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@ Abrégé : This invention relates to group IB-IITA. VIA quaternary or higher alloys. More
particularly, this invention relations to group IB-IITA-VIA quaternary or pentenary alloys
which are suitable for use as semiconductor films. More specifically, the invention relates
to quaternary or pentenary alloys which are substantially homogeneous and are
characterized by an x-ray diffraction pattern (XRD) having a main [1 12] peak at 20
angle (20 q12) of from 26° to 28° for Cu radiation at 40kV, wherein a glancing
wmeidence x-ray diffraction pattern (GIXRD) for a glancing angle of from 0.2° to 10°
reflects an absolute shift in the 204 angle of less than 0.06°,
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University of Johannesburg

Group I-l11-VI quaternary or higher alloy semiconductor films
Field of the Invention

This invention relates to group I-1lI-VI quaternary or higher alloy
semiconductor films More particularly, but not exclusively, this
invention relates to group I-Ill-VlI quaternary or higher alloys
which are substantially homogeneous.

The invention further relates to substantially homogeneous group
I-HI-VI quaternary or higher alloy semiconductor films which are
suitable for use as semiconductor films in photovoltaic / solar
cells,

Background to the Invention
Definitions

For the purposes of this specification the term “pentenary alloy”
refers to an alloy having 5 different elements. So for example,
Cu(In,Ga)(S,Se)2 is a group IB-1lIA-VIA pentenary alloy wherein
the 5 different elements are copper (Cu), indium (In), gallium
(Ga), selenium (Se) and sulfur (S): Similarly the term “quaternary
alloy" refers to an alloy having 4 different elements. So for
example, Cu(ln,Ga)Se. is a group IB-IlIIA-VIA quaternary alloy.
Likewise, a ternary alloy has three different elements and a
binary alloy has two different elements.

The term “homogeneous” alloy means that the different elements
constituting the alloy are distributed homogeneously through the
alloy such that the alloy has a substantially constant lattice
parameéter, interplanar spacing (referred to as- d-spacing
hereinafter) and band gap value throughout. In other words, the
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absolute shift of the main diffraction peak of the alloy [26112)],
characterised by glancing incident x-ray diffraction for glancing
angles between 0.5° to 10°, is negligible.

Furthermore, for the purposes of this specification, a
“heterogeneous” alloy means that the alloy includes a graded
band gap structure and suffers from compositional grading such
that one or more of the constituent elements of the alloy vary in
atomic concentration through the alloy. The heterogeneous alloy
may further include lattice mismaiches in respect of the crystal
structure and accordingly may suffer from a variation in the lattice
parameters of the crystal structure through the alloy.

For the purposes of convenience, elements are referred to by
their commonly accepted chemical symbols, including copper
(Cu), indium (In), gallium (Ga), selenium (Se), sulphur (S), argon
(Ar), molybdenum (Mo) and aluminium (Al). Also, the use of a
hyphen (e.g. in Cu-In-Ga or Cu-In) does not necessarily indicate
a compound, but indicates a coexisting mixture of the elements
joined by the hyphen.

For the purposes of clarity, reference to group IB refers to the
group in the periodic table comprising the elements of Cu, Ag and
Au. Reference to group IllIA refers to the group in the periodic
table comprising the elements B, Al, Ga, In and TI. Furthermore,
reference to group VIA refers to the group in the periodic table
comprising the elements O, S, Se, Te and Po.

The use of a comma between two elements, for example (Se,S),
(In,Ga) is merely used for the sake of convenience and so for
example, (Se,S), is short hand for (Ses.ySy).
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Semiconductor film material

Crystalline and multi-crystalline silicon is to date the primary
material used in the production of solar modules/photovoltaic
cells. The main problem associated with this material is the high
cost of manufacturing. In an effort to reduce fabrication costs and
increase material utilization, semiconductor thin film alloys have
been the subject of intensive research. In this regard, group IB-
I1IA-VIA alloys, such as CulnSe;, CuGaSe; and CulnS;, are
promising candidates for absorber layers in thin film photovoltaic

cells or devices.

Of particular interest are semiconductor films comprising group
IB-HIA-VIA alloys wherein the alloy includes Ga in combination
with another group lli element, since the presence of Ga in such
films results in semiconductor films with higher band gap values
and subsequently, in solar/photovoltaic cell devices, with higher
open-circuit voltages and reduced short circuit currents. Of even
greater interest are semiconductor films comprising pentenary
alloys (pentenary alloy semiconductor films).

in respect of semiconductor films comprising pentenary alloys
having Cu(Ini.xGax)(Sey.ySy)2 as a general formula, the band gap
can be shifted systematically between 1.0 and 2.4eV in order to
achieve an optimum match with the solar spectrum. Optimization
of this material system has already resuited in laboratory-scale
solar cell devices with conversion efficiencies exceeding 18%.

Prior Art Processes

- There are a number of methods for producing group IB-Il1A-VIA

semiconductor films, the two most common methods being the
traditional two step process and the co-evaporation process.
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The Traditional Two Step Process

The above process typically involves (i) the deposition of metallic
precursors such as Cu, In and Ga, on a substrate which is more
often than not coated with molybdenum, by DC magnetiron
sputtering and then (ii) the reactive annealing of the precursors in
an atmosphere containing Se and/or 8 vapours or H2Se/Ar and/or
H.Se/Ar gases. These techniques are disclosed in an article by V.
Alberts, J.H. Schén, and E. Bucher, Journal of Appl. Phys.
84(12), 1998, 6881 and by A. Gupta and S. Isomura, Sol. Energy
Mater. Sol. Cells 53, 1998, 385.

Without wishing to be bound by theory and referring to an article
by J. Palm, V. Probst, W Stetter and others, Thin Solid Films 451
- 452 (2004) 544 - 551, the selenisation of Cu-In-Ga metallic
precursors is thought to produce binary alloys such as CuSe and
IngSes, Cuz.xSe and InSe. The subsequent rsaction between
these binary precursor phases at temperatures above 370°C
leads-to the formation of the ternary alloy of CulnSe; (CIS), It is
believed that during selenisation, only the latter alloy is formed
and the selenisation of Ga is kinetically impeded such that Ga is
driven towards the molybdenum substrate during the formation of
CIS. It is further belisved that on further annealing, a separate
layer of Cu(in,Ga)Sez (CIGS) is formed such that a double layer
structure results comprising a well crystallised CIS layer on top of
a Ga-rich fine grained CIGS layer in contact with the back
electrode. Extended annealing, which is commercially not
preferable, results in Ga diffusion from the back electrode to the
surface of the structure.

The effect of a segregated or graded film structure with most of
the gallium residing at the back of the film, is that the absorber
film exhibits a low band gap value in the active region of the

o
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photovoltaic cell, which ultimately limits the Voo of the device.
(The open-circuit voltages (Vo) and short circuit currents (Jec) of
solar modules/photovoltaic cells are directly related to the band
gap of the semiconductor material. In the case of CuinSe; with a
low band gap value of 1 eV, the Ve, values are typically limited to
500 mV, while values close to 1000 mV can be achieved using a
CuGaSe;, absorber layer with a higher band gap value of 1.65
eV.)

In addition, in the case of extreme grading, lattice mismaiches
within the graded absorber films introduce electrically active
structural defects, which negatively impact on the device

performance.

In order to overcome the disadvantage of a low band gap
heterogeneous Cu(In,Ga)Se. alloy, formed by the traditional two
step process, films are commonly reacted with H2S.

Present industrial processes include a post-sulfurization step in
which a certain fraction of the selenium species in the top surface
r'egion of the film are replaced with sulfur. (K. Kushlya, M.
Tachiyuki, T. Kase, |. Sugiyama, Y. Nagoya, D. Okumura, M.
Satoh, O. Yamase, and H. Takeshita, Sol. Energy Mater. Sol.
Cells 49, 1997, 277; R. Gay, M. Dietrich, C. Fredric, C. Jensen,
K. Knapp, D. Tarrant and D. Willett, Proceedings of the
International Conference on E.C. Photovoliaic Solar Energy, Vol.
12(1), 1994, 935; and T. Nakada, H. Ohbo, T. Watanabe, H.
Nakazawa, M. Matsui and A. Kunioka, Sclar Energy Materials and
Solar Cells 49, 1997, 285).

This approach ultimately results in the formation of a thin
Cu(In,Ga)(Se,S). surface layer on the resultant graded Cu(lin;.
«Gay)8e2 structure. The surface layer has an abrupt grading and
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the depth into the Cu(in,Ga)(Sez structure is in the order of 50
nm.

The disadvantages of the above post-sulfurisation step, which is
already applied on an industrial scale, are: '

(i) the slow rate of exchange between the selenium and sulfur
species in these films,

(i) only a slight increase in the open-circuit voltages of solar cell
devices are achieved,

(ili) high temperatures and long reaction times of between 90 to
120 minutes are required to achieve significant degrees of 8
incorporation, which ultimately increases the costs of the
production process; and

(iv) the resulting alloys are heterogeneous, which prohibit
effective control over the lattice parameters and band gap

values.

It has also been demonsirated, in an article by M. Marudachalam, = .

H. Hichri, R. Klenk, R.W. Birkmire, W.N. Schtarman and J.M.
Schultz, Appl. Phys. Lett. 67(26), 1995, 3978, that Cu(In,Ga)Sez
thin flims with improVed homogeneity can be produced by the in-
situ annealing of a phase-separated mixture of CulnSe, and
CuGaSes in argon in the temperature range of 500°C to 600°C for
80 to 120 minutes. However, Auger depth profiling of these
specific alloys still revealed substantial variations in the In and
Ga concentrations with depth, indicative of heterogeneous alloys.

In addition, the carrying out of the post-annealing step in an inert
atmosphere resulted in substantial losses of Se from- the film,
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which necessitated a second annealing step in HaSe/Ar. The
additional pdst-annealing steps in an inert atmosphere as well as
HzSe/Ar not only compromise the reproducibility of the process,
but also make it commercially unviable.

Single Stage Techniques

In another attempt to produbé homogeneous pentenary alloys, a
complex single-stage technique has been developed. In this
technique, disclosed in an article by [.M. Kétschau, H. Kerber, H.
Wiesner, G. Hanna and H.W. Schock, Proceedings of the 16th
European Photovoltaic Solar Energy Conference, 1-5 May 2000,
Glasgow, UK, pp 724-727, all the elements (Cu, In, Ga, Se and S)
are co-evaporated at constant fluxes in high vacuum from
individual sources.

This technique allows for the controlled incorporation of gallium
and sulfur into the films and hence in a decrease in the lattice
parameters of the alloys. The subsequent increase in the band
gap values of the pentenary alloys ultimately resulted in an
increase in the open-circuit voltages of completed solar cell
devices. However, glancing incident angle x-ray diffraction
(GIXRD) at incident angles between 0.4° and 5° revealed a
significant shift in the lattice parameters between the surface and
the bulk of the material. The authors attributed this phenomenon
to a copper depletion at the surface of the layer, which confirmed
that the alloys were compositionally graded rather than
homogeneous.

