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A B S T R A C T   

Synthesis of Cd-substituted tetrahedrite Cu10Cd2Sb4S13 (TH–Cd) monograin powders are performed by the 
molten salt synthesis-growth method using two different fluxes: CdI2 and LiI. The X-ray diffraction (XRD) data of 
the materials indicates that mainly single phase of tetrahedrite Cu10Cd2Sb4S13 compound is formed in both flux 
salts. XRD pattern of TH–Cd crystals grown in LiI reveals a shift of all diffraction peaks, lower CdS content and a 
smaller lattice parameter values in comparison with those formed in CdI2. Energy dispersive X-ray spectroscopy 
reveals stoichiometric composition of Cu10Cd2Sb4S13 crystals grown in CdI2 and Cu-poor grown in LiI. Analysis 
by Atomic Absorption Spectroscopy confirms the incorporation of Li into TH–Cd crystals at the level of 6.7 ×
1020 at/cm3. The photoluminescence (PL) study of Cu10Cd2Sb4S13 microcrystals at T = 10 K shows single broad 
asymmetric photoluminescence bands with the maxima at around 1.08 and 1.16 eV for materials grown 
respectively in CdI2 and LiI. The thermal quenching activation energy of this PL band is EA= 88±6 and 199±7 
meV for TH–Cd crystals grown in CdI2 and LiI, respectively. Changes in the lattice parameters, composition and 
shift in PL maximum give evidences of Li incorporation from LiI into the crystal lattice of TH–Cd forming Cu10- 

xLixCd2Sb4S13 solid solution.   

1. Introduction 

Copper containing semiconductor compounds such as copper indium 
gallium sulfo-selenide [1], copper zinc tin sulfo-selenide [2] and sulfides 
containing copper and antimony (CAS) [3], can have a good prospect to 
be used as solar cell absorber materials due to the p-type conductivity 
originating from the copper deficient composition. From the CAS class 
sulfosalt compounds - CuSbS2 (chalcostibite), Cu12Sb4S13 (tetrahedrite, 
TH), Cu3SbS3 (skinnerite) and Cu3SbS4 (famatinite) - chalcostibite and 
tetrahedrite can have good prospective as solar absorbers [4]. TH 
compounds are widely studied as thermoelectric materials [5–7] and 
lately also as solar absorber materials due to their high absorption co-
efficient and p-type electrical conductivity [8]. These properties have 
encouraged significant scientific effort into synthesis of tetrahedrite 
semiconductor compounds for use in energy related applications using 
different methods. 

Monograin powder (MGP) growth technology in molten salts as flux 
materials is one of the cheapest methods to synthesize multi-element 
semiconductor compounds [9–13]. The growth of powder crystals 

takes place at temperatures higher than the melting point of the used 
flux material and could be performed at temperatures much lower than 
the melting point of the formed target compound [10,14]. In the molten 
salt synthesis-growth process, the chemical nature of the liquid phase of 
the used flux salt controls the shape, size and the composition of the 
produced materials’ crystals. The isothermal recrystallization of formed 
powder particles in molten fluxes is a suitable method to produce ho-
mogeneous single-crystalline grains. Several flux materials have been 
used for synthesis or recrystallization of MGPs. In [11,13], the formation 
of Cu2ZnSnSe4 in molten potassium, sodium and cadmium iodides was 
described. It was found by differential thermal analysis method that the 
intensive formation process of this quaternary compound starts close to 
the melting point of the used molten flux (KI or NaI) and results in ho-
mogeneous powders. In [15], polycrystalline SnS was recrystallized in 
different molten salts CdI2, SnCl2 and KI at different growth tempera-
tures. Compositional analysis revealed single phase SnS MGPs at 740 ◦C 
in KI and at 500 ◦C in SnCl2. However, the recrystallization of SnS in 
molten CdI2 resulted in multiphase composition – beside SnS recrystal-
lization, also CdS and Sn2S3 were formed. Furthermore, these 
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investigations proved that the morphology and composition of crystals 
can be controlled by the nature of the used flux materials. 

