U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et
al.February 4, 2010 CONTRACTUAL ORIGIN The United States Government has rights in this
invention under Contract No. DE-AC36-08G028308 between the United States Department of Energy
and the 5Alliance Sustainable for Energy, LLC, the Manager and Operator of the National Renewable
Energy Laboratory. Incorporation By Reference Patent Cooperation Treaty Publication No.
WO/2008/06 3190 piahlishad:dday 29, 2008 (PCT/US2006/06075 Tdiled toveEmiser OYRDOBP desesibes
precursor compsriég fot- thstforiahtion of copper selenide, indium selenide, copp&rbiftdivif $&lénide
(CIS), and/or copper indium gallium diselenide (CIGS) films. Patent Cooperation Treaty
Publication No. WO/2008/057119 published May 15, 2008 (PCT/US2006/060756 filed November 9,
2006) describes the formation of copper ingispisglenigde; apgi/ergppper indium gallium selenide films
from indium selenide and copper selenide compositions. The entire text of the aforementioned
publications are incanperaigddergivdE seleransa whicheelestivglyrdisatesa e fesirabilitnef using
liquid-based precursor compositions because of the relatively simple and numerous deposition
techniques W&-RaEHDAPAIREETN DevkatiN el O ke SENEREDRE1D8+68)fI Bremtpr Eadviind. Curtis
et al.February 4, 2010 that may be used to deposit the liquid precursor compositions on substrates as
comparef to Adirnseite usposhieneschnfjaisstLC, the Manager and Operator of the National

Renewable Energy l.aboratory.

incorporation By Reference

10
Patent Cooperation Treaty Publication No. WQ/2008/063190 published May
29, 2008 (PCT/US2006/060757 filed November 9, 2006} describes precursor
compositions for the formation of copper selenide, indium selenide, copper indium
selenide (CIS), and/or copper indium gallium diselenide (CIGS) fiims.
15
Patent Cooperation Treaty Publication No, WO/2008/057119 published May
15, 2008 (PCT/US2006/060756 filed November 9, 2006) describes the formation of
copper indium seienide andl/or copper indium gallium selenide films from indium
selenide and cdpper selenide comp_gsitions.
20
The entire text of the aforementioned publications are incorporated herein by
reference which collectively disclose the desirability of using liquid-based precursor

compositions because of the relatively simple and numerous deposttion technigues



Summary 5 The following embodiments and aspects thereof are described and illustrated in
conjunction with systems, tools and methods that are meant to be exemplary and illustrative, not
limiting in scope. In various embodiments, one or more of the above-described problems have been
reduced or eliminated, while 10 other embodiments are directed to other improvements. An
exemplary process of preparing a precursor liquid based material (i.e. precursor composition) is
disclosed havirgy zecoppevisalenide content defined by the formulied®el, Se#RHSEIMNRRREY 8P @ach in
the range of 1¥6™2r§a4N greeliis®iPL5 compositions are suitable for forming thin filrh&8FY &uiddttate

which may beised forexample JroapRicondyeianapRlisadans sebaadat s RisRaralansy
ers

absorber lay or solar cells. The process produces a liquid based material that can be used

in deposition ggtechiaigussdhataie eapsdiilesserprigiye, and more efficient to use than solid based
deposition techniques such as vacuum depositionThe precursor compositions allow for deposition by

such techniques as drop coating, dip coating, spin coating, spraying, brushing, air brushing, stamping,
printing, including ink jet U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor

Calvin J. Curtis et al.February 4, 2010 printing, p&Hingamiping, smearing and other methods of
applying liquids to the surface of a substrate.
5

The following embodiments and aspects thereof are described and
illustrated in conjunction with systems, tools and methods that are meant to be
exemplary and illustrative, not limiting in scope. In various embodiments, one or
more of the above-described problems have been reduced or eliminated, while

10  other embodiments are directed to other improvements.

An exemplary process of preparing a precursor liquid based materiai (i.e.
precursor composition) is disclosed having a copper selenide content defined by the
formula Cu,Se, wherein x and y are each in the range of 1 to 2. Such precursor

15 compositions are suitable for forming thin films on a substrate which may be used,
for example, in semi-conductor applications such as for the preparation of absorber

layers for solar cells.

The process produces a liquid based material that can be used in deposition

20 techniques that are easier, less expensive, and more efficient to use than solid
based deposition techniques such as vacuum deposition. The precursor
compositions allow for deposition by such techniques as drop coating, dip coating,

spin coating, spraying, brushing, air brushing, stamping, printing, including ink jet



In addition, the present precursor compositions can be used to produce thin 5 films with additional
advantageous properties. First, the films are essentially devoid of oxygen in the form of
oxygen-containing compounds. The presence of oxygen, for example in the form of oxygen-containing
compounds (e.g. Cu0), can lead to defects in the copper selenide film leading to defects in the
absorber layer (e.g. CIS or GIGS) which can adversely affect the energy coversion efficiency of a solar
panel. 10 Asothenaty@etageous property is obtained from theadse b gramaryaviae Rpesddvents
(e.g. hydrazingydordissdivirigfaicemper selenide starting material. When copper sel&fRi¢1% Hisstived
in the primary amine, Cu2Se precipitates leaving a. solufi inj lenide.c unds
essentially fre%rzg%n%zg%grg&hwigpi ’Iustfgﬁ%}gﬁagareatk{)gﬂggp%%}t%r? %]f%a];c gpégﬁrrgrﬁ%?n%o%r% under
thermal conditignswhich Rlsfgreptially deposit thin films having a desirable copper selenide
composition (i.e. predominantly CuSe) suitable for the formation of CIS or GIGS thin films useful in the
fabrication of solar panels. 20Accordingly, an exemplary embodiment is directed to a process of
making a precursor composition comprising: a) combining a solvent comprising a primary amine
and a solute comprisingadifper tiedoseteniumetafeoma@przdisiinasygare bersseddmpositioe iththe form
of a solution; U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J.
Curtis et dl. Fefiroamyi 2¢dibonal agyantmeany sherpreliiaihary/istedif JBMEdHH ESRRIHIEN D ARYBItate a
non-soluble product comprising Cu2Se; and C) separating the non-soluble product from the
preliminary pretArEEEIMPESIRBA 15 FRMPeSara PRUIS 5P TRRNSHioh & Presence of oxygen, for

example in the form of oxygen-containing compounds (e.g. CuO), can lead to
defects in the copper selenide film leading o defects in the absorber layer (e.g. CIS
or CIGS) which can adversely affect the energy coversion efficiency of a solar panel.