It has now surprisingly been found by the inventor that the
significant problems discussed above can at least partially be
overcome or reduced by controliing the formation of the ternary
alloys in the selenization step such that the selenization reaction
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does not proceed to completion to form fully reacted ternary
alloys in the absence of binary alloys.

| Object of the Invention

It is an object of the invention to provide novel quaternary and

pentenary alloys.

It is a further object of the invention to provide novel substantially
homogeneous quaternary and pentenary alloys suitable for use as
semiconductor films, whereby the use of such alloys at least
partially minimises the associated disadvantages in respect of
semiconductor films comprising heterogeneous alloys.

- Summary of the Invention

According to the present invention, there is provided a quaternary
or higher group IB-111A-VIA alloy having the general formula (I):

A(BixCx)(D1-yEy)z ... ... )
wherein:

A is a group IB element;

B Is a group 1A element;

Cis a group IllA element, which is different to B;

Dis a first group VIA element (hereinafter referred to as VIy);
E is a second group VIA element (hereinafter referred to as
Vl"’); and

each of x and y independently may vary from 0 to 1, provided
that x and y are not zero at the same time;
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and the alloy being characterised by an x-ray diffraction pattern
(XRD) having a main [112] peak at a 28 angle (2611 of from 26°
to 28° for Cu radiation at 40kV, wherein a glancing incidence x
ray diffraction pattern (GIXRD) for a glancing angle of from 0.2°
to 10° reflects an absolute shift in the 26;112; angle of less than
0.06°.

The alloy preferably has a crystal structure comprising a lattice of
unit cells, wherein all crystallographic planes show a variance in
d-spacing of less than 0.01

In a preferred embodiment of the invention, the element
conceniration of elements A, B, C, D and E of the alloy, as
characterised by XPS depth profiling, is substantially uniform
through the alloy.

Pentenary Alloys

In one embodiment of the invention, A is Qu, B is In or Al
preferably In, C is Ga, D is Se and E is S. Both x and y are
greater than 0.

Preferably the pentenary alloy has the formula (ll):
CU(|n1.xGax)(Se1-ySy)2 (“)

in a preferred embodime;'\'t‘of the invention, X may vary from 0.25
to 0.3 and y may vary from 0.05 to 0.8.

The alloy of formula (ll) preferably has a crystal structure
comprising a laitice of unit cells, wherein all crystallographic
planes show a variance in d-spacing of less than 0.001
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Preferably the absolute shift in the 28j112) angle is less than
0.01°. '

Preferably, the concentration of Cu, In, Ga, Se and S is constant
through the depth of the alloy as characterised by XPS depth

_profiling.

In a preferred embodiment of the invention, the alloy of formula
() may be characterised by an x-ray diffraction pattern (XRD)
having a main [112] peak at a 26 angle (26[112)) of from 26.9° to
28° for Cu. radiation at 40kV, taken at a d-spacing of from
3.3117 10 3.1840 .

Preferably the 26112 peak is substantially symmetrical. In a
preferred embodiment of the invention the 2812 peak may be
from 27.0° to 27.5°.

The alloy of formula (1) may further be characterised in that its
band gap may be continuously shifted from 1 eV to 2.4 eV,
preferably from 1.1 eV to 1.5 eV. ' ‘

in a preferred embodiment of the Invention, the atomic ratio of S

to Se + 8, i.e. the sulphur content expressed by ﬁﬂ lies from
€

0.05to 0.7.

In a preferred embodiment of the invention, the alloy of formula

(1) is homogeneous.
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Quaternary Alloys
Cu(ln,Ga)Se:z

In another embodiment of the invention, A is Cu, B is In, C is Ga,
Dis Seandy=0.

Preferably the quaternary alloy has the formula (Ill):
Cu(ln{.xGay)(Se)2 (1)

In a preferred embodiment of the invention, x may vary from 0.25
10 0.3.

The alloy of formula (Ill) preferably has a crystal structure
comprising a lattice of unit cells, wherein all crystallographic
planes show a variance in d-spacing of less than 0.006 .

Preferably the absolute shiff in the 26p112) angle is less than -

0.05°.

Preferably, the concentration of Cu, In, Ga and Se is constant
through the depth of the alloy as characterised by XPS depth
profiling.

In a preferred embodiment of the invention, the alloy of formula
(1) may be characterised by an x-ray diffraction pattern (XRD)
having a main [112] peak at a 20 angle (26}112j) of from 26.8° to
27° for Cu radiation at 40kV, taken at a d-spacing of from
3.3236 to 3.2990 .
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Preferably the 2081z peak is substantially symmetrical. In a
preferred embodiment of the invention the 28ji12) peak may be
from 26.85° to 26.9°.

The alloy of formula (1Il) may further be characterised in that its
band gap may be shifted from 1.1 eV to 1.2 eV, preferably from
1.15eVto1.18 eV.

In a preferred embodiment of the invention, the atomic ratio of Ga

Ga

—, lies
(Ga+1n)

to Ga + In, i.e. the gallium content expressed by

from 0.25 10 0.3.

in a preferred embodiment of the invention, the alloy of formula
(I11)-is substiantially homogeneous.

Culn{Se,S)z

According to yet a further embodiment of the invention, A is Cu, B
isin,Dis Se, Eis S and x = 0. '

Preferably the QUaternary alloy has the formula {IV):
Culn(Se1.ySy)2 (1v)

In a preferred embodiment of the invention, y may vary from 0.1
to 0.5.

The alloy of formula (IV) preferably has a crystal structure
comprising a lattice of unit cells, wherein all crystallographic
planes show a variance in d-spacing of less than 0.007 .
Preferably the shift in the 26112 angle is less than 0.06°.
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Preferably, the concentration of Cu, In, Se and S is constant
through the depth of the alloy as characterised by XPS depth
profiling.

in a preferred embodiment of the invention, the alloy of formula
(IV) may be characterised by an x-ray diffraction pattern (XRD)
having a main [112] peak at a 20 angle (20112)) of from 26.80° to
27.3° for Cu radiation at 40kV, taken at a d-spacing of from
3.3236 10 3.2640 . i

Preferably the 20,115 peak is substantially symmetrical. In a
preferred embodiment of the invention the 261142) peak may be
from 27.0° to 27.2°.

The alloy of formula (1V). may further be characterised in that its
band gap may be shifted from 1.05 eV to 1.23 eV, preferably from
1.15 eV to 1.20 eV,

In a preferred embodimerit of the invention, the atomic ratio of S

to S + Se, i.e. the S conient expressed by z—S— , lies from 0.1

S + Se)
to 0.5.

In a preferred embodiment of the invention, the alloy of formula
(IV) is substantially homogeneous.

According to another aspect of the invention, there is provided a
semiconductor film including an alloy of formula (). The
semiconductor film preferably includes a support for the alloy of
formula (1), preferably a substrate.
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In a preferred embodiment of the invention, the substrate may
include a metal layer thereon. The metal layer may preferably be
a Mo layer.

The semiconductor film comprising the alloy of formula (I) may
have athickness of from 1.5 to 2.0pm.

According to yet a further aspect of the invention, there is
provided a photovoltaic/solar cell including a semiconductor film
including an alloy of formula (). In a preferred embodiment of the
invention, the photovoltaic/solar cell has a conversion efficiency
of from 8 to 15%.

According to still a further aspect of the invention, there is

provided a method for producing a group IB-IHA-VIA quaternary
or higher alloy semiconductor film, the method comprising the
steps of:

i. providing a metal film comprising a mixture of group IB
and group Il1A metals;

ii. heat treating the metal film in the presence of a source
of a first group VIA element (said first group VIA element
herelnafter being referred to as VIA;) under conditions to
form a first film comprising a mixture of at [east one
binary alloy selected from the group consisting of a
group IB -VIAy alloy and a group IHA-VIA; alloy and at
least one group IB-1llA-VIA; ternary alloy;

iii.  optionally heat treating the first film in the presence of a
source of a second group VIA element (said second
group VI element hereinafter being referred to as VIAy)
under conditions to convert the first film into a second
film comprising at least one alloy selected from the group

xj
(W
(@»
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consisting of a group IB-VIA{-VIA; alloy and a group IlIA-
VIA;-VIAz alloy; and the at least one group IB-l1I-VIiA,
ternary alloy of step (ii);

iv.  heat treating either the first film or second film to form a
group  IB-IIA-VIA  quaternary or higher alloy
semiconductor film, wherein VIA may be VIA; and/or
VIAz.

Preferably the mixture of the first film is a stable mixture wherein
the molar ratio of all the group IB-VIA; and/or group [IA-VIA;
alloys to the at least one group IB-1lIA-VIA; ternary alloy remains
substantially constant.

Step (i)

The metal film of step (i) may be provided on a substrate, which
substrate is preferably inert under the reaction conditions and
heat treatment steps of the above method. Suitable substrates
include glass, flexible metallic or polymer foils or the like.
Preferably, the substrate is froni 0.05 mm to 3.0 mm thick.

The substrate may optionally be coated with a metal layer,
preferably a Mo layer having a thickness of 0.5 to 1.0 m.
Preferably, the metal film is provided on the metal layer. The
metal layer may also serve as an electrical contact layer in-a
photovoltaic cell.

The metal film of step (i) includes a mixture of metals, and in one
embodiment preferably comprises at least two ditferent group IlIA
metals.

In a preferred embodiment of the invention, the metal film of step
(i) comprises a mixture of metals selected from the group

A

"’\.\_':‘
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consisting of Cu, In and Ga, preferably a combination of Cu, In
and Ga, which metals may be in elemental form or in the form of
an alloy. Preferably the source of Cu and Ga is an alloy,
preferably Cug.75Ga¢.25 alloy. Preferably the metal film is a Gu-in-
Ga alloy. Other group [l elements of interest in addition to Ga are
Al and Th.

In another embodiment of the invention, the metal film of step (i)
comprises a mixture Cu and In only in the absence of Ga.
Preferably the metal film is a Cu-In alloy.

In a preferred embodiment of the invention, the total amount of
group llIA elements depositéd on the substraie will be sufficient
to provide a molar ratio of group IB to group IllA elements, for
example Cu/(In+Ga) which ranges from 0.7 to 1.0, preferably from
0.8 to 1.0, and more preferably 0.90 to 0.95.

The metals may be deposited onto the substrate by techniques
well know in the art, such as direct current (DC) magnetron
sputtering, to form the metal film which may be 0.6 to 1 m thick,
preferably 0.6 m thick. it will be appreciated that there are other
means by which the group IB and group llIA metals, or alloys
thereof, may be deposited onto the substrate such as for example
by means of electro-deposition or electron-beam evaporation.

Step (i)

The metal film of step (i) is heat treated in the presence of a
source of VIA4. Preferably VIAy is Se. More preferably the source
comprises a gaseous mixture of H.Se and preferably at least one
other gas, preferably an inert gas such as Ar. It is also envisaged
that elemental Se in vapour form may also be used.
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The molar concentration of Se relative to the at least one other
gas, preferably Ar, may be from 0.01 to 15 molar percentage,
preferably from 0.1 to 1.0 molar percentage and most preferably
the concentration of Se relative to the at least one other gas is
0.12 %.