In our previous studies [16,17], Cu10Cd2Sb4S13 (TH–Cd) MGPs were 
synthesized in the liquid phase of CdI2 at 480 and 495 ◦C. It is known 
that monograins can form in the presence of liquid phase sufficient to 
avoid the sintering of primary crystals [10]. Therefore, the influence of 
volume ratio of liquid to solid phases (VL/VS) (volume of liquid CdI2 to 
volume of solid Cu12Sb4S13) to the composition and shape of TH–Cd 
MGP crystals was studied [12]. It was found that Cd from CdI2 incor-
porated into Cu12Sb4S13 crystals forming Cu10Cd2Sb4S13 whereby the 
incorporated Cd content increased with the increasing amount of added 
CdI2. By applying the synthesis conditions where VL/VS = 1 was kept 
constant and CdS was used as the main Cd-source, mainly single-phase 
homogeneous TH–Cd material was finally gained. However, the pow-
der contained some amount of sintered crystals and most of the crystals 
were smaller than 25 µm. 

The produced monograin materials are subjected to be implemented 
as absorbers in monograin layer (MGL) solar cells. The MGL consists of a 
layer of unisize TH–Cd grains (for example the fraction size 45–56 µm) 
fixed by an organic resin (epoxy), more details about the MGL structure 
can be found in [14]. The present study deals with the formation of 
Cu10Cd2Sb4S13 MGPs in molten LiI and CdI2. The influence of the two 
different fluxes to the properties of formed TH–Cd materials is 
compared. The molten media CdI2 seems to be preferable due to its low 
hygroscopicity and low melting temperature (TM = 387 ◦C [18]) that 
allows to reduce the synthesis temperature. Melting temperature of LiI is 
higher (TM = 469 ◦C [18]) and LiI is very hygroscopic. The hygroscopic 
nature of LiI requires the preparation of synthesis samples only in a 
glove box in dry environment. The purpose of the present comparative 
study is to select proper growth conditions to produce homogeneous 
single phase Cu10Cd2Sb4S13 monograin powders usable for MGL solar 
cell applications. 

2. Methodology 

The Cu10Cd2Sb4S13 powder materials were synthesized from 
commercially available CdS (5 N) and self-synthesized Cu2S (5 N) and 
Sb2S3 (5 N) by isothermal synthesis-growth method in two different 
molten fluxes, cadmium iodide (CdI2) and lithium iodide (LiI). The 
volume ratio of solid precursors for TH–Cd to flux salt VTH–Cd/Vflux 
(cm3/cm3) = 1 was kept constant. The mixtures were heated in sealed 
vacuum quartz ampoules at 495 ◦C for 336 h. The grown powder par-
ticles were released from flux salt by leaching with deionized H2O. After 
the removal of flux, the obtained powder crystals were dried in a hot-air 
thermostat at 50 ◦C and sieved into narrow size fractions by sieving 
system Retsch AS 200. More details about the monograin growth process 
of TH compound could be found elsewhere [16,17]. 

The sieved Cu10Cd2Sb4S13 MGP crystals with the size 56–63 µm were 
used as the absorber material in monograin layer solar cells with the 
following structure: graphite/Cu10Cd2Sb4S13/CdS/i-ZnO/ZnO:Al/Ag/ 
glass. In the MGL solar cells every single Cu10Cd2Sb4S13 crystal covered 
with the CdS buffer layer, is working as an individual solar cell in par-
allel connection. The absorber layer (MGL membrane) was formed by 
embedding the TH–Cd grains halfway to a thin epoxy layer. After 
polymerization of epoxy, CdS buffer layer was deposited by the chemical 
bath deposition method. Subsequently, the membranes were covered 
with i-ZnO and conductive ZnO:Al layers by using the RF sputtering 
system. The silver paste was used to make the front collector onto the 
ZnO window layer and the front contact side of structure was glued onto 
a glass plate. The surfaces of the powder crystals at the back contact side 
were opened partly from epoxy by etching with concentrated H2SO4. 
After etching, the crystals` surfaces on the back contact side were acti-
vated by a mechanical abrasive treatment. A conductive graphite paste 
dots with an area of 0.052 cm2 were used for making the back contacts. 

