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Synthesis of semiconducting Cu(In,Al)S2 particles with various Al contents 

The control of stoichiometry is a major difficulty in the synthesis of ternary materials such as CuInS2. 

Recently, a novel (patented) and simple method to synthesize nanocrystalline CuInS2 (CIS) particles has 

been discovered in Prof. Marsan’s laboratory. This method is based on the use of a complexing solvent (N-

methylimidazole, NMI) to dissolve the three metallic precursors (InCl3, Li2S and CuCl) that are afterwards 

mixed together in an appropriate order and under certain conditions to obtain the semiconducting crystals. 

After filtration, an annealing step is necessary to increase the material crystallinity. A number of synthesis 

parameters were modified in the present work, such as concentration of the reactants, the synthesis 

temperature and the annealing time, in order to improve some required properties of CuInS2 nanoparticles, 

for instance high crystallinity and good purity. In an argon-filled glovebox, a solution of LiInS2 was first 

obtained by adding dropwise an appropriate volume of the InCl3/NMI solution to the Li2S/NMI suspension. 

The InCl3/Li2S/NMI mixture was subjected to several steps of magnetic stirring and ultrasonic bath until 

the solution was limpid. An appropriate aliquot of the CuCl/NMI solution was then added dropwise to the 

LiInS2 solution in order to control the growth of the colloidal particles that we wanted to be, at first, of the 

following stoichiometry: Cu1.0In1.05S2.1 (n-type). The solution showed gradual color changes, from yellow 

to yellow/orange to orange/brown opaque. Finally, the mixture was heated at 100ºC for 6 h, and became 

dark brown, then black with precipitation of particles. The suspension of particles was then filtered, washed 

with acetonitrile and dried in an oven to remove the solvent. In order to increase the material crystallinity, 

the powder was annealed at 400oC and 500ºC for 3 h under vacuum. For the synthesis of n-type Cu1.0(In1.05-

x,Alx)S2.1 (CIAS) particles with various Al contents (x=0.5, 0.10, 0.20 and 0.50), we worked a lot to optimize 

the colloidal method that had to be adapted for the introduction of the Al element in the material structure. 

We synthesized n-type Cu1.0(In1.05-x,Alx)S2.1 particles in order to understand the effect of Al content on the 

material properties. Appropriate volumes of InCl3/NMI and AlCl3/NMI solutions were first mixed together 

in an argon-filled glovebox, before dropwise addition to a Li2S/NMI suspension. An alternative route was 

tested, namely adding the InCl3/NMI or AlCl3/NMI solution to the Li2S/NMI suspension, followed by 

addition of the second solution (the reactivity of Al3+ and In+3 is not the same). Following magnetic stirring 

and ultrasonic bath cycles, an aliquot of the CuCl/NMI solution was then added dropwise to the resulting 

solution. The solution showed gradual color changes, from yellow to yellow/orange to orange/brown 

opaque. Finally, the mixture was heated at 100ºC for 12 h, and became dark brown, then black with 

precipitation of particles. The suspension of particles was then filtered, washed with acetonitrile and dried 

in an oven to remove the solvent. The particles containing more than 5% Al are longer to precipitate and 

needs a centrifugation step to be recovered. In order to increase the material crystallinity, the powder was 

annealed at 500ºC for 3 h under vacuum. Attempts to synthetize CuAlS2 (x=1.05) were made for a better 

understanding of the procedure, but the latter needs to be adjusted and optimized for this ternary compound. 

Indeed, AlCl3 is insoluble in NMI and requires heating (60oC) to be dissolved; it also needs to be heated 

during its addition to the Li2S/NMI suspension in order to form LiAlS2 intermediate.  

The modification of the atomic In/Cu ratio, that was initially planned, has not been studied based on the 

relatively high doping level of the material with a ratio of 1.05 (see below in this report). However, the 

synthesis of p-type material was undertaken, but without the success obtained with the n-type films. It 

seems that, despite the use of copper precursor in excess (5 or 10%), the particles were formed with an 

excess of indium in the crystalline structure, which favors n-type conductivity. Attempts to synthesize p-

type material were also done using an additional excess of the sulphur precursor (S/In=2.3, 2.5). As will be 

seen below, this procedure led to sample compositions containing a majority of the detrimental (impurity) 

Cu2S phase, more significant when the sulphur excess was increased.  
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At the end of the project, we decided to use an alternative method to prepare p-type materials. The method 

consists in the electrodeposition of CuInS2 from an aqueous bath containing the metallic precursors. 