In one embodiment of the invention step (ii) is carried out under
reaction conditions wherein the reaction temperature is from
300°C to 500°C, preferably from 350°C to 450°C.

In a preferred embodiment of the invention, the metal film of step
(i) is heated to the reaction temperatures set out above within 5
to 30 minutes, preferably within 10 to 20 minutes.

Preferably, the metal film of step (i) is exposed to the source of
the VIA; element for a period of from 10 to 120 minutes,
preferably 15 t0 90 minutes and more preferably between 30 to 60
minutes. The pressure during step (ii) is maintained between 10*
Pa and 10° Pa, preferably from 5 x 10* Pa to 9 x 10* Pa.

In one embodiment of the invention, the metal film of step (i) is
heat treated in the presence of a source of Se to form a first film
comprising a stable mixture of binary ailoys, comprising CuSe,
InSe and GapSez and the at least one group IB-llIA-VIA ternary
alloy.

Preferably the first film of step (ii) has below 50 atomic percent of
the VIA, element. More preferably, the first film Is Se deficient in
that the first film has below 50 atomic percent of Se. Preferably
the first film comprises a Se concentration of from 43 — 47 atomic
%, relative to 50 atomic percent required for stoichiometric fully
reacted films. Preferably the Se/(Cu+Ga+In) ratio is below 1.
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in a preferred embodiment of the method as defined above, and
after having carried out step (ii) accerding to the invention, the
first film may be subjected to a treatment step under conditions to
ensure that the mixture of binary alloys and the at least one
group IB-11IA-VIA ternary alloy remains stable.

Preferably, the conditions include the removal of the source of
the VIA; element thereby to maintain the stability of the mixture.
In a preferred embodiment, the conditions may also include the
exposure of the first film to an inert atmosphere, preferably Ar,
for a period of from 5 to 20 minutes, preferably 10 to 15 minutes.
The first film may also be cooled, preferably to temperatures

below 200°C.

Method for the formation of a group IB-1lIA-VIA pentenary alloy
semiconductor film.

Step (i) and (ii)

Steps (i) and (ii) are as set out above. More particularly, step (i)
comprises providing a metal film including a mixture of at least
one group IB element, a first group llIA element (the first group
[l1A element hereinafter being referred to as 1llA;) and a second
group HIIA element (the second group IlIA element hereinafter
being referred to as lllAy). Step (i) comprises heat treating the
metal film of step (i) in the presence of a source of VIA; under
conditions to form a first film comprising a mixture of binary
alloys selected from the group consisting of a group IB-VIA; alloy,
a group llIA4-VIA; alloy and a group [llA2-VIA; alloy and two
ternary alloys, namely a group [B-IllA;-VIA, alloy and a group IB-
1HA2-VIA, alloy.

wo
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Step (i)

In one embodiment of the invention, the first film of step (ii) is
heat treated In the presence of a source of a second group VIA;
element, preferably so as to convert the first film into a second
film bomprising at least one alloy selected from the group
consisting of a group IB-VIA;-VIAz alloy and a grbup HHA-VIA-
VIA; alloy, preferably a group Il1A{-VIA;-VIA;, alloy and a group
I1Az-VIA;-VIA, alloy; and the at least one group IB-IIIA-VIA

ternary alloy of step (ii).

Preferably VIAz is a source of S. In a preferred embodiment of the
invention, the source of S comprises a gaseous mixture of H28
and at least one inert gas, preferably an inert gas such as Ar.

"In a preferred embodiment of the Iinvention, the molar

concentration of S relative to the at least one inert gas,
preferably Ar, may be from 0.1 to 10 molar percent, preferably
from 0.3 and 0.5 molar percent, most preferably the cencentration
of S relative to the at least one other gas is 0.35 %.

The heat treatment of step (iii) may be at a temperature from
100°C to 500°C, preferably 400°C to 500°C, more preferably
450°C for a period from 5 to 10 minutés, preferably 5 minutes.

In a preferred embodiment of the invention, the group IB element
is Cu, the group llIA; element is [n, the group lilAz element is Ga,
VIA, is Se and ViAz is S.

Preferably the second film comprises a mixture of alloys selected
from the group consisting of Cu(Se,8), In(Se,8) and Ga(Se,S),
preferably all three of them, and the ternary alloys, namely
CuGaSez and GulnSep, preferably both of them.
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Step (iv)

in a preferred embodiment of the invention, the second film of
step (i) may be annealed, preferably in the presence of a source
of 8, for a period from 5 to 10 minutes, preferably 5 minutes at a
temperature from 450°C to 600°C, preferably 500°C to 550°C,
more preferably 500°C, such that at least one of the alloys
selected from the group consisting of a groub IB-VIA{-VIA;z alloy,
a group IIA¢-VIA,-VIAz and a group 111Ap-Vii-Viz alloy react with
the at least one group IB-1lIA-VIA; ternary alloy of step (ii) to
form a third film comprising mixture of group IB-HIA-VIA
quaternary alloys comprising either two group IlIA metals or two
group VIA elements, namely VIA; and VIA;.

More preferably the third film comprises a mixture of quaternary
alloys selected from the group consisting of a group IB-11A;-V;-
VIA, alloy and a group IB-111A2-VIA4-VIAz alloy. More preferably,
the third film comprises a mixture of Culn(Se,S)2 and
CuGa(Se,S)2. The quaternary - alloys of Culn(Se,8)2 and
CuGa(Se,S)s are preferably subsiantially homogeneous.

Preferably the third film is annealed for 15 {0 90 minutes, more

preferably 30 minutes to a temperature of from 500°C to 600°C,

preferably 520°C to 580°C, more preferably at 550°C to form a
pentenary alloy having the general formula I

Cu(ini«Gax)(SeiySy)z woeeeeee. (1D
wherein‘preferably x may vary from 0.1 and 0.5, preferably from

0.25 and 0.3 and y may preferably vary from 0 and 1, more
preferably from 0.05 and 0.7.
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The pentenary alloy is preferably homogeneous and may
preferably be annealed for an additional period of time, preferably
15 minutes to optimise the structural properties of the alloy. The
homogeneous film may be from 1.5 mt{o 2.0 m thick.

Method for the formation of a group IB-1lIA-VIA quaternary alloy
semiconductor film.

Cu(in,Ga)Se, quaternary alloy semiconductor films
Step | and step Il

Step i and step ii are as set out above. More particularly, step (i)
comprises providing a metal film inciuding a mixture of at least
one group IB element, a lllA; element and a lliAz element. Step
(i) comprises heat treating the metal film of step (i) in the
presence of a source of VIA; under conditions to form a first film
comprising a mixturé of binary alloys selected from the group
consisting of a group 1B-ViA; alloy, a group [t1A;-VIA; alloy and a
group IllAz-VIA; alloy and a ternary alloy being a group 1B-H1A-
VIA; alloy.

In a preferred embodiment of the invention, step (ii) is carried out
at a temperature of 350°C to 450°C, preferably 400°C such that
the first film comprises a stable mixture of binary alloys, selected
from the group consisting of CuSe, InSe and Ga»Ses, wherein IB

‘is Cu, lll1Ayis In, IllAp is Ga and VIA; is Se; and a single ternary

alloy, namely CulnSes. Preferably, the formation of CuGaSe: is
impeded.

13237
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Step (iv)

In one embodiment of the invention, the first film of step (ii) is
subjected to a first heat treatment step and then to a second heat
treatment step so as to form a group IB-ilIA;-111A2-VIA; element.

In a preferred embodiment of the invention, the first heat
treatment step of step (iv) comprises heating the first film of step
(i) to a reaction temperature of from 100°C to 600°C in the
presence of an inert gas, preferably an Ar containing atmosphere.
Preferably the first film of step (ii) is heated to the reaction
temperature within 5 minutes. ‘

The second heat treatment step of step (iv) comprises first
annezaling the first film in the presence of an inert atmosphere,
preferably in the presence of Ar. Preferably the first film of step
(i) is first annealed In the presence of an Ar containing

atmosphere, preferably at a temperature of from 100°C to 600°C,
preferably from 200°C to 550°C, more preferably from 500°C and
550°C for 10 to 60 minutes, preferably from 15 to 30 minutes and
is then secondly annealed in the presence of a source of a VIA;
element.

VIA; is preferably Se as in step ii. The first film of step (ii) is

annealed in the presence of a source of Se for preferably 10 to 60

minutes, more preferably 30 minutes to a temperature .of from
100°C to 600°C, preferably 200°C to 550°C, more preferably at
500°C to form a quaternary alloy of formula (lil), wherein IB is
Cu, IllAis In, llIAz is Ga and VIA; is Se:

Cu(Iny«Gax)Ses ...... (1

Ci

~1
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and wherein x may vary from 0.25 to 0.30.

Preferably the source of Se is an atmosphere of H:Se and at
least one other gas, preferably an inert gas such as Ar.
Preferably the molar concentration of Se relative to the at least
one other gas is 0.12%.

In a preferred embodiment of the invention, the first film (ii) is
subjected to the following consecutive steps;

(a) heating the first film in a reaction tube in an inert
atmosphere of Ar 1o a reaction temperature of 500°C for 5
minutes ;

(b) annealing the first film in the reaction tube in an Ar
containing atmosphere at 500°C for at least 15 minutes;

(c) annealing the first film in the presence of 0.12 molar
“percent of HpSe in Ar for 30 minutes at 500°C.

Preferably the quaternary alloy of formula (1) ié homogeneous.
Culn(Se,S). quaternary alloy semiconductor films
Step (i) and (ii)

Step (i) and (ii) are the same as above. More particularly, step (i
comprises providing a metal film including a mixture of at least
one group IB element and a group [lIA element. Step (ii)
comprises heat treating the metal film of step (i) in the presence
of a source of VIA; under conditions to form a first film
comprising a mixture of binary alloys selected from the group

F
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consisting of a group IB-VIA+ alloy and a group lIA-VIA; alloy and
a ternary alloy being a group IB-11l1A-VIA; alloy.

In a preferred embodiment of the invention, IB is Cu, 1A is In
and VIA; is Se. The metal film of step (i) is preferably a Cu-In
alloy.

In a preferred embodiment of the invention, the first film of step
(ii) is subjected to a treatment step so as to ensure that the
mixture of the binary alloys and the ternary alloy of step (i)

_remains stable. Preferably the source of the VIA; element is

removed. Also, the first film of step (ii) may be cooled to

‘temperatures bslow 200°C.

Step (iii)
This step is not carried out.
Step (iv)

In one embodiment of fhe invention, the first film of step (ii) is
subjected to a first heat treatment step and is then subjected to a
second heat treatment step wherein the first film of step (ii) is
annealed in the presence of a source of VIAz so as to form a
group 1B-111As-VIA;-VIA; element. |

The first heat treatment step of step (iv) comprises heating the
first film of step (ii) to a reaction temperature from 100 to 600°C,
preferably 200 to 550°C and more preferably 500 to 550°C for 10
to 60 minutes, preferably 15 to 30 minutes.