The structure of the formed TH–Cd powder crystals was determined 
by X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer 

(Bragg-Brentano geometry) with monochromatic Cu Kα (Kα1, Kα2) ra-
diation (λ = 1.5406 Å) at 40 kV and 40 mA operating with the silicon 
strip detector D/teX Ultra. PDXL 2 software was used for the derivation 
of crystal structure information from the powder XRD data (ICDD PDF- 
2–2019, 00–024–1317). The shape and surface morphology of the syn-
thesized powder crystals were investigated by high-resolution scanning 
electron microscope (SEM), Zeiss Ultra 55. In-lens secondary electron 
detection at accelerating voltage of 4 kV was used. The chemical 
composition of the powder crystals was determined from polished cross- 
section of crystals` bulk by the energy dispersive X-ray spectroscopy 
(EDX) using a Bruker Esprit 1.82 system equipped with EDX-XFlash 
3001 detector with an accelerating voltage of 20 kV (the measurement 
error is about 0.5 at.%). The phase composition of the powder crystals 
was studied by RT micro-Raman spectroscopy using Horiba’s LabRam 
HR 800 spectrometer equipped with a multichannel CCD detector in the 
backscattering configuration. The 532 nm laser line with a spot size of 
about 5 µm was focused on the individual crystals (at least 6 in every 
case) of a powder. The bulk of crystals was studied from polished cross- 
section of samples. For the low-temperature (T = 10 K) photo-
luminescence (PL) measurements, a 0.64 m focal length single grating 
(600 mm− 1) monochromator and the 442 nm line of a He–Cd laser was 
used. PL signal was detected by a Hamamatsu InGaAs photomultiplier 
tube. The focused laser beam spot size was about 3 mm. The PL peak 
position measurement error is 0.005 eV. Current density versus voltage 
characteristics were recorded for the characterization of the MGL solar 
cells by a Keithley 2400 source metre under standard test conditions 
(AM 1.5, 100 mW/cm2) using Newport Class AAA solar simulator 
system. 

3. Results and discussions 

3.1. XRD analysis 

XRD patterns of Cu10Cd2Sb4S13 monograin powders synthesized in 
CdI2 and LiI are presented in Fig. 1. XRD patterns of both materials show 
cubic crystal structure of tetrahedrite Cu10Cd2Sb4S13 phase with the 
space group I-43 m (ICDD PDF-2–2019, 00–024–1317) as a major phase 
with reflections of CdS as a minor secondary phase. These findings are in 
a good agreement with our previous studies [16,17] and literature [19]. 
XRD pattern of TH–Cd crystals grown in LiI (green line) reveals a shift 
of the diffraction peaks toward higher angles. The enlarged view of the 

Fig. 1. X-ray diffraction patterns of the Cu10Cd2Sb4S13 MGPs grown in CdI2 
(blue line) and in LiI (green line). Inset graph presents the enlarged view of the 
shift of the (222) diffraction peak positions (ICDD PDF-2–2019, 00–024–1317). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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shift of (222) lattice plane diffraction peak from 29.35 to 29.42 Å is 
presented in the inset graph in Fig. 1. Asymmetry of diffraction peaks in 
inset graph of Fig. 1 is caused by weak Kα2 X-ray contribution. The 
crystals grown in LiI have smaller lattice parameter in comparison with 
those formed in CdI2 (LiI: a = b = c = 10.509 Å; CdI2: a = b = c = 10.512 
Å) indicating to a slight shrinkage of lattice. Similar lattice behaviour 
was recognized in kesterites where the incorporated Li+ (ion radius 0.73 
Å) was partly replacing Cu+ ions (0.74 Å) in the crystal lattice of kes-
terites [20,21]. 

3.2. Morphology and particle size distribution 

Monograin powder crystals growth are influenced by synthesis 
temperature, time, solubility and diffusion properties of used compo-
nents in the selected flux material [14,22,23]. Therefore, morphology 
and particle size distribution of TH–Cd powders grown in molten CdI2 
and LiI were studied. 