Preliminary results (chemical analysis) have shown an excess of copper over indium, which suggests the 

formation of p-type semiconductors. Further investigation are necessary (and will be done) to confirm this 

important step toward the ultimate goal of this project.          

 

 Chemical characterization (particles)  

Table 1 presents the bulk stoichiometry of the n-type semiconducting powders synthesized in this work, as 

determined by EDX and ICP-AES; Fig. 1 illustrates a typical EDX spectrum of CIAS-10%. Noteworthy, 

the two methods give very similar results (sulphur is not detectable by ICP-AES). Stoichiometry of Cu, In 

and Al is close to the target composition, except for CIAS-50% which exhibits an excess of In. The material 

stoichiometry suggests n-type conductivity for all samples, with (In+Al)/Cu ratios > 1. Table 1 shows that 

stoichiometry of sulphur is always below its nominal value of 2.1. This can be ascribed to the loss of SO2 

gas during the annealing treatment.    
  
Table 1 

EDX and ICP-AES data for CIS and CIAS samples annealed for 3 h at 500°C under vacuum. 

 EDX  ICP-AES 

Nominal composition Cu In Al S Cu In Al 

Cu1.00In1.05S2.1 1.00 1.04 n/a 1.85  1.00 1.1 n/a 

Cu1.00(In1.00Al0.05)S2.1 n/a n/a n/a n/a 1.00 0.93 0.08 

Cu1.00(In0.945Al0.105)S2.1 1.00 0.96 0.12 1.80 1.00 0.92 0.15 

Cu1.00(In0.84Al0.21)S2.1 1.00 0.86 0.18 1.90 1.00 0.87 0.22 

Cu1.00(In0.525Al0.525)S2.1 n/a n/a n/a n/a 1.00 0.64 0.51 

 

 

Fig. 1. EDX spectrum of CIAS-10% annealed at 500 ºC for 3 h under vacuum. CIAS: Cu(In,Al)S2. 



3 
 

X-ray photoelectron spectroscopy (XPS) was first used to identify the nature and the oxidation state of the 

chemical elements present at the surface of the Cu1.0In1.05S2.1 particles annealed at 500°C. The Cu (2p3/2) 

core level spectrum presents a single peak with a binding energy of 931.73 eV, in agreement with an 

oxidation state of +I and indicating that copper is linked to sulphide atoms based on literature data. The 

indium (3d5/2) spectrum shows a single peak, located at 444.31 eV, corresponding to the +III oxidation state 

and with indium linked to sulphide atoms. The S (2p) spectrum can be deconvoluted into two components, 

the S 2p3/2 and S 2p1/2 atomic orbitals, located respectively at 161.06 eV and 162.22 eV, which is typical of 

sulphur atom bonded to copper or indium. Therefore, the oxidation state is –II.  

 

Crystallographic characterization (particles)  

The X-ray diffraction (XRD) and electron diffraction patterns demonstrate that CuInS2 grow in the 

tetragonal chalcopyrite (CH) phase (Scheme 1). Fig. 2 shows the XRD patterns of the as-synthesized and 

annealed (400ºC and 500ºC) CuInS2 samples. Four peaks (three of them are doublets) are identified on the 

diffractograms of the annealed samples, at respectively 2 = 32.5º, 37.5º, 54.8º and 65.2º. All these peaks 

are assigned to the pure polycrystalline CuInS2 phase with tetragonal CH structure, and there is no presence 

of contaminant species like metallic oxide (In2O3 or LiIn2O3). Without annealing, the diffraction peaks 

corresponding to the CuInS2 phase are hardly discernible. However, the peaks become more intense as the 

annealing temperature is increased. The crystallinity of semiconducting CuInS2 is important to assess 

because it greatly influences the efficiency of solar cells (grain boundaries act as centers of recombination 

of photogenerated electron-hole pairs). The crystallinity of the CuInS2 phase was estimated at 80% for the 

sample annealed at 500ºC. The CuInS2 crystallite size, estimated using Scherrer’s formula, is respectively 

2, 9 and 15 nm for as-synthesized and annealed (400ºC and 500ºC) samples. This result confirms that 

annealing enhances the material crystallinity. The inset image in Fig. 2 represents the CuInS2 electron 

diffraction pattern with the different reticular distances. Each ring corresponds to a lattice plane 

characterizing the structure of the CuInS2 chalcopyrite phase. These results are consistent with the obtained 

XRD data. 