" The first film of step (ii) is then annealed in the presence of a

source of ViAo,
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VIAz is preferably S. The first film of step (ii) is annealed in the
presence of a source of S for preferably 10 to 60 minutes, more
preferably 30 minutes to a temperature of from 200°C to 600°C,
preferably 200°C to 550°C, more preferably at 5600°C to form a
quaternary alloy of formula (ll1), wherein IB is Cu, HlIA is In, VIA4
is Se and VIAg is S: .4

Culn(S81.4Sy)2 veeenr (IV)
wherein y may vary from 0.1 to 0.5.

Preferably the source of S is an atmosphere of H,S and at least
one other gas, preferably an inert gas such as Ar. Preferably the
molar concentration of S relative to the at least one other gas is
0.35%.

In a preferred embodiment of the invention, the first film (ii) is
subjected to the following consecutive steps;

(a)heating the first film in a reaction tube to a reaction
temperature of 500°C to 550°C in 15 to 30 minutes; and

(b)annealing the first film in the presence of a gaseous mixture
of H2S and Ar(g), wherein the molar conceniration of S
relative to Ar(g) is 0.35 so as to form a quaternary alioy of
formula (II1).

Preferably the quaternary alloy of formula (IV) is homogeneous.
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Detailed Description of the Invention

Without thereby limiting the scope of the invention and by means
of example only, embodiments of the invention will now be

described by means of the following examples. In the examples

reference is made to the accompanying figures:

Figure 1

Figures 2.1 -
2.2

Figure 3 '

Figures 4.1-

4.2.

is schematic representation of the method
for producing a group IB-1l1A-VIA pentenary

alloy semiconductor film according to the

invention;

are X-ray diffraction spectra of the first film

. formed according to step ii of example 1.

More particularly figure 2.1 is an XRD
pattern of the first film of sample 200250-a
and figure 2.2 is an XRD pattern of the first

~ film of sample 200251-a;

are X-ray diffraction spectra corresponding
to step (iii) and steps (iv)(a) and (iv)(b)
according to example 1 for sample 200251-a,
which spectra illustrate the transition from
the ternary to the guaternary and pentenary
alloy states for the sample;

are GIXRD patterns of the [112] peak
positions of the pentenary alioy
semiconductor films of samples 200251-a
and 200250-a in example 1;
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Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figures 10

Figures 11-
13

27

is an XRD pattern of sample 2003078-a of
Example 1;

is a plot of open-circuit voltage (Vo) for a
number of photovoltaic cells having
semiconductor films of sample 200251-a;

is a quantum efficiency (QE) graph for
sample 200290-a of Example 1;

are XRD patterns of a
Cu(Ing.75Gao.25)(Se0.95S0.05)2 alloy
semiconductor film (sample 200376-c); &
Cu(lne.75Ga0.25)(Se0.7580.25) alloy
semiconductor film (sample 200251-a) and a
Cu(Ino.75Gac.25)(Se0.650.4)2 alloy
semiconductor film (sample 200250-a) of
Example 1;

is a quantum efficiency (QE) graph of a
homogeneous  Cu(lng.75Gao.25)(Se€0.7550.25)2
(sample 200251-a) alloy semiconductor film
of Example 1, '

Plot of band gap values as function of
S/Se+S ratio for a series of homogeneous
pentenary alloys, prepared according to the
steps set out in Example 1;

are SEM micrographs depicting the surface
morphology of a Cu(ine,75Gao.25)(S€0.7580.25)2
alloy semiconductor film (sample 200251-a),
a Cu(ine.75Gao.25)(Se0.650.4)2 alloy
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Figure 14

Figure 15.1-
15.2

Figure 16

Figure 17.1-

17.2

Figure 18

Figure 19

bl
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semiconductor film (sample 200250-a) and a
Cu(lne.75Ga0.25)(Seo.3S0.7)2 alloy
semiconductor film (sample 200378-a) of
exémple 1;

a XPS concentration depth profile of a:
pentenary alloy of example 1, and more
particularly, a concentration profile of
sample 200251-3;

are XRD patterns of a quanternary alloy
prepared under the prior art conditions
specified in example 2 and a quaternary
alloy of example 2, specifically of sample
200259-a; '

is a GIXRD patterns of the [112] peak
position of sample 200259-a of example 2;

are X-ray fluorescence profiles depicting the
in-depth composition properties of the
quanternary alloy prepared under the prior
art conditions specified in example 2 and
sample 200259-a of example 2 respectively;

a XPS concentration depth profile of a
quaternary alloy of example 2, and more
particularly, a concentration profile of
sample 200259-a;

is an XRD pattern of a quaternary alloy

P2

o
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Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

29 4‘

prepared under the prior art conditions
described in example 3;

is a SEM micrograph depicting the surface
morphology of the quaternary alloy prepared
under the prior art conditions described in
example 3;

is a- SEM micrograph depicting the surface
morphology of sample 200259-¢ of example
3;

Is an XRD patterns of sample 200259-c of
example 3;

a XPS concentration depth profile of a
guaternary alloy of example 3, and more
particularly, a concentration depth profile of
sample 200258-b;

is a GIXRD patterns of the [112] peak
position of sample 200263-b of example 3.

CLy
P

37
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The following methods and their respective conditions were used
in characterising the group IB-111A-VIA alloys of the invention:

o
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1. XPS: The concentration’ profiles of the samples were

determined by X-ray photoemission spectroscopy (XPS)
using a Physics Electronics (PHI) Quantum 2000 Scanning
XPS system using Al Ka radiation at 20W beam energy. The
spot size was 100um and the argon ifon gun opérates at
2kV.

. XRD: The X-ray diffraction (XRD) scans were recorded

using a Phillips X'pert diffraction system with Cu Ka
radiation (0.154056 A) at 40kV and 40mA.

. SEM: A Jeol JSM 5600 scanning electron microscope (SEM)

equipped with a Noran EDS at 20kV with a vertical incident

beam at 20kV was used for studying the morphology and

composition of the films respectively.

. GIXRD: The lattice parameters as function of sample depth

was determined by glancing incident angle XRD (GIXRD) on
a Phillips X'pert PW3040-MPD system with Cu Ko radiation
(0.154056 A) at 40kV and 40mA,

. Solar cell devices were measured under standard A.M. 1.5

(100 mW om'®) condition at 25°C. The spectral responses of
the respective devices were determined from quantum
efficiency measurements. The corresponding band gap
values of the absorber films were derived from the long
wavelength cut-off values of the spectral response
measurements.
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General Experimenial Procedure

It is well known to those skilled in the art that photovoltaic cells
include a substrate for supporting a semiconductor film, in this

case a group IB-111A-VIA alloy semiconductor film. Typically, any

suitable subsirate may be used, which substrate does not react
with the semiconductor film and which does not modulate the
semiconductor properties. Suitable substrates include glass,
flexible metallic or polymer foils and the like.

The substrate may have a thickness of 0.05 to 3.0 mm and is
often coated with a metal layer of molybdenum in order to
enhance the adhesion of a resultant semiconductor film to the
substrate and to serve as a contact in a completed photovoltaic

device.

The thickness of the Mo coating is usually between 0.5t0 1.0 m
and is deposited onto the substrate by DC magnetron sputtering
at a working pressure' of between 0.1 to 0.8 Pa. It will be
appreciated that there are many other techniques known in the art
which relate to the use and deposition of metal layers, for
example there may be more than one layer, or chromium may be
used in place of molybdenum.

“Step (i)

For purposes of the experiment, a 2 mm thick soda lime glass
substrate was used. The substrate was cleaned In an
ultrasonically stirred soap solution for 10 minutes by gently
moving the substrate placed in a holder. The substrate was then
held under a cold deionised water tap for a few minutes to ensure
the removal of excess soap thereon. Thereafter, the substrate
was cleaned in an ultrasonically stirred deionised hot water bath
by gently moving the substrate holder. Finally, the substrate was

I
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dried for 10 minutes in dry-nitrogen in an oven maintained at
120°C.

Once dried, a Mo layer was deposited onto the substrate. This
was followed by c0¥sputtering the metal film of Cu, Ga and In
onto the Mo layer for the preparation of a Cu(inyxGay)Sez alloy
semiconductor film and a Cu(lnixGay)(Sei.4Sy)2 alloy
semiconductor film. In the case for the preparation of a Guin(Se;.
ySy)z alloy semiconductor film, Cu and In were co-sputtered onto
the substrate. The deposition of Mo and the co-sputtering were

- carried out in a DC magnetron sputtering unit consisting of a

deposition chamber which accommodates three 9 inch circular
cathodes (targets): Mo, pure In and a Cuo.75Gag.25 alloy target, or
in the case for the preparation of a Culn{Se;.,S)). alloy
semiconductor flim, the targets were Mo, Cu and In.

The deposition chamber was evacuated to a base pressure of
5x10°° Pa for at least three hours. The Mo layer was deposited
without any intentional heating of the substrate at a working
pressure of 0.5 Pa to 0.7 Pa, using Ar as plasma gas. The total
thickness of the Mo layer was 1 um.

'Examgle 1:_Experimental procedure for the production of a group

1B-11HA-VIA pentenary alloy

Figure 1 is a schematic representation of the method according to
the invention for the production of a group IB-IlIIA-VIA pentenary

alloy semiconductor film.
Step i

Step (i) was followed as set out under the general experimental
procedure. More particularly, the deposition of the Mo layer was
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followed, without breaking vacuum, by the co-sputtering of
Cup.75Gag2s and In at a working pressure of 0.8 Pa. The co-
sputtering of the metals, Cu, In and Ga, was also carried out
without intentional substrate heating and the substrate was
rotated during cb-sputtering in order 10 enhance the mixing of the
Cu-Ga-in alloy. The total thickness of the Cu-In-Ga alloys was 0.6
pm and the Cu/(In+Ga) and Ga/(Ga+in) atomic ratios were
maintained at 0.9 and 0.25 respectively.

Step ii

The substrate with the co-sputtered metal film of step i was
placed in a horizontal quartz tube reactor (herein after referred to
as the reactor tube). The substrate was laid on a graphite
substrate holder and placed in the reactor tube. Graphite
substrate holders were used to ensure the uniformkheating of the
substrate. ‘

The reactor tube was evacuated to a pressure of 2.67 x10™* Pa for
at least two hours before carrying out siep ii. The reaction tube
was then pressurised and a constant Ar flow of 1300 standard
cubic centimetres per minute (hereinafter referred to as sccm)
was established and maintained during the reaction process.

Once a constant inert gas flow was established, the temperature
of the substrate with the metal film was ramped up to the reaction

temperatures set out in Table 1 below over a period of 5 minutes.

The reaction gas mixture (0.12 molar % H.Se in Ar) was passed

through the reactor tube while the substrate was heated to the

reaction temperatures set out in Table 1 for the reaction periods
also set out in Table 1 so as to form a first film comprising a
stable mixture of binary alloys, namely CuSe, InSe and Ga:Ses

[ )
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and the following ternary alloys, namely GulnSe, and CuGaSe:.
The presence of one or both of the ternary alloys is dependent
upon the reaction temperature of step ii and as will be seen
balow, at 400°C, CuGaSe; does not form.

