl’ A, bi’ Aps bn’ ]

bn+15 an+j5 bn+j5 & ms bn+m*

d, f, W1, W2 thickness

What is claimed is:

1. A thin film solar cell with a graded bandgap structure,
comprising;

a front contact;

a first light absorption layer, formed on the front contact;

a transition layer, formed on the first light absorption layer,

the transition layer having a graded bandgap;

a second light absorption layer, formed on the transition

layer; and
aback contact, formed on the second light absorption layer,
wherein the transition layer comprises a plurality of first
superlattice layers and a plurality of second superlattice
layers, the first superlattice layers being made of a pho-
tosensitive material with a first bandgap, the second
superlattice layers being made of a photosensitive mate-
rial with a second bandgap; and each one of the first
superlattice layers is alternated with each one of the
second superlattice layers in a tandem arrangement; and

wherein a thickness of each one of the first superlattice
layers is gradually thinned from an initial thickness to a
specific thickness, and then gradually thickened to the
initial thickness; a thickness of each one of the second
superlattice layers is gradually thickened from an initial
thickness to a specific thickness, and then gradually
thinned to the initial thickness, such that the graded
bandgap of the transition layer is gradually decreased
first and then increased.

2. The thin film solar cell as claimed in claim 1, wherein the
first light absorption layer is made of a photosensitive mate-
rial with the first bandgap, which is larger than the second
bandgap.

3. The thin film solar cell as claimed in claim 1, wherein the
thin film solar cell is provided with two or more arrays in a
tandem arrangement, each of the arrays being formed by the
first light absorption layer, the transition layer and the second
light absorption layer.

4. The thin film solar cell as claimed in claim 1, wherein at
least one of the first light absorption layer, the transition layer
and the second light absorption layer is doped with a plurality
of Nano-particles therein, the Nano-particles being selected
from at least one of semiconductors, metals and composite
materials thereof.

5. The thin film solar cell as claimed in claim 1, wherein at
least one of the first light absorption layer, the transition layer
and the second light absorption layer is doped with a plurality
of Nano-voids.
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6. The thin film solar cell as claimed in claim 1, wherein at
least one of the first light absorption layer, the transition layer
and the second light absorption layer is provided with a plu-
rality of semiconductor layers therein, each semiconductor
layer having different reflex index and being arranged by s
alternation with another semiconductor layer in tandem.

L T S

20