 

                            

Scheme 1. Chalcopyrite crystalline structure of CuInS2. 
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Fig. 2. XRD patterns of CuInS2 particles obtained from a colloidal method: not annealed (blue curve) and 

annealed for 3 h under vacuum at 400ºC (red curve) and 500ºC (black curve). Inset: CuInS2 electron diffraction 

pattern.  

 

Fig. 3 depicts the XRD spectra of Cu1.0(In1.05-X,AlX)S2.1 particles with Al/(In+Al) ratios of 0, 0.05, 0.10, 

0.20 and 0.50 annealed for 3 h at 500°C under vacuum. We identify the different samples based on their 

percentage of Al relative to the total Group IIIb elements: CIS, CIAS-5%, CIAS-10%, CIAS-20% and 

CIAS-50%. The main phase observed in Fig. 3 consists of the CuInS2 chalcopyrite (CH) structure (black 

lines: JCPDS-ICDD card # 27-0159), characterized by a tetragonal crystal system: (angle α=β=γ=90° and 

cell parameter a=b≠c).   

 

 

Fig. 3. XRD spectra of Cu1.0(In1.05-X,AlX)S2.1 particles with Al/(In+Al) ratios of 0, 0.05, 0.10, 0.20 and 0.50, 

annealed for 3 h at 500°C under vacuum. CIS: CuInS2; CIAS: Cu(In,Al)S2. The black vertical lines represent 

the CuInS2 chalcopyrite (CH) structure (JCPDS-ICDD card # 27-0159). 
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Three main peaks describe the chalcopyrite phase: (112), (204)/(220) and (116)/(312). Contrary to our 

expectations, the sample Al content does not show apparent effects on the lattice structure despite the 

smaller radius of Al compared to In. Good insertion of Al into the CIS structure would have decreased the 

interplanar spacing (dhkl, where h, k and l are the Miller indices) and increased the diffraction angle (2) 

according to Bragg’s law: λ = 2 dhkl sin.   Our results suggest no more than a partial insertion of Al into 

the CIS structure; excess Al seems to form secondary products, such as AlInS3 observed more clearly for 

the samples with Al/(In+Al) ratios ≥ 0.10, and perhaps Al2O3 or other compounds that are not crystalline 

enough to be detected by XRD.  

The lattice constants of each semiconductor composition were determined from the observed diffraction 

angles of the more intense reflection lines, (112) and (204)/(220), using Bragg’s law and Eq. (1) valid for 

a tetragonal chalcopyrite phase: 

 

   
1

𝑑ℎ𝑘𝑙
2 =  

ℎ² + 𝑘²

𝑎²
+  

𝑙²

𝑐²
                                                                                                                 (1) 

The calculated constants (see Table 2) are nearly the same for each composition and close to literature 

values (JCPDS-ICDD card # 27-0159). However, the unit cell dimension slightly increases with Al content.   

 

Table 2 

Lattice parameters and crystallite size for CIS and CIAS samples annealed for 3 h at 500°C under 

vacuum. 

Composition 

Al/(Al+In) 

 (%) 

Crystallite size  

(nm) 

Lattice constants 
Cell volume (Å3) 

a (Å) c (Å) 

0 15 5.52 11.02 335.78 

5 21 5.49 11.11 334.86 

10 19 5.52 11.04 336.39 

20 33 5.52 11.06 337.00 

50 31 5.55 11.03 339.75 

 

Our unsuccessful attempts to synthesize quality CuAlS2 particles, which illustrated the difficulty of 

inserting Al into the structure, were followed by XRD analysis of both as-synthesized and annealed particles 

(unpublished results). It was noticed that the annealing step at 500°C was detrimental to the maintenance 

of the ~amorphous chalcopyrite phase, favoring the formation of Cu2S (tetragonal chalcocite structure; 

JCPDS-ICDD card # 72-1071), not observed with the other compositions, and trace of Al2O3, with smaller 

intensity of the CuAlS2 phase. Noteworthy, in this case, the diffraction angle of the (112) line is increased 

from 32.5° for CuInS2 to 34.1° for as-synthesized CuAlS2 (decrease of the radius of the Group IIIb element). 

The aluminum salt precursor AlCl3 is very difficult to dissolve in NMI and requires heating of the solution. 

