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The study of the pseudobinary system Cu,SnS;—Cu,SiS; shows that a solid solution (Cu,Si,Sn;—,Ss) exists in the
range 0.4 < Sil(Sn+Si) < 0.6. Based on diffuse reflectance and photoelectrochemical measurements these
compounds show potential as absorber materials for photovoltaic devices. The compounds were prepared at 850 °C
from copper sulfide, silicon, tin, and sulfur and were analyzed with single-crystal (for x ~ 0.40) and powder diffraction
techniques. Optical band gaps of 1.25, 1.35, and 1.45 eV were observed for the three compositions x = 0.39,
0.48, and 0.61; cathodic photocurrent occurring is significant.

Introduction that can accommodate crystal defects while maintaining good
electronic properties.

Among the several different related structure types of
transition-metal chalcogenides, we focus our attention on the
CwMQ; series (M= Si, Ge or Sn; Q= S or Sef 1 Despite
different crystal systems and space groups, the structure of
CwpMQs (alternative formula Cu(GuM23)Qo) is similar to
that of CulnSe where the 18" is formally replaced by 1/3
Cut + 2/3 M*.

The CuMQ; chalcogenides are semiconductor materials
with band gaps ranging from 0.84 eV for £8nSe'! up to
. : 2.5 eV for CuySi$;.%12 Because the band gap depends on
photoelectronic properties. the nature of the tetravalent metal, it is possible to obtain

Ab initio calcula_tloné have shown that th_e presence of the optimal valué(1.2—1.5 eV) by a partial substitution of
tetrahedrally coordinated copper atoms is an important featureSi for Sn in Cu(Sn,S)Q compounds. The present paper

for the goqq photovoltaic properties of chalcogenide absorb- reports the synthesis of some compounds belonging to the
ers. In addition, the selected compounds must have structures

Although the current global photovoltaic market is domi-
nated by silicon-based technologies, thin-film chalcogenide
technology could provide a real cost breakthrough to make
this source of energy more competitivé. The structural,
electrical, and optical properties of Cu(In,GaSEIGS)
make it a promising material for thin film photovoltaic
devices. A few companies have developed large-scale
production of modules based on the CIGS materials.
Unfortunately, indium is a rare and expensive element, so it
is important to seek indium-free compounds with useful
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CwSnS—Cu:SiS; system, the crystal structure determination Table 1. Experimental Details for Single-Crystal Data Collection for
of one of these phases (i 6:Sios:Ss), and the study of ~ C%SMeSosSs

the solid solution. In addition we present the preliminary crystal data
investigations of the diffuse reflectance and photoelectro- chemical formula CiBnv.65Si0.575s
chemical properties' molar mass (g/mol) 308.45 )
cell setting, space group monocline (no. 9)
. . ,b,c(A);ss(d 6.542(2), 11.413(5), 6.532(2); 108.79
Experimental Section ?/(A??)-(z) s (deg) o2420) (). 6:532(2)
. . Dx (g.cnT3); u (mm1) 4.436; 13.833

synthe5|s.Thg compounds Qﬂ‘?lXSnl,XSB: were prepare.d by thg crystal size rﬁm 0.13% 0.084x 0.076
solid-state reaction of G8, Sn, Si, and S in the appropriate ratios
to get the compositiong = 0.40, O._50, and 0.60. The re_actants data collection
were ground together and pressed into a pellet before being heated Jatont T
. L - radiation type o
in evacuated, sealed, fused silica tubes. The synthesis route Wasabsorption correction Gaussian method
adapted from Chen et &land from Olekseyuk et &b The tubes Tmin, Tmax 0.2814, 0.4552
were heated slowly to 850C, held there for 1 week, cooled to no. of measured reflcns 9646

650 °C, held there for several hours, and then quenched in water. no. of independent reflcns 2426