10

Another advantageous property is obtained from the use of primary amine

ype solvents (e.g. hydrazine) for dissolving a copper selenide starting material.
When copper selenide is dissoived in the primary amine, Cu;Se precipitates Iéavéng
a solution containing copper selenide compounds essentially free of CuxSe. Such
15 solutidns enable the deposition of a precursor composition undef thermal conditions,
which preferentially deposit thin films having a desirable copper selenide
composition (i.e. predominantly CuSe) suitable for the formation of CIS or CIGS thin

films useful in the fabrication of solar panels.

20 Accordingly, an exemplary embodiment is directed to a process of making a
precursor composition comprising:

a) combining a solvent comprising a primary amine and a solute comprising

copper and selenium to form a preliminary precursor composition in the form of a

solution;.



Another embodiment is directed to a precursor composition which comprises: a solution comprising
CuSe2 and a primary amine, substantially devoid of Cu2Se. 10In another embodiment, there is
provided a precursor composition which comprises: a solution comprising CuSe2 and hydrazine in
which ligands of hydrazine are attached to the CuSe2. 15In a still further embodiment, there is
provided a thin film useful for the production of an absorber layer for a solar cell comprising Cu"Sey
having no detectable-eegecegontaining compounds wherein x anmgakangoesshn IpmMNRE. ZCangdbe
sum of x+y beingiwtheMandgeoF 2L3; preferably where the copper selenide compoun8eigay reast®

substantially CuSe. %r? ?(%)l ovﬂ\ QRE ge?m%%wggégp%%ﬁ%n gg%%dtg %ga%f g%wgg!m}@e

precursor Composmo a su stra e comprli precurso osition comprising

CuSe2 and a pritary MRipRsseRsiaatalxdevoid of Cu2Se, at a U.S. Patent ApplicationDocket No.
409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et al.February 4, 2010 temperature in which the

CuSe2 is converted k) aseeppsirielenidendaving v atoalccatiodh seleniwrenhlessthpreabeut 2:1,
preferably about 1:1. In addition to the exemplary aspects and embodiments described above, 5

further aspectsandaaitibodinientsswiitl frecarmerappparesitiby reference to the drawings and by study of
the following descriptions. Brief Description of the Drawings
Another embodiment is directed to a precursor composition which comprises:

a solution comprising CuSe, and a primary amine, substantially devoid of

CUQSS.

10 in ancther embodiment, there is provided a precursor composition which
comprises:
a solution comprising CuSe; and hydrazine in which ligands of hydrazine are

attached o the CuSe;.

15 in a still further embodiment, there is provided a thin film useful for the
production of an absorber layer for a solar cell _comprising Cu,Sey having no
detectable oxygen containing compounds wherein x and vy are each from 1 to 2, and
the sum of x+y being in the range of 2-3, preferably where the copper selenide
compound is at least subsiantially CuSe.

20

In another embodiment, there is provided a method of applying the precursor
composition to a substrate comprising depositing a precursor compasition

comprising CuSe; and a priméry amine, substantially devoid of CuySe, at a



10 Exemplary embodiments are illustrated in referenced figures of the drawings. It is intended that
the embodiments and figures disclosed herein are to be considered illustrative rather than limiting.
15FIG. 1 is a schematic view of a chemical reaction of an embodiment for forming a precursor
composition; FIG. 2 is a trace view of atomic percent of copper and selenium as a function of
processing temperature for a given time, representing exemplary embodiments; 20 FIG3isa
trace view of Xgagaciftragtiom@atterns, representing three embodinsesttseirtW9HicR théperrentofBopper
in the thin filnisafRiar: Gltieshibeess temperature and duration of temperature tReEtFReht2t.S.

patent APPICRIRBRIBRKE! NQuiaR 0 &L EIREL- il A58 drvistier Celvitnd rbils &h ahBisRuary 4

2010 FIG. 4 Is a'trace view of Raman spect ata of a precursor composition; representing an

exemplary embedligreBlenium ofd6s Bdn adERAS MiewaEXHAY Aifitaction patterns of precursor
compositions 5heat treated at different temperatures showing changes in copper content; and

FIG. 6 is a trace view of a thermogravimetric analysis/differential thermal analysis (TGA-DTA) scan of
a precursor composition, representing an exemplary embodiment.
In addition to the exemplary aspects and embodiments described above,
5 further aspects and embodiments will become apparent by reference to the

drawings and by study of the following descriptions.

Brief Description of the Drawings

10
Exemplary embodiments are illustrated in referenced figures of the
drawings. It is intended that the embodiments and figures disclosed herein are

to be considered illustrative rather than limiting.

15 FiG. 1 is a schematic view of a chemical reaction of an embodiment for

forming a precursor composition,

FIG. 2 is a trace view of atomic percent of copper and sefenium as a function
of processing temperature for a given time, representing exempiary embodiments;
20 _
FIG. 3 is a trace view of X-ray diffrabtion patterns, representing three
embodiments in which the percent of copper in the thin fiim is a function of the

process temperature and duration of temperature treatment;



10 Detailed Description A precursor composition (also referred to as a precursor ink) is disclosed
which is suitable for forming a thin film on a substrate and especially for forming a 15 thin film
containing a desired chemical species (e.g. CuSe) for use in forming a CIS (copper-indium-selenide)
and/or GIGS (copper-indium/gallium-diselenide) absorber layer for solar cells. Copper selenide
containing thin films are useful in the fabrication of CIS 20 and/or GIGS absorber layers for solar cells.
The copper selenidetayepiaatbihe indium/gallium selenide layer atekplacedhnt@zomBEL Bialles-saactive
conditions to f&itHi¥ Beirable'dbsbiber layer. An exemplary form of copper selenidé #caise #Ha it is

desirable to form a tp film.of capper jde,i ic ' r f selection for CuSe is evident.
U.S. Patent Applicatié%bé?glgeta? Néé%gog%worgﬁ ( }i é}ﬁ%@%ﬁ%ﬁéﬁ%@%ﬁ %;Eﬂ}ﬁ?ss;egto n
al.February 4;2040entindA2XeMBIRYR5BBedIRent, there is provided a process of forming a liquid
based precursor composition or precursor ink having a desirable copper selenide content, in which

during the process undesirable Cu2Se is effectively removed prior 5 to deposition. The precursor
composition can be applied to a substrate and simultaneously thermally treated in a manner which
provides a thin film ha@ng é&targeteoppercdetermidalitbatént paeferablyf predonsimractly: tsBe@nd most
preferably having a substantially 1:1 copper-selenium atomic ratio. 10An exemplary process as
represented BieFidigeladmislissairsetiesoriifigastopies stritae staahnehmarisal; e, containing
CuSe, in a primary amine solvent such as hydrazine to form a preliminary precursor composition. A
precipitate of insoluble Cu2Se is formed, due to the presence of the primary amine solvent. The

precipitate can routi b remO)[/ed from thefsol tion, such as @/filtraicl)nﬁzn or 15 Fe trifugation,
leaving a liquid based Breauisct CoThoMo CohtaRing ESpHar LS ATGY BSAEH RN dESIEF the
undesirable spggi . Cuzse ipitat the i n ffectively
removed, the Bregiﬁﬁr%ﬁﬁ uﬁti([;sil? é?gti?gta%igalI@Pé%%igi%?o%gﬁ%%%g%‘d %ﬁ%%e%@q ar%i ﬂbeet%é% %‘N
controlled duringd@nasition to achieve a desirable copper selenide profile.