The synthesis method will need to be optimized, for instance by using a co-solvent for AlCl3. 
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Table 2 also gives the crystallite size of powder samples with different Al contents, estimated from Debye-

Scherrer’s equation: Crystallite size = 0.9λ/Bcos, where B is the full width at half-maximum in radians of 

the (112) reflection line; 0.9 is the shape factor. The data show that crystallinity is increasing non-linearly 

with the material Al content, with larger crystallite size, contrary to previous studies. This increase in 

crystallite size can also be noticed from TEM analysis (see next section), where particles of CIAS-10% 

appear larger than those of CIS. A higher crystallinity implies fewer grain boundaries, and would hence 

leads to less significant electron-hole recombination processes and enhanced energy conversion efficiencies 

of photovoltaic devices.    

Fig. 4 depicts the XRD spectrum of Cu1.10In1.00S2.1 particles annealed for 3 h at 500°C under vacuum (attempt 

to form p-type material, excess of copper over indium). As for the case discussed above, the CuInS2 

chalcopyrite (CH) structure was observed. However, in the present case, small amount (~7%) of In2O3 

(oxidation of indium element) was noticed with a less significant amount of CuO (oxidation of copper 

element).  

 

 

Fig. 4. XRD spectra of Cu1.10In1.00S2.1 particles annealed for 3 h at 500°C under vacuum. CIS: CuInS2. The red, 

blue and green vertical lines represent, respectively, the CuInS2 chalcopyrite (CH) structure, In2O3 and CuO.  

 

Fig. 5 demonstrates that additional excess of the sulphur precursor (S/In=2.3, 2.5) led to sample 

compositions containing a majority of the detrimental (impurity) Cu2S phase, more significant when the 

sulphur excess is increased. This may be explained by the great reactivity of copper with the excess of 

sulphur in the reaction vessel.  
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Fig. 5. XRD spectra of Cu1.05In1.00S2.3 particles annealed for 3 h at 500°C under vacuum. CIS: CuInS2. The 

peaks observed at ~38o, 46o and 47o represent Cu2S.  

 

Morphological characterization 

Fig. 6A-B show high resolution transmission electron microscopy (HRTEM) images of a CuInS2 sample 

annealed at 400oC, at different magnifications. The individual CuInS2 nanoparticles are clearly visualized 

with their semi-spherical morphology and size of about 10 to 15 nm. These results are in good agreement 

with the XRD data (crystallite size: ~9 nm at 400oC). The TEM images of a sample containing 20% Al and 

annealed at 500oC are given in Fig. 6C-D. It appears that the individual particle size varies between 10 and 

20 nm, but the particles are more agglomerated than those of the sample without aluminum. The scanning 

electron microscopy (SEM) images confirm the agglomeration of particles. Fig. 7 shows the larger particle 

size of the CIAS-10% sample compared to CIS.     

 

Film deposition by Aerosol Jet Printing (AJP) 

Deposition of n-type CuInS2 thin films onto conducting glass substrates (ITO) was tested using the new 

Aerosol Jet printing system available in Prof. Izquierdo’s laboratory. In the aerosol jet printing method, the 

solution containing the nanoparticles is atomized to produce droplets on the order of one to two microns in 

diameter. The atomized droplets are entrained in a gas stream and delivered to print head where a second 

gas is introduced around the aerosol stream to focus the droplets into a tightly collimated beam and also to 

eliminate clogging of the nozzle. The combined gas streams exit the print head through a converging nozzle 

that compresses the aerosol stream to a diameter as small as 10 microns. Patterning is accomplished by 

translating a computer-controlled platen where the substrate is attached. In December 2012, a 

seminar/training was given by Dr. Kurt Christenson from Optomec. Several deposition parameters have to 

be optimized, namely the quality and temperature of the substrate, the particle suspension concentration, 

the nature of the solvent(s), the deposition speed, the solvent and substrate surface energies, and the film 

thickness. The best film uses a NMP suspension of CuInS2 particles and a cleaned ITO substrate, both 

heated at 70oC. The printing was carried out by passing twice the aerosol jet onto the same surface, leading 

to a film thickness of ~500 nm (as determined using a profilometer, Fig. 8). Fig. 9 illustrates the film 

obtained after one (A) and two (B) printing steps, whereas Fig. 9C shows the final film deposited.  
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        (A)           (B) 
 

 
 

        (C)           (D) 

 

         
 

Fig. 6 HRTEM images of CuInS2 particles containing 0% Al (A and B) and 20% Al (C and D). The samples 

are annealed for 3 h under vacuum at 400oC (0% Al) and 500oC (20% Al). 

 

 

Fig. 7 TEM images of a) CIS and b) CIAS-10% nanoparticles annealed at 500ºC for 3 h under vacuum; 50 

nm scale. CIS: CuInS2; CIAS: Cu(In,Al)S2. 
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Fig. 8 Profilometer data of a CuInS2 film deposited using the Aerosol Jet printing technique. 