Referring to figure 2.1 which is an XRD pattern of the first film of
step ii prepared under the reaction conditions set out in Table 1
for sample 200250-a, it is clear that there is present a mixture of
the three binary alloys and CulnSe;. Under the reaction
conditions for sample 200250-a, there is no evidence of the
formation of CuGaSe; at 400°C. ‘

Referring to figure 2.2 which is an XRD pattern of the first film of
step ii prepared under the reaction conditions set out in Table 1
below for sample 200251-a, reflections [112], [220/204] and
[312/116] comprise (a) relatively sharply defined peak positions
corresponding to CulnSe; and (b) shoulders resuiting from the
presence of CuGaSey and the remaining binary alloys of CuSe

and GazSes.

Upon the termination of the reaction periods as set out in Table 1,
the samples were subjected to a treatment step in order to further
maintain the stability of the resultant stable mixture. This was
done by terminating the flow of HpSe in the reaction tube and by
rapidly cooling the samples to temperatures of below 200°C. The
samples were kept under the above conditions for 15 minutes o
ensure the complete removal of the HaSe species from the reactor
tube.

Both figures 2.1 and 2.2 depict a stable mixture wherein the
reaction conditions set out in Table 1 below prevent the reaction
going to completion and thus forming fully reacted ternary alloys

i

Cd
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of CulnSes, and CuGaSe: in the absence of CuSe, InSe and
GasSes, as is the case in the prior art.

It is believed by the inventor that starving the system of Se by
using extremely low concentrations of Se, and by using low
temperatures so as to prevent the completion of the selenization
reaction to form fully reacted ternary alloys, stable mixtures such
as those represen‘ted in figures 2.1 or 2.2 can be achieved.

Table 1: Reaction conditions {temperature and time) for step fi

according to the invention.

Reaction
Sample conditions

(H2Se/Ar)
200248-¢c 400°C/20min
200250-a 400°C/30min
200263-a 400°C/40min
200375-b ~ 400°G/70min
200251-a 450°C/30min

Step (ill)

The first film of step (ii) formed under the reaction conditions in
Table 1 above was then heated in the reaction tube in a gaseous
mixture of H2S and Ar (the molar percentage of S in the gaseous
mixture being maintained close to 0.35% relative to Ar) at a
reaction temperature of 450°C for a period of 5 minutes such that
the binary alloys react with S to convert the first film of step ii
into a second film comprising a mixture of sulfoselenides, namely
Cu(Se,S), In(Se,S) and Ga(Se,S) and the ternary alloys of step

(i).

37
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Referring to Figure 3 which is a XRD patiern of sample 20051-a,
and in particular the XRD for step (iii), the presence of IH(Se,S) is
visible, however the remaining sulfoselenides of Cu(Se,S) and
Ga(Se,S) are not shown in the selected 20 range.

The inventor believes that at temperatures around 450°C, and as
depicted in the XRD for step (iii), the reaction between the
existing S species in the gaseous aimosphere and the ternary
alloys of step (i) (indicated by peaks 1 at 26.71° and 2 at 27.75°
in figure 3) is substantially insignificant. In other words, the

_reaction between S and the ternary alloys is insignificant at this

specific temperature.
Step(iv)

The second film kof step (ili) was then subjected to the following

“heat treatment steps in the reaction tube:

(a) heat treating the second film of step (iii) at temperatures of
about 500°C for 5 minutes, such that the sulfoselenides
react with the ternary alloys to produce a third film
comprising the quaternary alloys of Culn(Se:ySy)2 and
CuGa(Sei4Sy)2 (indicated by peaks 3 at 27.01° and 4 at
28.05° in the XRD for step(iv){(a)).

It is believed by the inventor that in the event that step ii is

carried out at 400°C, and in the absence of CuGaSes, the
sulfoselenides may directly react to form CuGa(Ses.,Sy)z in
this step. However, in such a situation, the resulting
quaternary alloy will contain a higher S concentration,
resulting in a shift of peak 4 to a higher 26 value than that
indicated in Figure 3.
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The reaction of S with the ternary alloys of step (ii) is
represented by the absence of the sulfoselenides for
example, the absence of the In(Se,S) peak in the XRD
pattern for step(iv){a) in figure 3 which is indicative of the
fact that it has reacted with CulnSe; to form Culn(Sey,Sy)e.

Comparing. the XRD for step (iil) in figure 3 with the XRD
for step(iv)(a) in figure 3, it is clear from the subsequent
20 shift that the ternary alloys (represented by [112] peaks
1 and 2) have reacted with the sulfoselenides to form a
third film comprising the quaternary alloys Culn(SeiySy)2
and CuGa(Se:,Sy) (represented by [112] peaks 3 and 4).

The degree of shift of the [112] peak from position 1 to 3,
and 2 to 4, is determined by the volume fraction of
sulfoselenides available to react with the ternary alloys.
The volume fraction of sulfoselenides is in turn dependent
on the volume fraction of binary alloys present in the first
film of step ii, which is controlled by the reaction
conditions of step (ii).

Once the stable fully reacted quaternary alloys are formed
around 500°C, the reaction process becomes diffusion

limited and further reaction to Ha.S/Ar at 500°C for

extended periods has insignificant influences on the
crystalline state and S content of the composite alloy.

Annealing the third film of step (iv)(a) in the reaction tube
at a temperature of 550°C for a period of 15 minutes so
that the quaternary alloys of Culn(Ses.ySy). and CuGa(Se;.
ySy)2 react so as to form a pentenary Cu(Ini.xGax)(Se1ySy)z
alloy semiconductor film (wherein x may vary between 0.1
and 0.5, preferably between 0.25 and 0.3 and y may be
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between 0 and 1, preferably between 0.05 and 0.5.). The
transition from the quaternary to pentenary alloy state
(indicated by peak 5 at 27.2° in the XRD for step(iv)(b) in
Figure. 3) occurs within 10 to 15 minutes of the reaction
with H.S, while an additional 15 minutes of annealing is
typically required to optimize the structural properties of
the pentenary alloy. ’

It is important to note that the sulfur content in the
pentenary alloy of Cu{inxGax)(Seq.ySy)2 is dependent on
the sulfur content of the quaternary alloys Culn(Se.ySy)z
and CuGa(Se1ySy)2, and, the values of x and y are
dependent upon the volume fraction of sulfoselenides. In
fact this relationship may be expressed mathematically, as
shown in Figure 1, such that the sulfur content (i.e. value
of z in Figure 1) in the final pentenary alloy is determined
by the concentration of sulfur in the respective quaternary
alloys (i.e. values of x and y in Figure.1). Mathematically
this dependence can be expressed as z=x+y/2. The value

of z ultimately determines the 26- values of the [112]
diffraction peaks of the pentenary alloys and accordingly
the lattice parameters and band gap of the alloy.

For the purposes of the experiment, both steps (iii) and(iv) were
carried out consecutively in a reactive gas mixture of H.S,
wherein the temperature is ramped up from 450°C to 550°C.

Upon the completion of both steps (iii) and(iv), the reaction tube
was evacuated to a pressure of 2.67x10°* Pa for at least two
hours to ensure the complete removal of toxic gases from the
reactor tube. The tube was then pressurized and the samples
were removed. '



The inventor belisves that by carrying out the method as set out
above, a substantially homogeneous pentenary alloy
semiconductor film is formed having improved characteristics
when compared to semiconductor films formed by prior art

5 methods.

Discussion of the characteristics of Cu(ln;..Ga,)(Ses.ySy), alloy
semiconductor_films prepared according to the method of the
invention. A

10
The samples set out in Table 1 above were subjected to steps (iii)
and(iv) to form substantially homogeneous ‘semiconductor
pentenary alloys and their corresponding chemical compositions
as determined by energy dispersive x-ray spectroscopy (EDS)

15  with reference to Cu/(In+Ga), Ga/(Ga+In), and S/(Se+S) atomic
ratios are set out in Table 2 below. Also shown in Table 2 below
are the band gap values for each of the samples as well as the
position of the [112] diffraction peaks.

20 Table 2: Summary of reaction conditions’ and their influence on
the degree of sulfur incorporation and the resuliing band gap
values of the respective samples.

Step ii Step(iv)
reaction  reaction Eq

Sample condition conditions Cu/ln+Ga  Ga/Ga+in  §/Se+S 2611y (eV)
s Ha5/Ar
H,SelAr

2003078-a 400%c/ 5500?/ 0.90 0.25 0.70 27.80 1.40
10min 30 min .

200248-0 400°c/ 550°0/ 0.90 0.25 0.56 27.65  1.39
20min 30min

200250-a 400?/ 5500,0/ 0.91 0.25 0.40 27.40 1.32
30min 30min

200253-a 400°C/ 550°C/ 0.90 0.25 0.35 27.30 1.23
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40
40min 30min
400°C/ 550°C
200375-b . 50°C/ 0.93 0.25 0.15 27.0 1.15
70min 30min
400°C/ 550 °C/
200376-¢ . : 0.90 0.25 0.05 26.90 1.13
80min 30min
450°C/ 550°C/
200251-a ) . 0.92 0.25 0.25 27.20 1.20
30min 30min
450°C/ °C/ :
200252-a 550°C 0.91 0.23 0.25 27.21 1.21

30min 90min*
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TThese studies were conducted in a constant flow of 0.12% H2Se
diluted in Ar and 0.35% H,S diluted in Ar. The 26- positions of the
[112] peaks of the pentenary alloys were measured by GIXRD
with a Cu tube at 40kV. The corresponding band gap values were
calculated from quantum efficiency measurements. * The time
period for step vi(b) was increased to 90 minutes.

A comparison of the first four samples in Table 2 clearly indicates
the influence of the conditions of step ii of the invention on the
degree of sulfur incorporation which is exemplified by the
S/(S+Se) column of the table. Accordingly, changing the
conditions of step il modified the subsequent reaction kinetics
during step (iii) of the invention resulting in a change in the sulfur
incorporation in the final Cu(lng.7sGay.25)(Se1-ySy)2 semiconductor
film.

A comparison of sample 200250-a and 200251-a, indicates how
an increase in the reaction temperature of step ii from 400°C to
450°C led to a substantial decrease in the sulfur incorporation
and hence a shift in the [112] diffraction peak to a lower angle.

In the case of the last two sampies, (i.e. 200251-a and 200252-a)
the reaction conditions of step ii were maintained constant, while
the reaction periods for annealing the resultant composite alloy in
step(iv)(b) above was increased from 30 to 90 minutes.

-,
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Comparison of these samples clearly indicates that annealing in
the presence of an H.S/Ar atmosphere for exiended periods
above 30 minutes had marginal influences on the degree of sulfur
Incorporation,.

Accordingly this indicates that the substantially homogeneous
pentenary alloy formed after only 30 minutes of annealing In
H2S/Ar at 550°C. It further implies that once fully reacted
homogeneous pentenary alloys are produced, the reaction
process becomes diffusion limited and further incorporation of
sulfur needs to occur via the replacement of selenium species.