10

Detailed Description

A precursor composition (also referred to as a precursor ink) is disclosed

which is suitable for forming a thin film on a substrate and especially for forming a

15 thin film containing a desired chemical species (e.g. CuSe) for use in forming a CIS
{copper-indium-selenide) and/or CIGS {(copper-indium/gallium-diselenide) absorber

layer for solar cells.

Copper selenide containing thin films are useful in the fabr;‘gation of CiS

20 and/or CIGS absorber tayers for solar cells. The copper selenide layer and the
indium/gallium selenide layer are placed into contact under reactive conditions to

form a desirabie abscrber layer. An exempiary form of copper selenide is CuSe and

it is desirable to form a thin film of copper selenide in which a high degree of

selection for CuSe is evident.



20 The resulting precursor composition is applied to the substrate under elevated temperature
conditions sufficient to remove the solvent. During this thermal process step, the selection of a
deposition temperature and duration of heating controls the species of copper selenide formed during
deposition. In this way, the thin film can U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI
09-68) Inventor Calvin J. Curtis et al.February 4, 2010 be formed with at least a substantial, preferably
all of the coppkt seteniderdirdtre form of CuSe. In an exemplary eRwgdiveetts thete (RsEovided-as)
process for protilnhged ™ CidE@ntaining precursor composition wherein x and y &te@aé fhn 1
to 2, with the sum of x+y being in the range of 2-3, comprising dissolving a copper selenide starting
material in a solvent comprised of a primary amine such as hydrazine (N2H4) to form a solution (i.e.

preliminary precursqp GRMPRSHNE) CORtRINIRG G UBeZa8dhapvinsal ublederas Ritateriith esfarmof
Cu2Se. The precipitate is removed in a 10 conventional manner (e.g. filtration and/or centrifugation),
leaving a coppesstlenidereontasningsidution gtdeasiosubistaatially fretef4IU2 Sefper preeniser
composition) for further processing. When using hydrazine as a solvent, it is believed that the solution
is 15 comprisedndtai coovdireatidurconiptex ot et pedesiebie i @b fy éfiedtieely vemshy#ganids of
hydrazine are bound to the copper. The solution is applied to a substrate such as glass, plastic,
ceramic of thédliKEEBYAR of tHEFiqBIBBEEUd SREPBERIBANteeRMidFe SPRESTDUSIyMENRIFEE (8N
spraying), for example at a thickness of from about 0.1 to 5.0 pm. 20 The Erecursor composition is

heated during®BF SHESRM50sHSH TS %rﬁ%@%dﬂ %6%?{5‘% tﬂ@'ggl\%ﬂi’\ﬂﬁﬁcﬁ g @a@@vé?%ﬁjrazme

resuls from the, BLealdng. o HS8nY ARRES RARIES) HISJuRIRZING ISR R B dela e

having a substantially 1:1 copper-selenium atomic ratio.

10 An exemplary process as represented by Figure 1 involves first dissolving a
copper selenide starting material, e.g., containing CuSe, in a primary amine solvent
such as hydrazine to form a preliminary precursor composition. A precipitate of
insoluble CusSe is formed, due to the presence of the primary amine solvent. The
orecipitate can routinely be removed from the solution, such as by filtration and/or

15  centrifugation, leaving a liquid based precursor composition containing copper
selenide substantially devoid of the undesirable species Cu,;Se. Because Cu;Se
precipitates out of the solution and can be effectively removed, the resulting solution
is substantially devoid of Cu;Se and therefore can be thermally controlled during
deposition to achieve a desirable copper selenide profile.

20 |

~ The resulting precursor composition is applied to the substrate under elevated
temperature conditions sufficient to remove the solvent. During this thermal process
step, the selection of a deposition temperature and duration of heating controls the

species of copper selenide formed during deposition. In this way, the thin film can
7



U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et
al.February 4, 2010 The temperature and duration of the heating step has been found to control
the atomic ratio of copper to selenium when the precursor composition is deposited on the substrate.
Relatively high temperatures favor the formation of the copper rich 5 species (Cu2Se). Relatively low
temperatures favor the formation of the selenium-rich species (CuSe2). Thus, raising the reaction
temperature tenslste-raispith@gopper content and lower the selepidraicantent: For QREMRER,00-58)
deposition of theecoppariselénitiesprecursor composition at a temperature of from abicats0o to 230C,

where about 80C. favors the farmatjon of CuSe?2. If deposition is.conducted at about 10.175C to 225C,
o oot 2oBE o A R O R Rl B R SR S BB e

copper selenidg pregursor composition gradually favors the formation of the undesirable Cu2Se.

- Accordingly, by controlling the temperature of the deposition process within the temperature range
described above, the content of the copper selenide compounds can be precisely controlled. 15 In
the formation of CIS and CIGS absorption layers, copper selenide layers containing substantially pure

CuSe may be used. Acaardinghysiary exemplangimethod of foraitga €|srocdEtGGrapsarptian layer is to
deposit the copper selenide layer at a temperature of from about 150C to 225C, preferably about
200C. 205 Azigreyicushinngcaedithe doratiositaitverarelproeadsirgdssanbthemfdctordvbith assists
in controlling the atomic ratio of copper to selenium. Generally, as shown for example in Figure 3, the
longer the dur8o R 6T tREPTIAI 66 SsTHG &R E06IRE R ténfissrRUFESESRIYYEE tReceBPRR FRESE!enium
atomic ratio. Thus, as shown U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68
Inventor Calvif 3" GRS F2 BN AL SV10RERIGHAPE TENAYIER WHpharalirfeaF BSADBbe), the

longer the durglion of thetpnal processing ten inutes vs. fiye migutes), he highet foe atomic ratio of
copper to selenlumra.e. S.l.: VS. f) %:? e var?iaﬁce ofstempergture a 8ura 1o can eﬁ‘fect he content

of the insoluble precipitate in the form of Cu,Se. The precipitate is removed in a

10 conventional manner (e.g. filtration and/or centrifugation), leaving a copper selenide
containing solution at least substantially free of CuySe (i.e. precursor composition)

for further processing.