 

        
            (A)                     (B)          (C) 

 

Fig. 9 CuInS2 film deposited using the Aerosol Jet printing technique: (A) after one printing step; (B) after two 

printing steps; (C) final film (about 500 nm thick). 

 

It is possible to print many of the elements of a Cu(In,Al)S2-based solar cell by AJP. Doing so requires the 

optimization of many parameters but once the process is established, it is be possible to print fully functional 

solar cells in a roll-to-roll fashion. The process also needs to be optimized for multi-substrate deposition, 

for example in the case where Cu(In,Al)S2 has to be printed on patterned ITO on glass substrate with printed 

silver contacts. In such a case, the printing parameters, the semiconducting ink formulation and the substrate 

preparation have to be adjusted to allow satisfactory printing on all three materials. 

One of the main parameters in printed electronics is the matching of the surface energies of the ink and the 

substrate. In the case of n-type Cu1.0In1.05S2.1 printed on untreated ITO, a surface energy mismatched caused 

small droplets to form instead of continuous line, due to a high contact angle between the ink and the 

substrate (Fig. 10a). 
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             (a)     (b)         (c) 

   

Fig. 10 Vaporization of a n-type Cu1.0In1.05S2.1 ink by AJP onto ITO glass substrate: Effect of plasma treatment 

on substrate wetting. (a) no plasma treatment; (b) 30 s plasma treatment; (c) 60 s plasma treatment. 

 

As we can see from Fig. 10b-c, a plasma treatment of the substrate lowered its surface energy, allowing a 

better wetting from the semiconducting ink. After a plasma treatment of 2 minutes, we were able to obtain 

a continuous film. Once a uniform print line is established, a print pattern has to be established to obtain a 

rectangular surface. In this case, a serpentine pattern was used. In this pattern, acceleration and a jerk must 

be determined as well as a deposition speed. Another aspect to be optimized is the drying speed, which is 

highly influenced by the material output and the substrate temperature. The parameters allowing the printing 

of fairly uniform films on multiple types of substrates have been successfully established, both for silver 

and n-type Cu(In,Al)S2 inks. We can also print on multiple substrates as we can see in Fig. 11. In this 

example, n-type Cu1.0In1.05S2.1 was printed on a silver pattern that was itself printed on a glass substrate. 

This simulates the case where Cu(In,Al)S2 is printed on the silver contacts of the solar cell. As we can see, 

the change of substrate minimally affects the edge definition of the deposition. 

 

 

Fig. 11 Printing using multiple materials as substrates: n-type Cu1.0In1.05S2.1 printed on a silver pattern that was 

itself printed on a glass substrate. 

 

Films deposited on various substrates with thicknesses between 1 and 2 µm (as determined using a surface 

profiler) were used for material characterization (see below).  

 

Film deposition at IREQ (industrial-like process)  

Hydro-Québec (IREQ) initiated the deposition of n-type Cu1.0In1.05S2.1 films onto patterned ITO on glass 

substrate using an automated system dedicated to the deposition of large surface area. This is the first step 

toward the development of an industrial-like process to fabricate p-n junction Cu(In,Al)S2-based solar cells. 

Results have demonstrated the possibility of forming semiconductor films, however the first films were not 
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quite homogeneous. Apart the necessary optimization of the deposition parameters, the material ink 

formulation has been modified to enhance the quality of the films.  

   

Optical characterization 

The band gap energy of CuInS2 annealed at 500oC was obtained from UV-visible spectroscopy 

measurements carried out on samples in thin film form (about 3 µm thick) prepared onto conducting glass 

substrate (ITO) from a N-methyl-2-pyrrolidone (NMP) suspension. The band gap energy of n-type 

Cu1.0(In1.05-x,Alx)S2.1 materials deposited as thin films (~ 1 µm) onto ITO glass substrate using AJP was also 

obtained. Considering that CuAlS2 has a direct band gap energy of 3.5 eV, Eg is expected to increase with 

Al content, which has been observed in this work. However, this increase is not linear, in disagreement with 

Vegard’s law: 1.51 eV (CIS; Fig. 12), 1.7 eV (CIAS-5%), 1.8 eV (CIAS-10%) and 1.9 eV (CIAS-20%, 

CIAS-50%). The value of 1.51 eV for CuInS2 is in close agreement with that of 1.5 eV reported in the 

literature for this material. From the literature, CIAS films deposited by vacuum thermal evaporation have 

demonstrated band gap energy values ranging from 1.5 to 1.9 eV for Al/(Al+In) ratios from 0 (CIS) to 0.60 

(CIAS-60%), thus agreeing with our results. These results suggest an incomplete insertion of Al into the 

CuInS2 structure. Other phases containing the non-inserted aluminum, which are visible (AlInS3) or not 

(amorphous phases) by XRD, were probably formed.   