Figures 4.1 and 4.2 are glancing-incidence x-ray diffraction
(GIXRD) patterns of the [112] reflections of samples 200251a and
200250a set out in Table 2 above. In this characterization
method, decreasing amounts of the incident angle result in a
decreasing penetration depth of the x-ray beam. It is important to
note that scattering angles between 0.2° and 10° revealed
virtually no shift in the lattice parameters between the surface
and bulk of the samples, which confirms the homogeneity of the
pentenary alloys. Of equal significance is that the variation in the
conditions of step ii resulted in a significant shift in the 26-
position of the [112] diffraction peaks. Since the gallium content
is virtually constant in all composite alloys, this relative shift is
attributed to the varying degrees of sulfur incorporation. Table 3
below shows the various shifts in the 2 angles and table 4 shows
the corresponding shifts in the d-spacings for some of the
pentenary alloys of Table 2.

€
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Table 3: Summary of the positions of the [112] reflections at
different angles of incidence. The overall peak shifts are
calculated as the difference between the peak position of the
[112] reflection at 0.5° (near-surface) and 10° (bulk) of the
samples.

Sample # S/Se+S 2014z 20112 20(112) 20(112) 20(112) Overal!

{0.5%) (1°) () (5°) (109 Shift ()

200250-a 0.40 27.402 27.399 27,399 27.400 27.399 0.003

200263-a 0.35 27.300 é7.299 27.298 27.300 27.296 0.004

» 200375-b 0.1>5 27.055 27.050 27.049 26.998 27.050 0.005
200251-a 0.25 27.201 4 27.208 27.202 27.201 27.199 0.002

200252-a 0.25 27.205 27.250 27.249 27.247 27.198 0.007

Table 4: Summary of the positions of the d-spacings (in
angstrém) of the [112] reflections at different angles of incidence.
The overall shifts in d-spacings are calculated as the difference
between the d-spacing measured at 0.5° (near-surface) and 10°

(bulk) of the samples.

Sample # S/Se+S  diz di112) di11z) di12) di11zy Overall
{0.59) 19 {29 (5% (109 - Shiit (A)

200250-a 0.40 3.2521  3.2525 3.2525 3.2524 3.2525 0.0004

200263-a 0.35 3.2640 3.2642 3.2643 3.2640 3.2645 0.0005
200375-b 0.15 3.2931 3.293¢6 3.2937 3.2999 3.2936 0.0005
200251-a 0.25 3.2757  3.2755 3.27585 3.2757 3.2759 0.0002

200252-a 0.28 3.2753  8.2700 3.2701 3.2703 3.2760 0.0007
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The overall shift in the d-spacings shows that the sample alloy
semiconductor films prepared by the method according to the
invention are characterised by a crystal structure comprising a
lattice of unit cells, wherein all crystallographic planes show a
variance in d-spcaing of less than 0.001

Figure 5 depicts the positions of the [112] diffraction peaks of a
Culng.75Gags precursor, which was (i) first selenized and
subsequently (ii) sulfurized under the conditions of étep (iv) in
Table 2 for sample 2003078-a. The experimental conditions.
during selenization/sulfurization were manipulated in order to
produce a pentenary alloy (sample 2003078-a) with a high S
content (i.e. S/Se+S = 0.7). Peak (i) at 26.60? is the expected
[112] peak position of CulnSe; after selenization. The asymmetric.
behaviour of the peak at this stage of processing is atiributed to
Ga grading. A

It important to note, however, that the [112] peak position shifted
o an angle of 27.8¢ after sulfurization. Using Vegard's law and
assuming a Ga concentration of around 25%, this corresponds to
a S content of around 70%, hence a homogeneous
Cu(Ino.7Gao.s)(Seo.aS0.7)2 alloy. These compositions were
confirmed by EDS measurements. It is especially important to
note that peak (ii) is symmetric with no evidence of compositional
broadening. The band gap of sample 2003078-a, determined from
QE measurements, is 1.4 eV (see Figure 7). Although this band
gap may be too high for optimum conversion efficiencies, It is
clear from the above that homogeneous material can be produced
even for high S containing films.

Figure 8 deplcts the [112] peak positions of various homogeneous
Cu(In,Ga){Se,S)2 alloys prepared in terms of the above method,
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more patticularly the [112] peak positions for sample 2003076-c,
sample 200251-a and sample 200250-a. Once again it is assumed
that the Ga concentration in precursors remains constant and the
selenization/sulfurization reaction conditions were manipulated,
as shown in Table 2, to control the degree of S incorporation, and
hence the lattice parameters.

It can be seen from Figure 8 that the position of the [112] peak
varies between 26.9° fo 27.4°, which corresponds to S/Se+S
atomic ratios between 0.05 and 0.4, as indicated in Table 2 for
the samples 2003076-c, sample 200251-a and sample 200250-a.
The latter values are again estimated from Vegard's law,
assuming a homogeneous pentenary alloy and a Ga/Ga+in ratio
of 0.25. The corresponding shift in band gap value is between 1.1
eV. and 1.3eV for these specific alloys. Figure 9 shows, for
example, the typical QE curve for a homogeneous
Cu(lno.75Gao.25)(Se0.7550.25)2 alloy, sample 200251-a, with a [112]
peak position close to 27.2°, Figure 10 shows a plot of the band
gap values as a function of S/Se+S ratio.

Figures 11, 12 and 13 depict the typical surfaceé morphologies of '
Cu(In,Ga)(Se,S): alloy semiconductor thin films prepared in terms
of example 1, with varying S content and hence band gap. In the
case of Figure 11 (sample 200251-a), the position of the [112]
peak Is at 27.2° -and the corresponding band gap is at 1.20eV
(see Figure 9). The [112] peak position of the alloy in Figure 12
(sample 200250-a) is at 27.4°. Figure 13 depicts the structural
features of the alloys with a [112] peak position close to 27.8°
(sample 2003078-a) with correspanding band gap value at 1.4eV,
as shown in Figure 7.
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It can be seen from figures 11, 12 and 13 that the resultant alloys
have relatively uniform surface morphologies with typical grain
size being of about 1 m.

Figure 14 is a concentration depth profile of the elements Cu, In,
Ga, Se and S for sample 200251-a. The substantially
homogeneous nature of the sample is shown in the profile,
wherein the concentration of the elements through the alloy are
substantially constant up until the Mo metal layer.

Determination of the open-circuit voltages for various solar cell
devices comprising substantially homogeneous pentenary alloy
semiconductor films prepared in terms of the method according to

the invention.

Solar cells devices were fabricated according to a standard cell
fabrication procedure, which included a 50 nm CdS buffer layer
and a 50 nm intrinsic ZnO/1560 nm indium tih oxide (ITO) window
layer. The glass/Mo/Cu(In,Ga)(Se,S)2/CdS/Zn0O cell structures
were evaluated under simulated A.M. 1.5 conditions at 25°C. The
band gap values of the substantially homogeneous pentenary
alloys were varied by modifying the reaction conditions of step i,
as indicated in Table 2. The corresponding cell parameters are
set out in Table 5 below.
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Table 5: Summary of the cell parameters of various photovoltaic
in which the semiconductor films are substantially
homogeneous pentenary alloy semiconductor films with different

devices

band gap values.

Samples

Ga/Ga+
In

S/Se+

S

Ea
eV

VOG
mV

JSO.

mA/cm
2

FF

%

n
%

200248-¢
200250-a
200262-a
200251-a
200375-b

0.25
0.25
0.23
0.24
0.25

0.56
0.45
0.25
0.28
0.15

1.39
1.32
1.21
1.20
1.15

677.9
685.9
630.2
610.4
638.8

23.55
2717 -
20.46
32.86
31.82

53.3
59.8

64.1

67.5
74.8

8.5

11.2
11.9
18.5
15.2

The conversion efficiencies were critically related to the band gap
of the sample alloys and varied between 8% and 15%, the best
device being that with the lowsest band gap (sample 200375-b). All
devices had open-circuit voliages (Vog) beyond 600 mV. Also, 24
photovoltaic cells were made including pe'ntenary alloy
semiconductor films prepared under the reaction conditions set
out above for sample 200251-a. The Voc values of these cells
were confined to values in the range of 600 to 640 mV (see figure
6) and it is believed by the inventor that this is evidence of the
reproducibility of the method according to the invention.

Example 2: Experimental procedure for the production of a group
IB-1IA-VIA quaternary glloy

‘Step (i)

Step i is the same as set out under the general experimental
procedure. More particularly, the deposition of the Mo layer was
followed, without breaking vacuum, by the co-sputtering of
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Cuo.75Gao.25 and In at a working pressure of 0.3 Pa. The co-
sputtering was also carried out without intentional substrate
heating and the substrate was rotated during co-spuitering in
order to enhance the mixing of the Cu-Ga-In alloy. The total
thickness of the Cu-In-Ga alloys was 0.6 um and the Cu/(In+Ga)-
and Ga/(Ga+In)- atomic ratios were maintained at 0.9 and 0.25
respectively.

Step i

In this case the same method as set out in step ii of experiment 1

above was followed, however the reaction temperature was kept
at 400°C so as to form a first film comprising a stable mixture of -

binary alloys and CulnSez only.

It is believed by the inventor that in the case of the production of
quaternary alloy semiconductor films it is necessary to prevent
the formation of the second ternary alloy, namely CuGaSez so as
1o obtain a homogeneous quaternary alloy. This was achieved by
keeping the reaction temperature at 400°C.

As above, the first film of step ii is subjected to a treatment step
to maintain the stability of the mixture, wherein the HeSe flow is
terminated and the first film is cooled to temperatures below
100°C. The Ar flow in this case was maintained for a period of at
least 15 minutes, once again to ensure the complete removal of
the H2S8e species.

Step (iii)

In the case of the production of a quaternary alloy semiconductor
film, this step is not carried out.
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Step(iv)
The first film is subjected to the following consecutive steps:

(a)heating the first film of step (ii) in the reaction tube in an
inert atmosphere of Ar to a reaction temperature of 500°C
for 5 minutes ;

(b)annealing the first film of step (ii) in the reaction tube in an
Ar containing atmosphere at 500°C for at least 15 minutes;

{c)annealing the first film in the presence of 0.12 molar

percent of HxSe in Ar for 30 minutes at 550°C so as to form

a homogenecus  quaternary  Cu(iny«Gax)Sez  alloy
“semiconductor film, wherein x is from 0.25 to 0.3. .

As in the case of the formation of a pentenary alloy, the reaction
tube was evacuated to a pressure of 2.67x107* Pa for at least two
hours to ensure the complete removal of toxic gases from the
reactor tube. The tube was then pressurized and the samples
were removed. '

Once again, the inventor believes that by following the reaction
conditions and method set out under example 2, substantially
homogeneous Cu(lni.xGayx)Se, semiconductor films ocan be

~ formed.

Three samples were prepared under the conditions set out under
experiment 2, the reaction conditions and the their corresponding

“chemical compositions as determined by energy dispersive x-ray

spectroscopy (EDS) with reference to Cu/(ln+Ga) and Ga/(Ga+!n)
atomic ratios are set out in Table 6 below.
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Table 6: Summary of reaction conditions™ and the resulting band

gap values of the respective samples.