When using hydrazine as a solvent, it is believed that the soiution is
15  comporised of a coordination complex of copper, selenium and hydrazine in which
ligands of hydrazine are bound to the copper. The solution is applied to a substrate
such as giass, piastic, ceramic or the like by any of the liquid based deposition
techniques previously mentioned (e.g. spraying), for example at a thickness of from
about 0.1 to 5.0 um.
20
The precursor composition is heated during or after deposition to remove and
recapture the soivent which, in the case of hydrazine, results from the breaking of
the ligand bonds between the hydrazine and copper, ieaving relatively pure copper

selenide.



deposited precursor composition as follows. Assuming the precursor composition is prepared as
shown in Figure 1, then the precursor composition may be deposited under heating at a temperature,
for example, of 180C for five minutes: The resulting film may be analyzed by X-ray diffraction (see
Figure 3) and/or Raman 10 Spectroscopy (see Figure 4). If the atomic ratio of copper to selenium
favors the species CuSe2, then the temperature of the deposition step may be raised which favors a
higher copperncerttetatt kpgideition or alternatively, the duration oftibedthresrmad treatmerermay dsess)
increased (e.dfns i ot fifiAutes) which likewise favors a higher copper contefforgry 4, 2610
Conversely, if the copper-selenium atomic ratio of the initial deposited material favors the formation of
Cu2Se, the temperature of the deposition and/or the duration of the thermal treatment step may be

decreased to thereby favraBIghRE SGI8NUMIRANIENhZBe ating WBBKATHEER FHGRLER Niliagine and

liquid alkylamines (e.g. propylamine) are used as the solvent for the starting copper selenide
compound to fagmtheipreliminans preeussas| eanposHoN iHheistiRs T elim AT S USSP sited
composition" means the mixture of primary amine and starting copper selenide material prior to U.S.
Patent Applicatiotiiecoketid. 486(41021 (INRE&rROI0-ES ¥ dnuetiteorr@alutivd. (Ethtiseppdiabinuary 4,
2010 the removal of the precipitate (Cu2Se). [The amount of primary amine (e.g. hydrazine) is greater
than a stdichiGivraifs dmodia). e Gelat elargw dreusy {alpsafo@ 60el fareighiorab fheHseleadine-is not a
commonly used solvent because there are safety issues concerned with its use. In the present

process, hydrisiheBafi%e Gitigakt sGanasifed06vEsatiatifheaHEPr At et 628f Brecursor

composition therebél enalgling its u(fe in the present proce To reduce the amount of razine

I . d
o o dis S e e TR R ot O AR e B ) T e as
| , iti S. | | f i -p.carb
2 cosobvent, oL 40 gedianl copelvenls suehanuRS lou aeeisrefrablynaying g aroon

e .
atoms (e.g. methano s (e.g. ethylene glycol) m e use unction of the

cosolvent is tq,6RaRlIgIhe: RRASAN PIRCRRGUILN dreduced anaepRLabNE RHRRRMAMINSLahe
amount of the cosolvent may be up to the amount of the primary amine.

10 175°C to 225°C, e.g., about 200°C, the predominant species is CuSe. As
temperatures riée above about 225°C, the copper selenide precursor composition
gradually favors the formation of the undesirable CuzSe. Accordingly, by controlling
the temperature of the deposition process within the temperature range described
above, the content of the copper selenide compounds can be precisely controlied.

15

tn the formation of CIS and CIGS absorption layers, copper selenide layers
containing substantially pure CuSe may be used. Accbrdingiy, an exemplary method
of forming a CIS or CIGS absorption iayer is to deposit the copper selenide tayer at a -
temperature of from about 150°C to 225°C, preferably about 200°C.

20

As previously indicated the duration of thermal processing is another factor
which assists in controlling the atomic ratio of copper to selenium. Generally, as

shown for example in Figure 3, the longer the duration of thermal processing at a

given temperature, the higher the copper to selenium atomic ratio. Thus, as shown
9



15 In an exemplary embodiment, the precursor composition can be deposited in a single step heat
treating method without resorting to multiple step processes in which the last heating step is rapid
thermal processing (RTP). In particular, the solution of the primary amine e.g. hydrazine (with or
without the secondary amine 20 e.g. ethylene diamine) and copper selenide may be heated and
converted directly to the desirable copper selenide species as the solution is being deposited on the
substrate. U.S.sPrdent ApplisationDocket No. 409.1.021 (NREL R&k8%-a3pdnventorrEalwint doEentis et
al.February 4/20%0r CavRapfd-iferirilal processing (RTP) is defined herein as a heatir§regirhed ik

which the target film is heated to.the desired tempera Jn.a.short time, .e.d., NQ.mor Ean te
o ThebeEli® JoReS AR FERLEITIRAANE-B 0 I AME AT amieh

exemplary degosito; o '{?éﬁdr%ﬁ?&w&c%%mé{@éﬁ'ﬁ@%%ﬁ frscifiar InWEQ,P Q8RR 4L19 and

WO 2008/063190, the precursor material is deposited on the substrate to form a thin film. Thereatter,
the film is annealeg at high temperatyres (i.e. 350C) to yield a copper selenide film containing Cu2Se
as 10 the predominant species. In the present process, heating may be conducted while the precursor
composition is being deposited on the substrate in a single step process. It will be understood that
the one step heating process is exemplary and not required. Thus, the precursor compositions
describedbherein may'se idtiangelepotitetesatareudat aleratieslatgelyafeitdhparenires, dodir 80C to
100C and thereafter treated at higher temperatures including rapid thermal processing to convert the
initial copper SEIRPRIE EORGSIEHOITRTHRS B iveySSHIEITE e FFHE FHeSBMPERItR3<does

formed from <A G SSiRERY SAP Kb AelEILE QBT TEC T ahet o 18 S bsspen).