The morphology of TH–Cd crystals synthesized in CdI2 and LiI can 
be seen in SEM images in Fig. 2. Most of the powder crystals grown in 
CdI2 have flat surfaces and sharp edges, also sintered irregular ag-
glomerates were detected. These observations indicate to an insufficient 
recrystallization of crystals and to some sintering process. Sintering is 
caused by the contracting capillary forces that arise in the solid–liquid 
phase boundaries due to insufficient amount of liquid phase [14]. The 
primary sintering of precursors’ particles before the melting of flux salt 
can occur if some substance with melting temperatures lower than that 
of flux, exists in the initial mixture or it forms from components of 
precursors’ mixture. Therefore, it must be considered that the sintered 
agglomerates found in the MGP grown in CdI2 can refer to some 
chemical interaction of CdI2 with precursor compounds producing a low 
melting product that conduce to the sintering. SbI3 was detected at the 
walls of the synthesis ampoule by its ruby-red colour and Raman peak at 
161 cm− 1 [24]. As SbI3 melts at 170.5 ◦C [18], it can act as sintering 
agent. 

The primary sintering of solid particles can occur until the melting of 
CdI2 at 387 ◦C. Once the liquid medium formed from molten flux salt is 
the dominant one, the solid particles repel from each other, and the 
crystallites formed in the synthesis reaction start to recrystallize and 
grow. The primary sintering can influence the shape and morphology of 
particles of the final product powder, also the size distribution. 

TH–Cd MGPs grown in LiI resulted in well-formed individual crys-
tals with rounded edges and smooth facets (see Fig. 2), probably due to a 
higher solubility of precursors and/or formed compound in LiI than in 
CdI2. 

The particle size distribution of powders was characterized by 
sieving analysis. The synthesized TH–Cd materials were sieved into 
narrow granulometric fractions between 38 µm to 250 µm. The sieving 
analysis results of the two materials show a considerable difference in 

the crystals’ size distributions (see Fig. 3). Both materials have the 
Gaussian grain size distribution while the curve of TH–Cd grown in LiI 
(green bar chart) has the maximum in the range of bigger sizes (56–63 
µm) than that of grown in CdI2 (38–45 µm). 

In closed ampoules in the isothermal conditions and in molten salt 
media, the formed solid particles of the product compound start to 
recrystallize and grow by the mechanism of Ostwald ripening [16] that 
predicts the Gaussian size distribution of product powder particles. The 
Ostwald ripening is a process [25] where the crystals grow due to the 
different surface energies of crystals of different sizes. The difference in 
surface energy (the reduction in total surface energy) is the only driving 
force of the transport of material from smaller to larger grains. The 
difference in the crystaĺs size means difference in the crystaĺs surface 
energy, thus smaller grains with higher surface energy dissolve in the 
used flux material and large grains grow after the materials’ transport 
through molten phase by diffusion. The rate of diffusion is depending on 
viscosity of the transport media [26]. CdI2 belongs to the group of 2B 
metal halides. By structural studies and first-principles calculations it is 
found that the melt of group 2B metal halides MX2 (M=Zn, Cd, Hg and 
X=Cl, Br, I) have a structural model in which the small M2

+ ions occupy 
tetrahedrally coordinated sites in a closely packed anion structure with 
strong intermediate range ordering [20–23]. The observed structure of 
melt leads to extremely low values of the ionic conductivity and to 
extremely high values of viscosity of the melt [27], viscosity of CdI2 is 
8.29 mPa × s at the growth temperature of 495 ◦C [26]. Vice versa, 
molten LiI has properties of a ionic liquid [28] and the viscosity at 
495 ◦C is 1.91 mPa × s [29]. Therefore, the growth of crystals in CdI2 is 
inhibited due to the lower transport rate of material. 