The samples were carefully reground and reheated at@56r 2 no.(lof>02bj(e|>)r)ved reficns 1946

weeks and quenched in water again. Usually, a third heating at the , ange(deg) 6.59-40.00
same temperature for 1 week is necessary to obtain a homogeneousrange ofh, k, | —11<h=<10,0<k=<20,—-11<1<11
powder. On the other hand, single crystals were obtained from Rint 0.0446
powder with composition close to= 0.4 by adding iodine as a
transport agent during a subsequent heating step. refinement
EDX. The chemical compositions of the samples were analyzed R R,, S (g o.f) 0.0404 0.0479, 1.29
using an EDX-equipped scanning electron microscope (JEOL no. of parameters 55
5800LV). These analyses were performed on polished sections of Weighting Sf&h_esme w = 1/[o%(F) + 0.00047]
the products imbedded in epoxy. The elemental percentages were gz?i?]gﬁg‘rm(?ﬁeth)od 0{25’{52{? Zype I
calculated using calibrated internal standards; the uncertainty of gytinction coefficient 0.062

EDX spectra curve fitting is similar in magnitude to the standard
deviations for the averages. Thus, the results are both accurate and
precise. Table 2. Atomic Ppsitions and Equivalent Displacement Parameters for

X-ray Diffraction. A single-crystal structure determination was Synthetic CuS sShos#s
performed for one compositiox & 0.4). The data collection was ~ atom X y z Uq sof
carried out on a Bruker-Nonius Kappa CCD diffractometer using Cul —0.0283(2) 0.41426(5) —0.02040(19) 0.0257 (4) 1
graphite monochromated MoK Many crystals were examined  Cu2 —0.0161(2) 0.25030(5)  0.47835(19) 0.0256(3) 1
to find one of suitable quality. Crystals were mounted on the tip of ginll/ Y 0.08872(3) & 0.01207(9) 00367237((22))/
broken capillary tubes. Although a monoclinic symmetry was g; 0.3662(3) 0.08416(9) 0.1073(2)  0.0206(3) 1
expected; we recorded the full diffraction sphere to ensure high s2 0.3568(3) 0.25214(10) 0.6083(3)  0.0210(3) 1
redundancy and thus to obtain well-measured intensities. Cell S3 0.3574(2) 0.41847(9) 0.1154(3) 0.0209(3) 1
p?‘r‘?mEters of the beSt_CryStal V\_/ere indeed Cons_iStent With mo_no' asof: site occupancy factob.These values were fixed to 0 to define
clinic symmetry. Technical details of data collection are given in the origin of the unit cell.

Table 1.

Homogeneity of powder samples was evaluated by examination
of the X-ray powder diffraction patterns. These experiments were
performed with the use of a position-sensitive detector diffracto-
meter (INEL) set up in a DebyeScherrer geometry (Cu &l
radiation and N#CaAl ,F14 as standadd). The powder patterns were A
recorded in the range-@L2C° 20 with 0.03 26-steps. The samples I\;?J?;?E;;?;ﬂggce spectra using the K/1-R)%/2R Kubelka-

were ground and passed through a sieve before they were put into . .
Photoelectrochemical Measurements.The electrochemical

a Lindemann capillary (0.2 mm in diameter). The full pattern ‘ d with imolified th | d

matching and Rietveld refinements were carried out with the help measuremen_ts were performed with a simplified three-electrode

of the programs FullPréf and WinPlotrt? setup. The sintered and pressed powder samples were embedded
: in an epoxy resin with a silver back contact; the front faces were

Diffuse Reflectance MeasurementsThe UV-visible diffuse polished to a high shine. A small amount of aqueous electrolyte
reflectance spectra of finely ground samples of different composi- i ) . .
P Inely grou P : post (H2SO, solution, pH~ 1) was deposited on the polished surface

ion re recor ith a Varian CARY rometer i . . .
tions were recorded with a Varian ¢ 5G spectrometer equipped (~10 mn?). A platinum electrode was put into the solution and

with a praying mantis mirror configuration and controlled usin
praying g 9 was connected to both the counter electrode and the reference
outputs of the potentiostat. The sample was illuminated with a

the CARY WinUV program. The reflectance measurements were
made in the 1206600 nm range (i.e., from 1.03 to 2.07 eV) at