under heating at a temperature, for example, of 180°C for five minuies. The
resulting film may be analyzed by X-ray diffraction {see Figure 3) and/or Raman
10 Spectroscopy (see Figure 4). [f the atomic ratio of copper to selenium favors the
species CuSe,, then the temperature of the deposition step may be raised which
favors a higher copper content. [In addition or aiternatively, the duration of the
thermal treatment may be increased (e.g. from five to ten minutes) which likewise
favors a higher copper content.
15
Conversely, if the copper-selenium atomic ratio of the initial deposited
materiai favors the formation of Cu,;Se, the temperaiure of the deposition and/or the
d-uration of the thermat treatment step may be decreased to thereby favor a higher
selenium content.
20
Primary amines such as hydrazine and liquid alkylamines (e.g. propylamine)
are used as the solvent for the starting copper selenide compound o form the
prefiminary precursor composition. The term “preliminary precursor composition”

means the mixture of primary amine and starting copper selenide material prior to
10



U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et
al.February 4, 2010 The CuSe containing precursor composition representing an embodiment
makes efficient use of selenium and in an exemplary embodiment obviates the need for multiple
heating steps Because CuSe is produced in relatively pure form, the precursor compositions can be
used effectively to facilitate the formation of, for 5example, CulnSe2 with large crystal grains in a solid
state reaction\itRar2SesiEkamples Specific embodiments willGvokethe-fHifhet2d eNEhbed bipthe
following, norhfitfig @Xarmpiedsshith will serve to illustrate in some detail various fE8R(HES *1E7fRe

following exagples ars inchidarkto.facilifaie amunserstapding ghways i whishan smhedimgnt may

be practiced. It should be appreciated that the examples which follow represent embodiments

discovered torfinigtion \elbie aeacties, . HRnewuahdirkhawe e, appresiateegdhaksaanyshanpestcan be
made in the exemplary embodiments which are disclosed while still obtaining like or similar results

without 15degartingdig thecspiriHaddisicepe ofthe ctamsoy carelingdyy dhie @mpiethshoale: not be
construed as limiting the scope of the claims. Example 1 -
safety issues concerned with its use. In the present process, hydrazine can be at
5 least substantially recovered during thermal treatment of the precursor compaosition

thereby enabling its use in the present process.

To reduce the amount of hydrazine needed to dissolve the copper selenide, a
secondary amine such as ethylene diamine may be used as 3 cosolvent, or
10 additional cosolvents such as water, lower aikanols preferably having 1-6 carbon
atoms (e.g. methanol) and glycols {e.g. ethylene glycol) may also be used. The
function of the cosoivent is to enable the reaction to proceed with a reduced amount
of the primary amine. The amount of the cosolvent may be up o the amount of the
primary amine.
15
in an exemplary embodiment, the precursor composition can be deposited in
a singie step heat treating method without resorting to multiple step processes in
which the last heating step is rapid thermal processing (RTP). In particular, the
solution of the primary amine e.g. hydrazine (with or without the secondary amine .'
20 e.g. ethylene diamine) and copper selenide may be heated and converted directly to
the desirable copper selenide species as the solution is being deposited on the

substrate.

11



A preliminary precursor composition based on copper selenide was prepared 20 by adding 1.42 g of
commercial grade CuSe powder to 80 ml of hydrazine under stirring for three days. During this time a
precipitate forms comprised of Cu2Se. A solution having a clear green color and comprised of CuSe2
in hydrazine was isolated by removing the precipitate by filtration and/or centrifugation to forma U.S.
Patent ApplicationDocket No. 409 1 021 (NREL ROI 09-68) Inventor Calvin J. Curtis et al.February 4,
2010 precursarsempasitinnatdyepresentation of the reaction to yieltthe praliminapyRmesaEsorss)
composition arigtive frecdrserieshiposition is shown in Figure 1. Example 2 5Seveh&ainplés-Bithe

precursor compositign prepared in accordanc 'HlEx le 1 were heated to %emperatures.ofupto
3500 for fve minute N B s SR IRbie T ol e AR o L GAteD 4

analyzed for Gpppangelenids eaatent Sampls hangasitgdahout33% qoRpsrand f4%selenm.

Samples 2 and 3, heated t0 about 125C and 150C, respectively, showed a slight 10 incréase in copper

content to abord@5%adnieachinl@ampies kidsitbe REpfRIPINABt CORRAHERIERIdRIPeEiasdsthy Se2.
Sample 4 was heated to 200C and analyzed for copper selenide content. The amount of copper was

approximatelyr39%sane dbepgitount of selenium was 15 approximately 61%, representing a mixture of
CuSe2 and CuSe. When the duration of heating was extended to ten minutes (Sample 4A), the copper
content irfereased and the selenium content decreased.

In an exemplary deposition of liquid based precursor materials, such as
described in WO 2008/057119 and WO 2008/063190, the precursor material is
deposited on the substrate to form a thin film. Thereafter, the film is annealed at
high temperatures (i.e. 350°C) to vield a copper selenide film containing Cu;Se as

10 the predominant species. In the present process, heating may be conducted while

the precursor composition is being deposited on the substrate in a singie step

process.

It will be understood that the one step heating process is exemplary and not

15  required. Thus, the precursor compositions described herein may be initially
deposited on a substrate at relatively low temperatures, about 80°C to 100°C and
thereafter freated at higher temperatures including rapid thermal processing to

convert the initial copper selenide composition {o the CuSe in relatively pure form.
20 The present process does not produce significant amounts of copper oxides

and particularly the precursor compositions and films formed from such compositions

contain no detectable oxygen (i.e. less than about 0.1% of oxygen).

12



Sample 5 was heated to 250C and determined to contain approximately 60% 20 copper and 40%
selenium. Sample 6 was heated to 300C and found to contain about 65% copper and about 35%
selenium, while sample 7 was heated to 350C and found to contain about 67% copper and 33%
selenium. Samples 6 and 7 contained a predominant amount of Cu2Se. U.S. Patent
ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et al.February 4, 2010
Thus, Sampless1r3tshawgidaspredominant amount of selenium ardkargassoeictehRith e Saisper
selenide spetiegn@UBen SamiHEs® and 7 showed a predominant amount of copp&FfaHeNate*t!?

associated with the species.Cuase, LRaeHIALIeISEL ALsSAMBISS 4 AT AN e ampsralure

range of from about e predominant species iIs CuSe which is an exemplary

species for forming IR aRd, CIGR ahSAIBEr dAYarsad BRAaRSHAMbIuIhe BB 2488 wlMigute 3

shows films deposited at relatively low temperatures up to about 150C are structurally amorphous. At

these 10tempgratigs)thesalugnitissdriveaeiland asompesitoseeorestendnoie £ esey isobserved
but no peaks due to crystalline phases are observed by X-ray diffraction (XRD). As the temperature is

raised, there [gecshifirincthescapperssetenide ceaterfftaiiorhg incteatateatheulttsraticoppér and
decreased amounts of selenium, resulting in a transition from CuSe2 to CuSe. In the range of about
180C to &bou:2400e thia 1S pradininad cepdelasoicipp aoie et ¢ CligRevikbBwe 250C, the copper
content continues to increase until the predominant species is Cu2Se. Thus, heating to a temperature
of 180C to about 240C favors the exemplary

Examples

Specific embodiments will now be further described by the following,
nonlimiting examples which will serve to illustrate in some detail various features.