5
Step ii Step(iv)
reaction reaction Ee
Sample conditions conditions CWIn+Ga  Ga/Ga+in  26(112) (eV)
H,Se/Ar HoSe/Ar
400°C/ 500°C/
200284-a 0.90 0.25 26.80 1.10
30min 30min
400°C/ 500°C/
200259-a 0.90 0.25 26.85 1.12
15min 30min
400°C/ 500°C/
200249-a . 0.90 0.30 26.90 1.13
15min 30min

TThese studies were conducted in a constant flow of 0.12% HzSe
10 diluted in Ar for step (ii) and 0.12% H.Se diluted in Ar for step
(iv)(c). The 26- positions of the [112] peaks of the pentenary
alloys were measured by GIXRD with a Cu tube at 40kV, The
corresponding band gap values were calculated from quantum

efficiency measurements.
156

Below, in Table 7, the overall 28 shift for the above samples is
shown, and in Table 8, the overall shift in the corresponding d-

spacings is also shown.
20
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Table 7: Summary of the positions of the [112] reflections at
different angles of incidence. The overall peak shifts are
calculated as the difference between the peak position of the

variance in d-spacing of less than 0.06 .

[112] reflection at 0.5° (near-surface) and 10° (bulk) of the
samples.

Sampie # Ga/Ga+in - 283112y 28011y 26112 26(11g) - 20112 Overall

(0.5 19 @) (5°) (10°) Shift (°)

200284-a 0.25 26.804 26.900 28.897 26.808 26.852 0.048
200259-a 0.25 26.848 26.849 26.850 26.851 26.895 0.045
200349-a 0.30 26.950 26.949 26.903 26.901 26.948 0.002
Table 8: Summary of the positions of the d-spacings (in
angstrom) of the [112] refiections at diff-erent angles of incidence.
The overall shifts in d-spacings are calculated as the difference
between the d-spacing measured at 0.5° (near-surface) and 10°
(bulk) of the samples.

Sample # Ga/Ga+ln  diy 1« REPH di11z) diiz) der12y Overal}

(059 (19 [ I ()] (10°) Shift (A)

- 200284-a 0.25 3.3233 3.3117 33730 3.3119 3.3175 0.0058
200259-a 0.25 3.3180 3.3178 8.3177  8.3176 3.3122 0.0058
200349-a 0.30 3.3056 3.3057 3.3113 3.3116 3.3059 0.0003
The overall shift in the d-spacings shows that the sample alloy
semiconductor films prepared by the method according to the
invention are characterised by a crystal structure comprising a
lattice of unit cells, wherein all crystallographic planes show a
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To further exemplify the homogeneous characteristics of

.quaternary alloys prepared by the method according to the

invention, a prior art sample was prepared and its characteristics
were compared to a sample prepared in terms of the method set
out in example 2.

Figures 15.1 and 15.2 represent XRD patterns, depicting the
crystalline features of a typical graded quaternary alloy (prior art
sample) and a homogeneous quaternary alloy (namely sample
200259-a) respectively, the alloys being prepared in the manner
set out below. In both cases, measurements were taken with Cu
Ky radiation at 40kV.

In the case of the graded quaternary alloy (prior art sample) (see
XRD pattern in Figure 15.1), the alloy was rapidly heated in less
than 5 minutes to 500°C in the presence of H.Se, followed by an
annealing step in 5 molar percent HzSe in Ar for 60 minutes at
500°C. This procedure resulted in a significant degree of
interdiffusion between the In-rich and Ga-rich phases and XRD
analysis indicated the presence of a graded Cu(lnxGai)Se
structure. This phenomenon is represented by the asymmetric
broadening of the [112], [220/204] and [312/116] diffraction
peaks. In this regard it is important to note that the position of the
[112] diffraction peak at 26.65° still represents the lattice
parametiers of the pure CulnSes phase, while the shoulder is due
to increasing amounts of Ga which extend all the way to the peak
pdsition of CuGaSe.. It is therefore reasonable {0 assume that
the surface of the absorber film contains puré CulnSez and that
the gallium increases gradually towards the Mo back contact.

The second sample, i.e. sample 200259-a, was prepared under
the described experimental conditions set out in steps i, ii and(iv)
under example 2, Table 6. In order to control the reaction

¢
B
O

~.J
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velocities of the binary alloys, step ii was carried out at 400°C,
using extremely low gas concentrations of 0.12 molar % HsSe in

Ar. The reaction period was fixed at 30 minutes. After complete

removal of Se species from the reaction zone, the first film was
annealed in the presence of Ar for 15 minuties at a temperature of
500°C, followed immediately by an annealing step in 0.12 molar
percent HoSe in Ar for 30 minutes.

XRD studies of sample 200259-a, which is represented by Figure
15.2, revealed that the resultant film was homogeneous with no
evidence of segregated material. The sharp, well-defined [112],
[220/204] and [312/116] peaks are indicative of high crystalline
quality. It is also important to note that the [112] peak position
increased from about 26.65° which is typical for pure CuinSez
(as shown in Figure 15.1), to a 26 value of 26.85° The latier shift
of the [112] peak towards a larger 20 value is in accordance with
a decrease in the lattice parameter associated with an increase in
Ga content in the quaternary system. This degree of shift of the
diffraction peaks towards higher 26 values is exactly in
accordance with Vegard’'s law, assuming -homogeneous material
and a Ga/(Ga+In) atomic ratio close to 0.25.

Figure 16 depicts GIXRD patterns of the [112] peak of sample
200259-a at incident angles between 0.5° and 10°. Once again is
should be realized that a decrease in the incident angle results in
a decrease in penetration depth of the x-ray beam. It is important
to note from Figure 16 that scattering angles beiween 0.5° and
10° revealed virtually no shift in the lattice parameters between
the surface and bulk material, which confirms that the film is
uniform rather than compositionally graded.

The In-depth compositional features of the quaternary alloys were
studied by x-ray fluorescence (XRF). In this characterization

-
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method, the samples were repeatedly etched In bromine
methanol, followed by XRF Kq1,2 line intensity measurements of
the remaining material after each etching step. From these
analyses the chemical compositions of the prior art sample and
sample 200259-a could be estimated through almost the entire
film thickness..

Figure 17.1 represents the in-depth compositional uniformity of
the compositionally 'graded prior art Cu(Ing.75Gac.25) Sez alloy film
of Figure 15.1. It is important to note from Figure 17.1 that the Cu
and Se element concentrations remained virtually constant
through the entire thickness of the film. Even more significant, it
can be seen that the remaining material after the successive
etching steps became increasingly gallium-rich, while an opposite
trend was observed for indium. The resulting Ga/(Ga+In) atomic
ratio increased from a value of 0.28 for the sample before etching
to 0.75 after the last etching step. This continuous increase in the -
Ga/{Ga-+In) atomic ratio with sample depth is consistent with the
graded Cu(in,Ga(x)Sez phase observed by the XRD studies in
Figure 15.1.

Figure 17.2 represents the in-depth compositional properties of
sample 200259-a. It can be seen that the Cu, In, Ga and Se
concentration remained virtually constant through the entire layer
thickness of these specific quaternary alloys. These results are
therefore in line with the XRD data presented in Figure 15.2,
confirming that this growth process eliminated the grading of
gallium and indium in the Cu(InyGaj.)Sez phase and resulted in a
homogeneous quaternary alloy.

The homogeneity of sample 200259-a is demonstrated by the
concentration profile of Figure 18, wherein the concentration of
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the elements Cu, In, Ga and Se is substantially constant through
the sample alloy.

Example 3 - Experimental procedure for the production of a urou'p

IB-111A-VIA guaternary alloy — Production of Culn{Se;.,S,).
Step i

In this case, a metal film was prepared comprising only Cu and
In, as opposed to the previous cases wherein Ga was also
included. More specifically the metal precursors of Cu and In
were co-sputtered onto a substrate us'ing a Leybold Z650 DC
Magnetron Sputtering System. The system accommodates three
separate targets (i.e. Mo, Cu and In), and the substrate was
rotated continuously during deposition in order to promote

“intermixing of Cu and In. The Mo back contact (about 1pm thick)

was spuftered from a 5N purity Mo target at a working pressures
between 0.3 Pa to 0.7 Pa. The Mo film was cooled in vacuum to
room temperature, followed by the co-sputtering of the Cu and In
layers from 5N purity Cu and In targets. The total thickness of the
copper-indium alloy was around 0.6 pm, and the desired Cu/in
atomic ratio between 0.85 - 0.9 was achieved by keeping the Cu
power constant at 0.72 W.cm™, while varying the In power
between 1.0 and 1.4 W.cm™? during respective deposition
processes. All the Cu-In layers were deposited at a working
pressure of 0.5 Pa.

Step i

In this case a similar method as set out undef example 2 was
used. The metal film comprising the Cu and In precursors was
placed in the reactor tubse, which was evacuated to a pressure of
1 x 10°* Pa in order to remove all traces of any atmospheric
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residue. The reaction gas mixture (c.a. 0.12% HzSe in Ar) was
passed through the reaction tube while the substrate was heated
for temperatures between 350°C to 450°C for periods of between
10 and 60 minutes so as to form a film comprising a stable
mixture of InSé, CuSe and CulnSes.

immediately after the selenization of the metal film, the first film
was rapidly cooled and the flow of the gas mixture was terminated
s0 as to maintain the stable mixture.

Step (iii)

In the case of the production of a quaternary alloy semiconductor
film, this step is not carried out.

Step(iv)

The heat treatment of step (iv) comprised first heat treating the
first film of step (ii) to the desired reaction temperatures of from
500 to 550°C within at least 30 minutes.

The first film of step (ii) is then subsequently annealed in the
presence of a gaseous mixture of H2S in Ar (0.35% molar % H2S
in Ar) for a period of 30 minutes at a temperature of around
550°C.

During the above step, the existing binary alloys of CuSe and
InSe react with S to form the sulfoselenides of Cu(Se,S) and
In(Se,S), which sulfoselenides in turn react with the ternary alloy
of CulnSe; to form a Cuin(Se1.ySy)2 alloy semiconductor film.

As in the case of the formation of a pentenary alloy, the reaction
tube was evacuated to a pressure of 2.67x10™* Pa for at least two

NS
Q2
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. hours to ensure the complete removal of toxic gases from the

reactor tube. The tube was then pressurized and the samples
were removed,

5 Again, the inventor believes that by following the reaction
conditions and method set out under example 3, substantially
homogeneous Culn(Seq.ySy)2 semiconductor films can be formed.
Three samples were prepared under the conditions set out under

10 experiment 3, the reaction conditions and the their corresponding
chemical compositions as determined by energy dispersive x-ray
spectroscopy (EDS) with reference to Cu/ln and S/(Se+S) atomic
ratios are set out in Table 9 below.