 

 

Fig. 12.  Plot of (αhν)² versus photon energy (hν) for a 3 µm thick CIS film deposited onto ITO conducting 

glass substrate. The semiconducting particles were annealed for 3 h at 500°C under vacuum. CIS: CuInS2. 

 

Material compositions with an excess of copper over indium were characterized by a similar band gap 

energy (~1.45 eV). 

 

Electrochemical properties 

Electrochemical analyses were performed using a three-electrode electrochemical glass cell. The working 

electrodes are composed of CIS or CIAS deposited onto ITO substrate by two different deposition methods, 

direct deposition (see Fig. 13) and aerosol jet printing. The thicknesses of the films are respectively ~1 and 

15 μm, measured using profilometry. The measurements were carried out on CIS and CIAS films made 
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from particles annealed for 3 h at 500 °C. Electrochemical response of each composition was analyzed by 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Measurements were carried 

out in the dark, at room temperature and using the electrolytic solution composed of the T- (100 mM) / T2 

(20 mM) redox couple and 300 mM TBAP in acetonitrile.  

 

 

Fig. 13 Preparation of working electrodes via the direct deposition process. 

 

Cyclic voltammetry 

Films of CIS and of different compositions of CIAS were first obtained by direct deposition. Fig. 14 shows 

a similar shape for all the CV curves obtained at a scan rate of 75 mV s-1. Roughness factors (R.F.) are 

taken into account in the reported CVs; the current densities are based on electrochemically active surface 

areas (Sactive): Sactive = Sgeometric x R.F., where Sgeometric is the electrode geometric surface area. R.F. was 

determined according to: R.F. = CH / CH,smooth, where CH and CH,smooth represent, respectively, the 

experimental Helmholtz double-layer capacitance per unit geometric surface area and the double-layer 

capacitance for a smooth surface (40 µF cm-2). CH values were obtained from electrochemical impedance 

spectroscopy (EIS) measurements and the following equation: CH = 1/2𝜋𝑓|Z"|, where f is the frequency 

(0.16 s-1 to set 2πf=1) and |Z"| is the corresponding imaginary part of the impedance obtained at a potential 

selected in the capacitive zone of the CV. The electrode R.F. values are given in Table 4.  
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Fig. 14. Cyclic voltammograms of CIS and CIAS films (3rd cycle) obtained by direct deposition and obtained at 

a scan rate of 75 mV s-1, in a solution containing the redox couple 100 mM (H+)T- / 20 mM T2 , with 300 mM 

TBAP in acetonitrile. The reported current densities are based on electrochemically active surface areas. CIS: 

CuInS2; CIAS: Cu(In,Al)S2.      

 

CVs in Fig. 14 show an anodic peak associated with the oxidation of thiolate (T-) species obtained from the 

dissociation of HT: 2T- → T2 + 2e-, and from the reduction process. This oxidation peak occurs between 

0.46 and 0.69 V vs Ag/Ag+, depending on the Al contents (see Table 3a). A cathodic shoulder, associated 

with the reduction of disulfide (T2) molecules, is observed between -1.07 and -1.46 V vs Ag/Ag+: T2 + 2e- 

→ 2T-. The large anodic to cathodic peak potential difference (ΔEp), 1.65 to 2.15 V, demonstrates the 

electrochemical irreversibility of the redox processes at the semiconducting electrodes. It should be 

mentioned that adsorption of thiols at the electrode surface may interfere with the electron transfer 

processes. Also, PVdF used to enhance the mechanical adherence of the semiconductor film to the ITO 

glass substrate, when using the direct deposition process, is also contributing to the electrode resistivity, 

even if used in small amount (0.5%). 

 

Table 3a 

Anodic peak potential (Epa), cathodic peak potential (Epc), anodic peak current density (Jpa), cathodic 

peak current density (Jpc) and anodic to cathodic peak potential difference (ΔEp) of CIS and CIAS 

films obtained by direct deposition. 