3.3. Chemical composition 

From the data of EDX analysis the chemical formulas of the synthe-
sized powders were calculated taking into consideration the charge 
neutrality condition. The average chemical composition of the TH–Cd 
powder grown in CdI2 is slightly Cu- and Sb-rich as can be seen from the 
formula Cu10.1Cd1.93Sb4.07S13. However, a Cu-poor composition with 
Cu9.68Cd1.96Sb4.06S13 was determined by EDX for crystals grown in LiI. 
In addition, EDX measurements revealed in the powders some separate 
crystals with chemical composition of Cd: S = 49: 50 at.%, indicating to 
the CdS as secondary phase. Less CdS crystals were detected if the 
TH–Cd was grown in LiI. Also, XRD results (see Fig. 1) correlate well 
with this last finding. The Cu index in TH–Cd crystals grown in LiI is 
decreased in comparison with that of TH–Cd grown in CdI2. The 
decreased Cu content indicate to the possibility that Li from the used 

Fig. 2. SEM micrographs of Cu10Cd2Sb4S13 monograin powder crystals’ grown 
in CdI2 and in LiI. 

Fig. 3. Particle size distribution of Cu10Cd2Sb4S13 monograin powders grown 
in CdI2 and LiI. 
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molten LiI incorporates into the Cu10Cd2Sb4S13 crystals lattice at the Cu 
site. In our previous study [16], the incorporation of Cd from the molten 
CdI2 into Cu12Sb4S13 was described. 

Therefore, we believe that the incorporation of Li from the used 
molten LiI into the Cu10Cd2Sb4S13 crystals lattice could be possible. The 
atomic absorption spectroscopy (AAS) analysis of TH–Cd grown in LiI 
confirmed that Li content in TH–Cd crystals was 6.7 × 1020 at/cm3. As 
Li+ has ionic radius close to Cu+ and taking into consideration that 
copper content in LiI grown TH–Cd was decreased, we propose a partial 
replacement of Cu+ by Li+. As a result, the incorporation of Li from the 
molten LiI into TH–Cd crystals, forming Cu10-xLixCd2Sb4S13 solid so-
lution, is confirmed and the Cu-poor composition is explained. 

To sum up, the above given findings provide insight into the growth 
mechanism of TH–Cd powder crystals in molten CdI2 and LiI, and show 
that it is important to consider the nature of the liquid media where to 
obtain product crystals with the desired properties (morphology, crys-
tals’ size, the phase and chemical composition). 

3.4. Raman spectroscopy analysis 

In order to support the findings gained by XRD and EDX about 
Cu10Cd2Sb4S13 MGPs crystals grown in CdI2 and in LiI, RT Raman 
analysis was used. Raman spectra are presented in Fig. 4. Lorentzian 
function was used for fitting to resolve all the Raman peaks. Fitted 
modes of the spectra of TH–Cd crystals grown in CdI2 (96, 111, 130, 
165, 247, 291, 327, 352 and 363 cm− 1) and in LiI (95, 111, 133, 175, 
251, 291, 327, 354 and 363 cm− 1) are characteristic to the Cd 
substituted tetrahedrite. These Raman peaks are in good correlation 
with our previous works [16,17] and literature [3,30]. Raman spectra of 

the materials synthesized in two different molten salts reveal two main 
and intensive peaks at the same positions, at 111 cm and 363 cm–1. In 
addition to those, some of the less intensive peaks are shifted if LiI was 
used: from 96 to 95 cm− 1, from 130 to 133 cm− 1, from 165 to 175 cm− 1, 
from 251 to 247 cm− 1 and from 354 to 352 cm− 1 (see Fig. 4). These 
shifts could be the confirmation of the incorporation of Li into the lattice 
of tetrahedrite and formation of Cu10-xLixCd2Sb4S13. 

3.5. Photoluminescence analysis 

In order to study the recombination processes of Cu10Cd2Sb4S13 
MGPs crystals grown in CdI2 and in LiI, the photoluminescence mea-
surements were conducted. Fig. 5 presents the low temperature (LT) (T 
= 10 K) PL spectra of TH–Cd crystals grown in CdI2 (blue line) and in LiI 
(green line). Both PL spectra of Cu10Cd2Sb4S13 powder crystals at T = 10 
K show a single broad, asymmetric PL bands with the maxima detected 
at around 1.08 and 1.16 eV for materials grown in CdI2 and LiI, 
respectively. The PL spectrum of the material synthesized in LiI is shifted 
to the higher energy values. 