2 nm resolution. The measured reflectance was normalized to a
barium carbonate blank. The absorption (K/S) data were calculated

(13) Olekseyuk, I. D.; Piskach, L. V.; Zhbankov, O. Y.; Parasyuk, O;

Kogut, Y. M. J. Alloys Compd2005 399, 149-154. 150 W white lamp providing an illumination intensity of ap-
(14) Onoda, M.; Chen, X.-A; Sato, A.; Wada, Mater. Res. Bull200Q proximately 30 W/criA During the cyclic voltammetry measure-
35, 1563-1570. _ ments the light was manually chopped to highlight the photore-
(15) Deniard, P.; Evain, M.; Barbet, J. M.; Brec, Rater. Sci. Forum
1991, 363-82, 79. sponse.
(16) Rodfguez-Carvajal, JPhysica B1993 192, 55-69.
(17) Roisnel, T.; Rodriguez-Carvajal, Mater. Sci. Forum2001, 378~ (18) Kubelka, P.J. Opt. Soc. Am1948 38, 448-457.
381, 118-123 (19) Kubelka, P.; Munck, FZ. Tech. Phys1931, 12, 593-601.
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Figure 1. Projection of the structures of (a) €3ip.37SMn.65% (S.G. Cc) from the single-crystal structure solution presented here and (b) GUBeS.
1-42d).27

Single-Crystal Structure Determination Table 3. Results of EDX Analysis on Polished Sections of Powder
Samples for CeSikSm—xSs (x = 0.4, 0.5, 0.6)

Structure Refinement The crystal for the structure

determination was selected from a preparation with0.4. average atomic %

The set of the recorded reflections is consistent with the spaceSample (no. of spots) Cu Sn Si S x
groupsC2/c andCc. The centrosymmetric space groap/c 0.40 (expected) 33.3 10.0 6.7 50.0

was examined and then rejected. Starting from theS68 z ; 8; g%;gg; ig:ggg g:ggg ig:gg; 8:33
structurel* the crystal structure was refined in the space 050 (expected) 33.3 8.3 8.3 50.0

group Cc using the Jana2000 progr&fThe crystal shape #3(12) 32.7(5) 89(3) 8.1(4)  50.4(6) 0.48
and size optimizations for absorption corrections were 0_6’%1&;&@ 9 3850)  Bo9) TN 49.8(0) 0.48
performed using the program X-shapeCrystal character- #5(4) 32.8(1.8) 7.4(6) 10.7(L0) 49(2) 059
istics and refinement results are gathered in Table 1. With  #6 (10) 33.0(8) 6.6(4) 10.4(2) 50.0(6) 0.61

anisotropic atomic displacement parameters for all atoms and  athe ESD given in parentheses correspond to the dispersion of the
fixing Sn and Si atoms on the same site, the residual valueaveraged values. Thevalues (last column) are calculated as atom %(Si)/
converged t&R = 0.0404 R, = 0.0479) for 1946 reflections  (@tom %(Sij-atom %(Sn)).

satisfying the criteriod > 2¢(1) and 55 parameters. Since
the Cc space group is honcentrosymmetric, we checked the

correctness of the configuration by calculating the amount . . .
g y g Si** leads to a distortion of the structure. Consequently, all

of the other enantiomorph present as a twin; this value i found in distorted tetrahedral dinati ith
converged to 0.04(2). Then, the proposed absolute structure-2H1ONs are found n distorted tetrahedral coordination wi

is definitively correct in agreement with the parent com- Cu~S and (Sn,SiyS Qistances in ranges 2:30.39 A and
pounds CiSiS; and CuSnS. The chemical composition 2.26-2.38 A, respectively. The calculation of bond valences
deduced from the last stage of the refinement wasS6u according to Browf¥ suggest the presence pf Cu(l) z_;\nd yield
Sio5:Ss. The atomic coordinates are given in Table 2. an average value of 4.0 for the mixed site Sn/Si (0x63