10 The following examples are included to facilitate an understanding of ways in which
an embodiment may be practiced. It shouid be appreciated that the examples which
follow represent embodiments discovered to function weli in practice,. However, it
should be appreciated that many changes can be made in the exemplary
embodiments which are disclesed while sti!ll obtaining like or similar results without

15 departing from the spirit and scope of the claims. Accordingly, the examples should

not be construed as limiting the scope of the claims.

Example 1
A preliminary precursor composition based on copper selenide was prepared
20 by adding 1.42 g of commercial grade CuSe powder to 80 mi of hydrazine under
stirring for three days. During this time a precipitate forms comprised of CuzSe. A
= solution having a clear green color and comprised of CuSe; in hydrazine was

isolated by removing the precipitate by filtration and/or centrifugation to form a

13



species CuSe. However, it is also important to note that the rate of selenium loss 20can be controlled
by controlling not only the temperature but the duration of the heating process. This is of particular
interest in the temperature range of 180C to 210C as shown in Figure 3. U.S. Patent _
ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et al.February 4, 2010
Figure 3 shows an X-ray diffraction scan of a sample prepared in accordance with Example 1. The
sample precursdrreampesiteirwas deposited at 80C on a glass Sgbstraite #¥d -ShbWRES Rales#2)
relatively low BSPIErAE Eete AR Sfmic ratio and no peaks due to the presence of EAZtANeBhAses
in the XRD. When fhe Siempsraiiyre was raisedia,a00G e ity igsdhf.ajamisAap of copper to

selenium increased slightly and crystalline CuSe2 was observed by XRD. As the temperature of 200C
was maintaingeLfelra6r additeRaldivernimeisrtpsHeasnp iR poatotaFrfeniminutes), the
copper to selenium ratio increased to an extent that the predominant crystalline species observed in
the XRD scan changed from 10 CuSe2 to CuSe. At a slightly higher temperature (210C) held for ten
minutes, Se loss was even faster and Cu2Se was the predominant crystalline species observed by

XRD. Fhagvidtiain a target zone of about 180C to 210C, the duration of heating 15can be
varied to further control the copper selenium content. Example 3 .
S Seven samples of the precursor compaosition prepared in accordance with

Example 1 were heated to temperatures of up to 350°C for five minutes as shown in
Figure 2. Sample 1 was maintained at room temperature and analyzed for copper
selenide content. Sample 1 measured aboui 33% copper and 67% selenium.
Samples 2 and 3, heated to about 125°C and 150°C, respectively, showed a slight
10  increase in copper content to about 35%. In each of Sampies 1-3, the predominant

copper selenide species is CuSes.

Sample 4 was heated to 200°C and analyzed for copper selenide content.

The amount of copper was approximately 39% and the amount of selenium was
15  approximately 61%, representing a mixture of CuSe; and CuSe. When the duration
of heating was extended to ten minutes (Sample 4A), the copper content increased

and the selenium content decreased.

Sample 5 was heated to 250°C and determined to contain approximately 60%
20  copper énd 40% selenium. Sample 6 was heated to 300°C and found to contain
about 5% copper and about 35% selenium, while sample 7 was heated to 350°C
and found to contain about 67% copper and 33% selenium. Samples 6 and 7

contained a predominant amount of CuzSe.

14



Another sample (Sample 8) was prepared in a manner similar to Example 1, except that the solvent
used to dissolve the starting copper selenide material was a 201:1 weight ratio of hydrazine and
ethylene diamine. The molecular signature shown in Figure 4 confirms the formation of a complex due-
to the presence of hydrazine ligands coordinated to copper. The precipitate formed during the reaction
(Cu2Se) was removed by filtration and/or centrifugation to form the precursor composition. U.S.
Patent ApplicatirEiecketritai«609.1.021 (NREL ROI 09-68) Inve Mok« HivitPd.! CRi iR FelsrGdry 4,
2010 Théenvesiitirvprécirdertdmposition was deposited on glass substrates af #tethperatifte of

150C (Sample 9). LYSC.(Saple 10)o 6, 200 (SRR o FASARCINEL 3 Wiarmperature fo

each sample as deposited was maintained for 30 minutes. Figure 5 shows X-ray diffraction scans of

Samples 9-11an0ka,eHSR:R1IHB danasiteddiiBhyrierlvepekdepesiing Aashowndnsigare 5, films

that are structurally and compositionally CuSe are made by spray deposition of the precursor

composition indhe-tamperatdrr rabgedpiloamabestis0ite 2006 tfxappleACO 42 gfof CuSe
(obtained from Alfa, 0.010 mol) was placed in a 250 ml round bottom flask with side-arm stopcock and

magnetic stir bartidiherflaskasasreappenl &vith andepanh thrdevacaited eandg eafilksodnvithd2. Then 80 ml
of anhydrous
5 180°C to 240°C where the predominant species is CuSe which is an exemplary

species for forming CIS and CIGS absorber layers.

The data shown in the XRD scan of Figure 3 shows films deposited at
relatively low temperatures up to about 150°C are structurally amorphous. At these
10 temperatures the solvent is driven off and a composition corresponding to CuSe; is
cbserved but no peaks due to crystalline phases are observed by X-ray diffraction

}(XRD). As the temperature is raised, there is a shift in the copper selenide content
favoring increased amounts of copper and decreased amounts of selenium, resulling
in a transition from CuSe; to CuSe. In the range of aboui 180°C to about 240°C, the

15 predominant species of copper selenide is CuSe. Above 250°C, the copper content

continues to increase until the predominant species is Cu,Se.

Thus, heating to a temperature of 180°C to about 240°C favors the exemplary
species CuSe. However, it is also important to note that the rate of selenium loss
20  can be controiled by coniroliing not only the temperature but the duration of the
heating process. This is of particular interest in the temperature range of 180°C to

210°C as shown in Figure 3.