In our previous study [17], the temperature and laser power de-
pendencies for TH–Cd synthesized in CdI2 were investigated. It was 
found that the PL band is related to donor-acceptor pair recombination 
where the activation energy of the acceptor defect was EA=88±6 meV. 
The thermal activation energy for the PL band in LiI grown TH was 
obtained from the Arrhenius plot (Fig. 6) where the dependence of ln Φ 
(T) versus 1000/T was fitted by using theoretical expression for discrete 
energy levels [31]: 

Φ(T) = Φ0
/[

1+A1T3/2 +A2T3/2exp(− EA / kT)
]

(1)  

where Φ is an integrated intensity of the PL band (Φ0 = 0.009 ± 0.004), 
A1 and A2 are the process rate parameters (A1 = 0.0005 ± 0.00006; A2 =

30 ± 11) and EA is the thermal activation energy. 
Fitting results are also presented in Fig. 6. The thermal activation 

energy of PL band represents the depth of acceptor level EA= 199±7 
meV. 

Temperature dependence of the peak position of PL band is depicted 
in Fig. 7. It is clearly visible that at LT the peak position of the PL-band 
shifts rapidly towards low energies linearly with temperature. This is a 
temperature region where the energy gap Eg has usually very slow 
temperature dependence. However, this quite rapid red-shift is typical 
for highly doped materials where the high concentration of intrinsic 
defects creates potential fluctuations and valence and conduction band 
tails. Moreover, these potential fluctuations affect also deep levels and as 
a result, PL bands will widen. According to [32,33] the Emax for PL-band 

Fig. 4. Raman spectra recorded from polished samples of Cu10Cd2Sb4S13 
crystals grown in CdI2 and in LiI. Results of Lorentzian fittings are shown as 
solid blue lines. Laser excitation wavelength λ = 532 nm and power 0.42 mW 
were used. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 5. Normalized PL spectra of Cu10Cd2Sb4S13 MGPs grown in CdI2 and in LiI 
at T = 10 K. 
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related to the recombination of free electrons with holes captured by 
deep acceptor levels in highly doped materials at low temperatures may 
be expressed as: 

Emax ≈ E0
max − kTln[NV / (p+ nΘ)] (2)  

where E0
max is a peak position of the PL band at T = 0 K, NV-is an effective 

density of states in the valence band, n, p- concentration of free electrons 
and holes, respectively, Θ-ratio of electron and hole capture probabili-
ties by localized state. We neglected here the temperature dependence of 
Eg, because it has usually quite slow shift with temperature at low 
temperature region. In most highly doped materials the typical red-shift 
rate is around − 4–7kT while in our samples it is about − 11kT, see Fig. 7. 
According to Eq. (2) this is possible when the carrier concentration is 
very low and we have highly compensated material. In our previous 
paper [13] we showed that the PL band in CdI2-grown TH–Cd had very 
different behaviour explained by the model of donor-acceptor pair 
recombination. We did not discover a presence of potential fluctuations 
in this material. The low hole concentration can be caused by the 
compositional peculiarity of formed Cu10-xLixCd2Sb4S13 solid solution. 
The actual mechanism of the compensation in TH–Cd grown in LiI is not 
known at the moment and further studies are needed. We can only as-
sume that partly it could be related to incorporation of Li into copper 
vacancies VCu. It is known that VCu in these compounds is usually 
dominating shallow acceptor defect. However, high concentration of 
different donor-acceptor defect complexes can lead to high level of 

compensation. 
By increasing the laser power, the shape of the PL spectra did not 

show any dramatic changes and the experimental data can be fitted by 
the simple power law of the form Φ ∝ Lm, where Φ  is the PL integrated 
intensity, L is the excitation laser power and m is a dimensionless 
exponent. It is well known that for an excitation laser photon with an 
energy exceeding the band gap energy the coefficient m is generally 1<
m < 2 for the free- and bound-exciton emission, and m ≦ 1 for free-to- 
bound and donor–acceptor pair recombinations [34]. We obtained the 
value of m = 0.75±0.01 for LiI grown TH PL band and this is a sign that 
the measured PL band is indeed related to deep defects. 