Description of the Crystal Structure. CSnS, CsSh ez 4.97+_ 0.37 x 2.40= 4.0) in good agreement with Sn(IV)
Sio.37330, and CySiS; all adopt the same monoclinic structure and Si(IV).
that can be derived from the chalcopyrite type (Cufr@fith
tetragonal symmetry and space grdef2d (Figure 1). The
relationship between the two structures is consistent with Results of careful EDX analyses on several samples of
their noncentrosymmetric character. In Cui;éBe Cu and nominal compositiong = 0.4, 0.5, and 0.6 are presented in
Fe atoms are located on two different sites with similar tetra- Table 3. The average measured compositions are close to
hedral coordination of S atoms. Compounds of the typg Cu the ratios expected from the starting material stoichiometry.
MSz (M = Sn, Si or (Sn,Si)) can be reformulated as Cu(1)- In addition, the individual compositions of these samples are
(Cu(2)%3M29)S,, where the FE is replaced by 1/3 Cu(2)
+ 2/3 M**, thus retaining charge balance. This situation is (20) Petricek, V.; Dusek, MJana2000 Structure Determination Software
consistent with the observed lowering of symmetry so that the (7, FS)rt?)ggg:Z)z(?SOr?éperG.
Cu(2) and M atoms become nonequivalent and the Sn and(22) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244-247.

Si atoms are statistically distributed over the same crystal-
lographic site. The difference of the ionic radii of“Srand

Existence of the Solid Solution
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Figure 4. Evolution of the cell parameters (see Table 4) versus the actual
compositions of Cs8ixSn—4Sz. The values foix = 04 andx = 16 come

100 n » Si
- % 80 70 60 50 > SIS, from the published single-crystal structure determinations.

72 Cu,SiS,

Figure 2. Atomic compositions according to EDX measurements of F
individual spots for several samples of SiSn—xS; on the pseudoternary r Observed
diagram. The open circles correspond to the target compositiors=of L
0.4, 0.5, and 0.6. i Calculed
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' Figure 5. Rietveld refinement results for the sample #30.48). Final
x_._‘_,“___sj o J\h L\. x=0.61 agreement factors ai, = 3.6, Ryp = 5.2,Rg = 9.2, andy? = 5.7.
i =1 Table 4. Unit Cells Parameters Determined from X-ray Powder
AM fs Diffraction?
P T T T T T o S M
10 20 30 40 50 60 70 X 0 0.39 0.48 0.61 1
26 (CuK,,)

) ) ) ) a(A) 6.653(1) 6.5390(2) 6.4960(4) 6.4428(4) 6.332(1)
Figure 3. Comparison of experimental XRD patterns for synthesued b(A) 11.537(2) 11.4127(6) 11.3835(9) 11.3382(7) 11.23(1)
con16pounds and calculated patterns fopEh& (x = 0M) and CuSiSs (x c(A) 6.665(1) 6.5367(6) 6.5152(4) 6.4687(4)  6.273(1)
= 1%). The actual compositions are given by EDX results. B(°) 109.39(3) 108.787(4) 108.612(6) 108.368(5) 107.49(1)

(A3 482.56 461.83 456.59 448.46 425.4(1)

plotted on a pseudoternary diagram (Figure 2). Because these
compositions are located on the£SnS—Cuw,SiS; line (atom
%(Cu) and atom %(S) are constant) one can conclude tha
the substitution of Si for Sn could occur in these compounds
resulting in a solid solution in the GANS—Cw,SiS; system
that is consistent with the structural investigation described
above.