Composition 

Al/(Al+In) 

 (%) 

Epa 

(V)a 

Epc 

(V)a 

Jpa  

(mA cm-2)b 

Jpc  

(mA cm-2)b 

ΔEp 

(V) 

0 0.46 -1.33 0.10 -0.44 1.78 

5 0.54 -1.25 0.17 -0.58 1.79 

10 0.69 -1.46 0.10 -0.48 2.15 

20 0.50 -1.41 0.15 -0.42 1.91 

50 0.58 -1.07 0.21 -0.50 1.65 

  a V vs Ag/Ag+ ; b based on electrochemically active surface area 
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Fig. 14 shows that the cathodic current densities are greater than their anodic counterparts, even if the T- 

reduced species are theoretically 5 times more concentrated than T2 molecules. This may be explained by 

the fact that acetonitrile is not favorable to dissociation of the thiol (HT) molecules to form thiolate species 

(T-). Consequently, the thiolate species oxidized at the semiconducting electrodes result mainly from 

previous reduction reactions (previous cycles). The reduction electrochemical-chemical-electrochemical 

(ECE) mechanism proceeds via the formation of [T2]• - species (reduction of T2: E1), followed by the 

chemical dissociation of the disulfide radical anion to form T• and T- species (C1) and the reduction of T• to 

obtain the second T- species (E2). A parallel reaction, dimerization of T• to produce T2 (C2), decreases the 

concentration of T- species at the electrode surface, hence also contributing to the observed lower anodic 

current densities.   

Fig. 14 shows that the anodic peak potentials (Epa) are quite similar (0.46 to 0.58 V), except for the CIAS 

film containing 10% Al which presents a more positive value (0.69 V) and a low anodic peak current density 

(0.10 mA cm-2: see Table 3a). On the other hand, this electrode shows approximately the same cathodic 

peak current density (-0.48 mA cm-2) than that of the majority of other films. Hence, the CIAS-10% 

electrode presents the larger ΔEp value (2.15 V). The greater crystalline impurity content of this film, 

namely LiInS2 and AlInS3 observed in the XRD pattern of Fig. 3, may contribute to its lower 

electrochemical response. It is interesting to notice the better response of the CIAS-50% film. Indeed, it 

possesses the greater anodic peak current density (0.21 mA cm-2), the less negative cathodic peak potential 

(-1.07 V) and the lowest ΔEp value (1.65 V). The hypothesis of a lower adsorption of thiol molecules at the 

surface of this electrode composition may contribute to the greater anodic current density. Noteworthy, the 

anodic current density tends to increase with the Al content (except for CIAS-10%). The semiconductor 

film thickness, directly related to its resistivity, is more difficult to control with the direct deposition 

process; a clear indication is the greater discrepancy in the R.F. values with this deposition technique (see 

Table 4). Hence, this may partially explain the different ΔEp values observed in Fig. 14. As an example, it 

has been observed that the CIAS-50% film is thinner (and more friable) than the other film compositions, 

with the lowest ΔEp value.     

Regarding the films deposited by aerosol jet printing (see Fig. 15), some observations can be made. In 

general, the Epa and Epc values are, respectively, more anodic (between 0.60 and 0.72 V) and more cathodic 

(between -0.95 and -1.51 V), with greater ΔEp values (between 1.67 and 2.17 V) compared to the films 

prepared by direct deposition (see Table 3b). Surface oxidation of the AJP deposited materials, as 

demonstrated by XPS preliminary analysis (unpublished results), may explain these results. Only the CIAS-

50% film shows improved activity, which may be ascribed to its better mechanical stability compared to 

the sample prepared by direct deposition. For the other films, when using AJP, these electrochemical 

parameters are kept more constant with respect to the Al content of the films. Indeed, the Epc value of the 

CIAS-50% film is quite different from the others, being much less negative, as it is the case for the film 

obtained by direct deposition (see Table 3a). On the other hand, in the general case, the anodic and cathodic 

current densities are between 2 and 3 times higher with the aerosol deposited films. This can be ascribed to 

the fact that these films are thinner, ~1 µm vs ~15 µm, and much more homogeneous than the direct 

deposited films, leading to less resistive films and hence, allowing more significant current densities.  
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Fig. 15. Cyclic voltammograms of CIS and CIAS films (3rd cycle) obtained by aerosol jet printing and obtained 

at a scan rate of 75 mV s-1, in a solution containing the redox couple 100 mM (H+)T- / 20 mM T2 , with 300 mM 

TBAP in acetonitrile. The reported current densities are based on electrochemically active surface areas. CIS: 

CuInS2; CIAS: Cu(In,Al)S2.     