15



hydrazine (Aldrich) was added with a polyethylene syringe. The mixture was then stirred for three days
at room temperature, during which time a black, chunky 15material (CuSe) dissolved to give a dark
colored solution and a grey precipitate (identified as Cu2Se) thus forming a preliminary precursor
composition. The mixture was then transferred by a stainless steel cannula to two N2-purged 50 ml
centrifuge tubes and separated by centrifugation at 3000 rpm for fifteen minutes. The clear, dark
precursor liquids(preedrsaticomposition: Sample 12) was decantétbokig Bc2@aneiilaNRED 8 puirged flask
and stored undenCartiecslotisot e liquid lightened with time in storage, becomingf8aRYgre@nwithin

L e niing Iorglionavet-8 Rt ol Al weekantlie JPabaua 1.6 duclo the

presence of small amaunts o%hig y CO olyseleni that oxidize over time in these

septum-cappeglaragfiaskor|CRARR sralips otshipsampleay e s GLSaraiabdR U.S. Patent
ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et al.February 4, 2010
for this liquid angsedbistaenimatethas GURe2 coerdinateddy cnbdissalerminhydrazinetBigure 6
shows a TGA-DTA scan of the liquid from sample 12 after evaporation of the hydrazine solvent while

Figure 4 showsd RapesSpectaiihoptbsetita fifrenystallina\ihfs esrinrfiseXBPexéiimptaiieaspects and
embodiments have been discussed above, those of skill in the art will recognize certain modifications,
permutatiéns, iaaesicramesubisemisiraioRsaheyedfintis méefeieitdAtR @ tRAPRSE Bllowing
appended claims and claims hereafter introduced are interpreted to include all such 10modifications,

permutations, EIMSAI ERRASGE-SlFhBINARD A 3G RS WiRA2HEF fgsrved by XRD. As the

temperature of 200°C was maintained for an additional five minutes (i.e. heating at
200°C for a total of ten minutes), the copper to selenium ratio increased to an extent
that the predominant crystalline species observed in the XRD scan changed from
10  CuSe; to CuSe. At a slightly higher temperature {210°C) held for ten minutes, Se
loss was even faster and Cu;Se was the predominant crystalline specieé observed

by XRD.

Thus, within a target zone of about 180°C to 210°C, the duration of heating

15 can be varied to further control the copper selenium content.

Exampie 3
Ancther sample (Sample 8) was prepared in & manner similar to Example 1,
except that the solvent used to dissolve the starting copper selenide material was a
20 1:1 weight ratio of hydrazine and ethylene diamine. The molecular signature shown
in Figure 4 confirms the formation of a complex due to the presence of hydrazine
%igrénds coordinated to copper. The precipitate formed during the reaction {(CuzSe)

was removed by filtration and/or centrifugation to form the precursor composition.

16



spirit and scope. 15 20 U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor
Calvin J. Curtis et al.February 4, 2010 CLAIMS What is Claimed is: 1. A preliminary precursor
composition comprising: 5a solvent comprising a primary amine; and a solute comprising copper and
selenium. 2. The preliminary precursor composition of claim 1 wherein the primary amine is selected
from the group consisting of hydrazine and liquid alkylamines. 10 3The preliminary precursor
composition of &laierl ppdiesgin the primary amine Docket No. 409.1.021 (NREL ROl 09-68)

10

15

20

inventor Calvin J. Curtis et al. February 4, 2010
The resulting precursor composition was deposited on glass substrates at a

temperature of 150°C (Sample 9), 175°C (Sample 10), and 200°C (Sampie 11),

raspectively, and the temperature for each sample as deposited was maintained for

30 minutes. Figure 5 shows X-ray diffraction scans of Samples 9-11 and a CuSe

film deposited by physical vapor deposition. As shown in Figure 5, films that are

structurally and compositionally CuSe are made by spray deposition of the precursor

composiiion in the temperature range of from about 150°C 1o 200°C.

Example 4

1.42 g of CuSe (obtained from Alfa, 0.010 mol) was placed in a 250 ml round
bottom flask with side-arm stopcock and magnetic stir bar. The flask was capped
with a septum and evacuated and refilled with Nz. Then 80 mi of anhydrous
hydrazine {Aldrich) was added with a polyethylene syringe. The mixture was then
stirred for three days at room temperature, during which time a black, chunky
material (CuSe) dissolved to give a dark colored solution and a grey precipitate
(identified as Cu.Se) thus forming a preliminary precursor composition. The mixture
was then transferred by a stainless steei cannula to two Ny-purged 50 ml centrifuge
tubes and separated by centrifugation at 3000 rpm for fifteen minutes. The clear,
dark precursor liquid (precursor composition: Sample 12) was decanted via a
cannula into a purged flask and stored under Nz. The color of the liquid lightened
with time in storage, becoming dark green within two days and then turning to yellow
over a perio_d of a few weeks., This is thought to be due to the presence of small
amounts of highly colored polyselenides that oxidize over time in these septum-

capped storage flasks. ICP-AES anaiysis of this sampie gives a Cu:Se ratio of 1:2
17



is hydrazine. 4. The preliminary precursor composition of claim 1, wherein the primary amine 15is
present in greater than a stoichiometric amount. 5. The preliminary precursor composition of claim 1
further comprising a cosolvent. 206.The preliminary precursor composition of claim 5, wherein the
cosolvent is selected from the group consisting of secondary amines, water, lower alkanols, and
glycols. U.S. Patent ApplicationDocket No. 409.1.021 (NREL RO( 09-68) Inventor Calvin J. Curtis et
al.February 4,.2028<AThepraliminary precursor composition of clairetNyheeimih IS oRE IBiss)
ethylene dianfiretogCalvisré&iwddeicdmposition comprising: 5a solvent comprising a paHam afdite; and

a solute comprising GopRer And,SpeRl Shlf BLCHED CURRISIEDPEIAL R SHPstantally
devoid of a precipitate comprising Cu2Se.
hydrazine. Figure 6 shows a TGA-DTA scan of the liquid from sample 12 after
evaporation of the hydrazine solvent while Figure 4 shows a Raman Spectrum of the

thin fiim.

While a number of exemplary aspects and embodiments have been discussed
above, those of skill in the art will recognize certain modifications, permutations,
additions and sub combinations thereof. It is therefore intended that the following
appended claims and claims hereafter introduced are interpreted fo include ali such

10  modifications, permutations, additions and sub-combinations as are within their true

spirit and scope.