The existence of a solid solution can be confirmed with
the help of powder X-ray diffraction analyses. The XRD
patterns for the targeted compositions- 0.4, 0.5, 0.6 and
for the pure ternary compounds £8nS (x = 0) and Cuy-

SiS; (x = 1) are sufficiently similar (see Figure 3) to indicate
that all are isostructural. The evolution of the peak positions
is consistent with the relative values of the ionic radii of
Si**(0.40 A) and Sfi"(0.69 A)22 Unit cell parameters were
refined from the XRD patterns by the Le Bail metfbdnd

aThe values forx = 04 andx = 1% come from the published single-
tcrystal structure determinations.

are given in Table 4. Because the monoclinic angle decreases
slightly whenx increases, Figure 4 shows the variation of
(axcxsinB)¥? and b versus the silicon content for several
samples of CsBikSn—xSs.

In addition, the homogeneity of a powder sample with
compositionx = 0.48 was examined through a full Rietveld
analysis of the X-ray pattern. The refinement was done
starting with the single-crystal structural model. Figure 5
gives the calculated and the experimental patterns.

Optical Properties Investigations

Figure 6 shows the reflectance spectra of several com-
pounds with actual compositions = 0.39 x = 0.48, and
x = 0.61. The band gaps were determined as the intersection
point between the energy axis and the line extrapolated from

(23) Shannon, R. DActa Crystallogr.1976 A32 751-767.
(24) Le Ball, A.; Duroy, H.; Fourquet, J..LMater. Res. Bull1988 23,
447-452.
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Figure 6. Absorption spectra (K/S) for different samples of,Sn—SikSs Figure 7. Cyclic voltammograms of Gi$n sSiosSs recorded under UV
after the Kubelke-Munk transformation K/S= (1-R)%2R. To facilitate illumination. Manual chopping of the signal can be observed in-t@eto
comparison, the spectra have been normalized. —1.5 eV range in both the full curve and inset.

the linear portion of the absorption edge in the K/ISEvs  phases, and there is a smooth decrease in the crystallographic
plots. The obtained values are approximately 1.25, 1.35, andparameters wittx despite the large difference between the
1.45 eV forx = 0.39, 0.48, and 0.61, respectively. Obviously, radii of Sn and Si. The results of the present study show
from these data the accuracy of the determined band gap ighat the CuMS; structure type is sufficiently adaptable to
not very high; nevertheless, the clear trend is that the bandaccommodate chemical substitutions of tetravalent cations.
gap increases when Sn is replaced by Si. The evolution of The preliminary investigations of the optical properties are
the band gap within the GBiLSn-,S; solid solution is  promising. The change of the band gap across the substitution
consistent with the data observed for the parent compoundsseries clearly indicates that it is possible to adjust the gap to
CwSnS (Eg = 0.9 eV)and CpSiS (Eg = 2.5 eV). A similar the optimal value (1.21.5 eV) for solar light absorption.
trend was found in the copper-chalcopyrite series CiMS  According to the photoelectrochemical investigation, the
Ey(Culng) = 1.53 eV, Ey(CuGag) = 2.43 eV, andEy- photoinduced currents in the bulk samples are cathodic,
(CUAIS,) = 3.49 eV?® indicating that they are p-type semiconductbisist like

Since the observed band gap is in the desired range forCIGS compounds. In addition, the magnitude of the photo-
solar cell materials, the photocurrent must be measured tocurrent for CuSn;—,SixSs compounds is quite high compared
determine the potential interest of the material for possible to the dark current. Both results suggest that these compounds
device construction. Preliminary examination of the material are good candidates for photovoltaic applications. Further
through photoelectrochemical measurements shows an obstudies of this class of compounds are under way including
servable, cathodic photocurrent. The dramatic result of the study of the structural stability with respect to variations
manual chopping of high-energy light on the reduction part of the copper stoichiometry and electrical conductivity
of the -V curve is clearly seen in Figure 7. measurements on bulk samples.
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