3.6. MGL solar cell device properties 

TH–Cd MGPs grown in CdI2 and in LiI were used as absorber layers 
in MGL solar cells. The J–V curves of the devices measured in the dark 
and under illumination, are presented in Fig. 8. The best MGL solar cell 
based on Cu10Cd2Sb4S13 absorber grown in CdI2, shows the open circuit 
voltage (Voc) value of 377.32 mV, current density (Jsc) of 0.94 mA/cm2, 
fill factor (FF) of 51.3% and power conversion efficiency (PCE) of 0.18% 
while the MGL solar cell based on TH–Cd MGP grown in LiI has Voc 
value of 505.8 mV, Jsc of 4.46 mA/cm2 and FF of 50%, resulting in PCE of 
1.13%. So far, this is the highest achieved power conversion efficiency of 
tetrahedrite solar cell. These results show that both Cu10Cd2Sb4S13 
MGPs grown in CdI2 and in LiI are potential candidates as absorber 
materials in photovoltaic devices. MGL solar cells based on TH–Cd 
grown in LiI have better performance than these ones grown in CdI2, 
most probably due to the decreased Cu content in the MGP crystals. 
Therefore, the investigations based on the dependence of optoelectronic 
parameters on compositional properties are a subject for further studies. 

4. Conclusion 

In this study, it is shown that the synthesis-growth of Cu10Cd2Sb4S13 
MGP crystals is possible in both used molten fluxes, in CdI2 and LiI. XRD 
pattern of TH–Cd crystals grown in 

LiI revealed a shift of the reflexions, a smaller lattice parameter 
values and a lower CdS content in comparison with those formed in CdI2 
(Cu10Cd2Sb4S13 synthesized in LiI: a = b = c = 10.509 Å and in CdI2: a =
b = c = 10.512 Å). Based on EDX analysis, the TH–Cd powder crystals 
grown in CdI2 had a chemical composition close to the stoichiometry. 
The synthesis-growth of TH–Cd in LiI resulted in Cu-poor composition 
but with a Li content at the level of 6.7 × 1020 at/cm3, as determined by 
AAS analysis. The synthesis-growth in CdI2 caused remarkable amount 
of sintered grains, while uniform individual crystals with rounded edges 

Fig. 6. Arrhenius plot of integral intensity Φ for PL band together with fitting 
result obtained using Eq. 1. 

Fig. 7. Temperature dependence of PL band peak position of Cu10Cd2Sb4S13 
crystals grown in LiI. 

Fig. 8. Current-voltage characteristics of MGL solar cell based on 
Cu10Cd2Sb4S13 grown in CdI2 and in LiI. 
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and smooth facets were formed in LiI, as detected by SEM. The gran-
ulometric analysis showed the Gaussian size distribution of particles for 
both materials, characteristic to the growth mechanism of “Ostwald 
ripening”, that allows to conclude that the latter mechanism is pre-
vailing in the crystal’s growth. The maxima of size distribution curves 
are at different sizes – bigger crystals were gained in LiI. The faster 
growth rate in LiI was attributed to the lower viscosity of molten LiI 
enabling faster diffusion of material from grain to grain. 

Low-temperature (T = 10 K) photoluminescence spectra of 
Cu10Cd2Sb4S13 crystals grown in CdI2 and LiI were dominated by broad 
and asymmetric PL bands with maxima at 1.08 and 1.16 eV, respec-
tively. The thermal quenching activation energies of PL bands were EA=

88±6 and 199±7 meV for these materials grown in CdI2 and LiI, 
respectively. It was found that the TH–Cd grown in LiI was highly 
compensated. The actual mechanism of compensation is not known at 
the moment and further studies are needed. 

Based on the results of this study, it was concluded that Li+ from the 
molten flux (LiI) incorporated into the Cu10Cd2Sb4S13 crystals structure 
and most probably, by replacing part of Cu+ sites in the lattice formed 
Cu10-xLixCd2Sb4S13 solid solution. The Cu10Cd2Sb4S13 MGL solar cell 
based on absorber material grown in LiI performed the efficiency of 
1.13% (Voc = 505.8 mV, Jsc = 4.46 mA/cm2 and FF = 50%). The ach-
ieved power conversion efficiency is a record for tetrahedrite based 
photovoltaic devices. 
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