15

20
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9. The precursor composition of claim 8 wherein the primary amine is selected 10from the group
consisting of hydrazine and alkylamines. 10. The precursor composition of claim 9, wherein the
primary amine is hydrazine. 1511.The precursor composition of claim 8 wherein after heating has a
molecular signature characterized by Raman spectrum substantially as shown in Figure 4. 12.The
precursor composition of claim 8 further comprising a cosolvent. 2013.The precursor composition of
claim 12 whegein-thenameiat@f the cosolvent is up to the amourticofditeoprith a0 atniree. AdTses8)
precursor compositieadof Slairigsivierein the amount of the primary amine is great&¥&E 4. 2910

stoichiometric amount. 20 U.S. Patent Applicatio&lelgﬁ\%gt No. 409.1.021 (NREL ROI 09-68) Inventor
Calvin J. Curtis et al.February 4, 2010 — :

What is Claimed is:

1. A preliminary precursor composition comprising:
S a solvent comprising & primary amine; and

a solute comprising copper and selenium.

2. The preliminary precursor composition of claim 1 wherein the primary amine

is selected from the group consisting of hydrazine and liquid alkylamines.

10
3. The preliminary precursor composition of claim 1, wherein the primary amine
is hydrazine,
4, The preliminary precursor composition of claim 1, wherein the primary amine

15  is present in greater than a stoichiometric amount.

5. The preliminary precursor composition of claim 1 further comprising a
cosolvent.
20 6. The preliminary precursor composition of claim 5, wherein the cosolvent is

selected from the group consisting of secondary amines, water, lower alkanols, and

glycals.
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15.A thin film comprising the precursor composition of claim 8 heated to a temperature sufficient to
remove the solvent. 516.The thin film of claim 15 heated to a temperature of from about 150C to 250C.
17. The thin film of claim 16 heated to a temperature of from about 180C to 250C. 18. The thin film of
claim 15 comprising copper selenide at least substantially in the form of CuSe. 19. The thin film of
claim 18 entirely in the form of CuSe. 20The thin film of claim 15 containing substantially no oxygen or
oxygen containm@ggempauagsn21. The thin film of claim 15, whichdsestibstemtially @RErFa00s:622. The
- thin film of clalifre1is; Yahieh i§'stbstahtially crystalline. 23. The thin film of claim 15, ¢ifartetiZ8dby

any one of the[X ray].ﬂlffg%g f%qw%%tsméu?é?o?Q%%%@i@ﬂ'c%’ciaim & wherein the cosolvent is

ethyiene diamine.

8. A precursor composition comprising:
5 a soivent comprising a primary amine; and
a solute comprising copper and selenium, said precursor composition being at

least substantially devoid of a precipitate comprising CuxSe.

9. The precursor camposition of claim 8 wherein the primary amine is selected

10 from the group consisting of hydrazine and alkylamines.

10.  The precursor composition of claim 9, wherein the primary amine is

hydrazine.

15 11, The precursor composition of claim 8 wherein after heating has a molecular

signature characterized by Raman spectrum substantially as shown in Figure 4.
12.  The precursor composition of claim 8 further comprising a cosolvent.

20 13.  The precursor compaosition of claim 12 wherein the amount of the cosolvent is

up to the amount of the primary amine. |

14.  The precursor composition of claim 8 wherein the amount of the primary

amine is greater than a stoichiometric amount.
20



U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI 09-68) Inventor Calvin J. Curtis et
atFebruary 4, 2010 24. A method of making a preliminary precursor composition comprising:
combining a) a solvent comprising a primary amine and b) a solute comprising copper and selenium:
5agitating the solution until a non-soluble product is formed. 25. A method of making a precursor
composition comprising: combining a) a solvent comprising a primary amine and b) a solute
comprising coppetand seleaiam to form a preliminary precursor eeympdsition; ' T8aditaEh §ehes-68)
preliminary pret&iebr @b oeitivf & form a non-soluble product; and separating thé R ESANE
product to form a precursor composition. 26. The method of claim 29 wherein the primary amine is
selected from the group 15consisting of hydrazine and alkylamines. 27. The method of claim 25 further

comprising comgbiningiHie melvesih ad-ePsRiRBEWED: hehsobiigcR @2 BiArmethestal aking a thin film

comprising:
temperature sufficient to remove the solvent.

5 16. The thin film of claim 15 heated to a temperature of from about 150°C to

250°C.

17.  The thin film of claim 16 heated to a temperature of from about 180°C fo
250°C.

10
18.  The thin film of claim 15 comprising copper selenide at least substantially in

the form of CuSe.

19.  The thin film of claim 18 entirely in the form of CuSe.

15
20.  The thin film of claim 15 containing substantially no oxygen or oxygen
containing compounds.
21.  The thin film of claim 15, which is substantially amorphous.

20

22,  The thin film of claim 15, which is substantially crystalline.

23.  The thin film of claim 15, characterized by any one of the X-ray diffraction

patterns as shown in Fig. 3.
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depositing a precursor composition of claim 8 on a substrate, and heating the precursor composition
for a time sufficient to remove the solvent. U.S. Patent ApplicationDocket No. 409.1.021 (NREL ROI
09-68) Inventor Calvin J. Curtis et al.February 4, 2010 29. The method of claim 28 further comprising
heating the precursor composition to a temperature favoring the formation of CuSe. 30. The method
of claim 29 further comprising conducting the heating step for a 5time sufficient to favor the formation

of CuSe. 10 15s26atent Application Docket No. 409.1.021 (NREL RO 09-68)
Invenior Calvin J. Curtis et al. February 4, 2010

24. A method of making a preliminary precursor composition comprising:
combining &) a solvent comprising a primary amine and b) a solute comprising
copper and selenium:

5 agitating the solution until a non-scluble product is formed.

25. A method of making a precursor composition comprising:
combining a) a solvent comprising a primary amine and b} a solute comprising
copper and selenium to form a preliminary precursor composition;
10 agitating the preliminary precursor composition to form a non-soluble product;
and

separating the non-soluble product'to form a precursor composition.

26. The method of claim 29 wherein the primary amine is selected from the group

15  consisting of hydrazine and alkyiamines.

27. The method of claim 25 further comprising combining the solvent and

cosolvent with the solute.
20 28. A method of making a thin film comprising:

depositing a precursor composition of claim 8 on a substrate, and

heating the precursor composition for a time sufficient to remove the solvent.
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.S, Patent Apnplicaiion Docket No. 409.1.021 (NREL RQOI 08-68)
Inventor Calvin J. Curtis et al. February 4, 2010

28. The method of claim 28 further comprising heating the precursor composition

to a temperature favoring the formation of CuSe.

30. The method of claim 29 further comprising conducting the heating step for a

time sufficient to faver the formation of CuSe.
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