15  Table 9: Summary of reaction conditions’ and the resulting band
gap values of the respective samples. '

Step il Step(iv)
reaction reaction Es
Sample conditions conditions  C/In 5/Se+S  28(112) (eV)
H.Se/Ar H.S/Ar
400°C/ 500 °C/
200258-b ) 0.90 0.10  26.80 1.10
30min 30min
400°C/ 500°C/ ’
200259-c ) ) 0.80 0.30  27.00 1.15
15min 30min
400°C/ 500°C/
200263-b 0.90 0.50  27.30 1.23
10min 30min
Below, in Table 10, the overall 28 shift for the above samples is
20 shown, and in Table 11, the overall shift in the corresponding d-

spacings is also shown.
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Table 10: Summary of the positions of the [112] reflections at
different angles of incidence. The overall peak shifts are
calculated as the difference between the peak position of the
[112] reflection at 0.5° (nsar-surface) and 10° (bulk) of the
samples.

Oas;"
o
(@8
-}

Sample # S/5e+8 201112 - 20(112) 2001z 20012) 2001z Overall
(0.5%) (1% (2°) (59 (10°) Shift (°)
200258-b 0.10 26.799 26.802 26.849  26.849 26.801 0.002
200259-¢c 0.30 27.005 26.998 26.997  26.951 26.950 0.055
200263-b 0.50 27.300 27.302 27.299  27.298 27.346 0.046
Mhese studies were conducted in a constant flow of 0.12% HzSe
diluted in Ar for étep (ii) and 0.35% H2S diluted in Ar for step (iv).
The 26- positions of the [112] peaks of the pentenary alloys were
measured by GIXRD with a Cu tube ai 40kV. The corresponding
band gap values were calculated from quantum efficiency
measurements.
Table 11: Summary of the positions of the d-spacings (in
angstrém) of the [112] reflections at different angles of incidence.
~ The overall shifts in d-spacings are calculated as the difference
between the d-spacing measured at 0.5° (near-surface) and 10°
(bulk) of the samples.
Sample # S/Se+S di112) di112) .dmz, dii1z) di112) Overall
(0.5°%) (1°). () (5°) (109) Shift (A)
200258-a 0.20 3.3239 3.3236 3.3178  3.3178 3.3237 0.0002
200258-¢ 0.30 3.2990 3.2998 3.3000  3.3055 3.3056 0.0066
200263-b 0.50 3.2640 3.2638 3.2842  3.2643 3.2587 0.0053-
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The overall shift in the d-spacings shows that the sample alloy
semiconductor films prepared by the method according to the
invention are characterised by a crystal structure comprising a
lattice of unit cells, wherein all crystallographic planes show a
variance in d-spacing of less than 0.007 .

To further exemplify the homogeneous characteristics of
quaternary alloys prepared by the method adcording 10 the
invention, a prior art sample was prepared and its characteristics
were compared to a sample prepared in terms of the method set
out under example 3, more particularly sample 200259-c.

A first sample was prepared under the prior art conditions
wherein a metal film comprising Cu and In was selenised at
450°C for 60 minutes to produce a fully reacted CulnSe; film. The
sample was then subsequently sulfurized at 550°C for 30 minutes.

Figure 19 depicts a XRD patiern of sample 200259-c. |t is
important to note that the prior art reaction process resulted in
the formation of two discrete ternary phases, namely CulnSe; and
CulnS,. The position of the [112] diffraction peak at 26.68°
represents the lattice parameter of CulnSe;, while the peak
position at 27.84° represents the lattice parameters of CuinS..
The presence of the weak reflection close to 27° represents the
formation of the quaternary Culn(Se,S); phase. This anomalous
growth bahaviour is related to the uncontrolled out-diffusion of Se
from the sample during sulfurization, resulting in a rapid
incorporation of S. This ultimately resulted in the formation of an
alloy containing mostly separate CulnSey and CulnSs, phases. In
exireme cases of sufurization for periods of 60 minutes or longer,
the sample was completely depleted of Se, resuiting in the
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formation of a CuinSz alloy. SEM studies (Figure 20) revealed the
expected non-uniform structural nature of a heterogeneous alloy.
Typically these films consisted of large, smooth-faced crystallites
embedded in fine-grained material.

Figure 21 is a SEM micrograph of a Culn(Seo.7S0.3)2 alloy (sample
200259-c). The alloy film is characterized by dense and relatively
uniform structures with typical grain sizes around 1 pm. Figure 22
depicts the (112) reflection of sample 200259-c. For the purpose
of comparison,v the theoretical expected 28 positions o'f the (112)
retflections of single-phase CulnSez and CulnS; are indicated by
the dotted lines in figure 22. It is important to note that the (112)
reflection of the Culn(Se,S)2 film increased from about 26.63° for
pure CulnSe: to 27.1° after S incorporation. This phenomenon is
directly related to a decrease in the d-spacing of the alloy due to
the homogeneous replacement of Se with S species. The
diffraction peak also displays a high degree of symmetry with no
evidence of compositional broadening or peak splitting as in the
case of figure 19.

Figure 23 is a concentration profile for sample 200258-b and is
indicative of the fact that the sample alloy is substantially
homogeneous in that the concentration of the elements of .Cu, In,
Se and S is substantially constant through the depth of the alloy
until the Mo layer.

Figure 24 is a GIXRD pattern for sample 200263-b which
indicates that the sample is substantially homogeneous, having
an absolute 26 shift of 4.6% for a glancing angle of between 0.5°
to 10°.

The above are only embodiments of the invention and it will be
appreciated that many variations in detail are possible without

~]
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thereby departing from the scope and spirit of the invention as
claimed.
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1. A quaternary or higher group IB-IlIA-VIA alloy having the

general formula (l):
A(B1.xCx){D1-yEy)z vvonne (1)
wharein:

A is a group IB element;

B is a group IHA element; .

C is a group lilA element, which Is different {o B;

D is a first group VIA element (hereinafter referred to as
VIAWY; ’
E is a second group VIA element (hereinafter referred to as
VIAz); and ‘

each of x and y independently are from 0 to 1, provided that
both x and y are not zero at the same time;

and the alloy being characterised by an x-ray diffraction
pattern (XRD) having a main [112] peak at a 26 angle (28(112))
of from 26° to 28° for Cu radiation at 40kV, wherein a glancing
incidence x ray diffraction pattern (GIXRD) for a glancing
angle of from 0.2° to 10° reflects an absoclute shift in the
26(112) angle of less than 0.06°.

The alloy of claim 1, wherein the alloy has a crystal structure
comprising a lattice of unit cells, wherein all crystaliographic
planes of the unit cells show a variance in d-spacing of less
than 0.01A.
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The alloy of claim 1, wherein the element concentration of
elements A, B, C, D and E, as characterised by XPS depth
profiling, is substantially uniform through the alloy.

The alloy of claim 1, wherein Ais Cu, Bis In, C is Ga, D is Se
and E is S, the alloy having a formula (11):

CU('nj.xGax)(Se'l.ySY)z ------ (”)

The alloy of claim 4, wherein x is from 0.25 to 0.3 and v is
from 0.05 to 0.8

The alloy of ciaim 4, wherein the x-ray diffraction pattarn
(XRD) has a main [112] peak at a 26 angle (20112} of from
26.9° to 28° for Cu radiation at 40kV, taken at a d-spaéing of
from 3.3117A to 3.1840A.

The alloy of claim 4, wherein the GIXRD for a glancing angle
of from 0.2° to 10° reflects an absolute shift in the 2611z
angle of less than 0.01°,

The alloy of claim 4, wherein the alloy has a crystal structure
comprising a lattice of unit cells, wherein all crystallographic
planes of the unit cells show a variance in d-spacing of iess

than 0.0014,

The alloy of claim 6, wherein the main [112] peak is from a 26
angle of from 27.0° to 27.5° ’

The alloy of claim 6, wherein the main [112} peak Is

substantially symmstrical.
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The alloy of claim 4, wherein the alloy has a band gap that
can be shifted from 1 eV io 2.4 eV.

The alloy of claim 11, wherein the alloy has a band gap that
can be shifted from 1.1 eV to 1.5 eV,

The alloy of claim 4, wherein the S content, as expressed by

the molar ratio of , Is from 0.05 to 0.7.

5
(S +8e)

The alloy of claim 1, wherein A is Cu, B is In, C is Ga, D is Se
and y = 0, the alloy having the general formula (l11)

Cu{lni.xGax)Sez ..overns (nn
The alloy of claim 14, wherein x Is from 0.25 and 0.3.

The alloy of claim 14, wherein the alloy has a crystal structure
comprising a lattice of unit cells, wherein all crystaliographic
planes of the unit cells show a varlance in d-spacing of less
than 0.006A.

The alloy of claim 14, wherein the x-ray diffraction pattern
(XRD) has a main [112] peak at a 26 angle (28(:12)) of from
26.80° to 27.0° for Cu radiation at 40kV, taken at a d-spacing
of from 3.3236A to 3.2990A.

The alloy of claim 14, wherein the GIXRD for a glancing angle
of from 0.2° to 10° reflects an absolute shift in the 20112
angle of less than 0.05°,

13227
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The alloy of claim 17, wherein the main (112] peak lies from a
28 angle of from 26.85° to 26.9°.

The alioy of claim 17, wherein the main (112] peak is
substantially symmetrical.

The alloy of claim 14, wherein the alloy has a band gap which
can be shifted from 1.1 eV 10 1.2 eV.

The alloy of claim 21, wherein the alloy has a band gap which
can be shifted from 1.15 eV to 1.18 aV.

The alloy of claim 14, wherein the Ga content, as expressed

by the molar ratio of Ga Is from 0.25 to 0.3.
(Ga+1n)

The alloy of claim 1, wherein A is Cu, Bis In, D is Se, Eis S
and x = 0 and has the general formula (1V):

Cuin{Se.ySy)z ... {1v)
The alloy of claim 24, wherein y is from 0.1 and 0.5.

The alloy of claim 24, wherein the alloy has a crystal siructure
comprising a lattice of unit cells, wherein all crystaliographic
planes of the unit cells show a variance in d-spacing of less
than 0.007A.

The alloy of claim 24, wherein the x-ray diffraction pattern
(XRD) has a main (112} peak at a 26 angle (28(112)) of from
26.80° to 27.3° for Cu radiation at 40kV, taken at a d-spacing
of from 3.3236A to 3.2640A.
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The alloy of claim 24, wherein the GIXRD for a glancing angle
of from 0.2° to 10° reflects an absolute shift in the 20112
angle of less than 0.06°.

The alloy of claim 27, wherein the main (112] peak lies from a
20 angle of from 27.0° to 27.2°

The alloy of claim 24, wherein the alloy has a band gap which
can be shifted from 1.05 eV to 1.23 eV.

The alloy of claim 30, wherein the alloy has a band gap which
can be shifted from 1.15 eV to 1.20 eV.

The alloy of claim 24, wherein the 5 content, as expressed by

the ratio of § lies from 0.1 and 0.5.
(S+Sei

A semiconductor film comprising a film of an alloy of claim 1.

The semiconductor fiim of ctaim 33, wherein the alloy of claim
1 is deposited onto a substrate which serves as a support for
the ailoy.

The semiconductor film according to claim 33, wherein the
alloy is in the form of a film having a thickness of 1.5 to 2.0
Hm.

A phatovoltaic cell including a semiconductor film of an alloy
of claim 1.

The photovoltaic cell according to claim 36, wherein the
photovoltaic cell has a conversion efficiency of from 8 to 15%.

e
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N
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