 

Table 3b 

Anodic peak potential (Epa), cathodic peak potential (Epc), anodic peak current density (Jpa), cathodic 

peak current density (Jpc) and anodic to cathodic peak potential difference (ΔEp) of CIS and CIAS 

films obtained by aerosol jet printing. 

Composition 

Al/(Al+In) 

 (%) 

Epa 

(V)a 

Epc 

(V)a 

Jpa 

(mA cm-2)b 

Jpc 

(mA cm-2)b 

ΔEp 

(V) 

0 0.60 -1.43 0.26 -1.29 2.02 

5 0.67 -1.51 0.30 -1.14 2.17 

10 0.65 -1.44 0.34 -1.24 2.09 

20 0.66 -1.51 0.22 -1.01 2.17 

50 0.72 -0.95 0.31 -0.79 1.67 

  a V vs Ag/Ag+ ; b based on electrochemically active surface area  

 

Electrochemical impedance spectroscopy  

Following cyclic voltammetry measurements, films deposited by direct deposition and aerosol jet printing 

were analyzed by electrochemical impedance spectroscopy (EIS). Parameters such as majority charge 

carrier density (nd), flatband potential (Vfb) and Fermi level (EF,sc) were determined, along with the 

conductivity type. For this purpose, |Z"| values measured at various frequencies in the capacitive region of 

the Nyquist plots (|Z"| vs Z', where Z' is the real component of the impedance) (6309, 5011, 3981 and 3162 

Hz) were used to calculate the frequency-dependent semiconductor space charge capacitance (Csc) at 

various applied potentials, using Csc = 1/2𝜋𝑓|Z"| and electrode Sactive values. Mott-Schottky curves (1/Csc
2 
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vs applied potential) were drawn for each frequency (see Fig. 16 as an example). From the slope of the 

linear part of the curves, nd values (cm-3) were obtained according to Eq. (2):  

 

𝑛𝑑 =  
2

𝑒 𝜀𝑟 𝜀𝑜 𝑠𝑙𝑜𝑝𝑒 𝑆𝑎𝑐𝑡𝑖𝑣𝑒
2 

                                                                                                           (2) 

 

where e is the electron charge (1.60 x 10-19 C), εr is the relative permittivity of the material (11 for CuInS2) 

and ε0 is the vacuum permittivity (8.84 x 10-14 F cm-1). On the other hand, Vfb values were determined from 

the intercept of the linear part of the curves with the potential axis, which corresponds to 1/Csc
2 = 0: Vfb = 

V – kT/e, where V represents the electrode potential at which 1/Csc
2 = 0, k is Boltzmann’s constant (1.38 x 

10-23 J K-1) and T is the absolute temperature (K).  

Fig. 16 shows typical Mott-Schottky plots obtained in dark conditions at various frequencies for a CIAS-

5% film prepared by aerosol jet printing. Fig. 17 depicts the corresponding Nyquist plots registered for 

selected electrode potentials. The positive slope suggests an n-type conductivity, in good agreement with 

the EDX and ICP analyses discussed previously. Indeed, an increase in the space charge capacitance (1/Csc
2 

is decreasing) as the applied potential becomes more negative indicates a lower band bending toward the 

flatband situation, which is compatible with an n-type conductivity. In Fig. 16, linear regression has been 

done in the 0.35-0.65 V range of potential. Table 4 gives the average semiconductor parameters (nd, Vfb and 

EF,sc) extracted from the Mott-Schottky plots of 4 electrodes of the same composition obtained at various 

frequencies relative to the CIS and CIAS films prepared by direct deposition (see Table 4a) and aerosol jet 

printing (see Table 4b). Table 4 also reports the electrode roughness factors used to determine the Sactive 

values.  

 

 

Fig. 16. Mott-Schottky plots of a CIAS-5% film obtained by aerosol jet printing, registered in dark conditions 

at various frequencies. Solution containing the redox couple 100 mM (H+)T- / 20 mM T2 , with 300 mM TBAP 

in acetonitrile. CIAS: Cu(In,Al)S2.      
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Fig. 17. Nyquist plots of a CIAS-5% film obtained by aerosol jet printing, registered in dark conditions at 

various potentials (V vs Ag/Ag+). Solution containing the redox couple 100 mM (H+)T- / 20 mM T2 , with 300 

mM TBAP in acetonitrile. CIAS: Cu(In,Al)S2. 

 

 

Table 4a 

Majority charge carrier density (nd), flatband potential (Vfb), Fermi level (EF,sc) and roughness factor 

(R.F.) of CIS and CIAS films obtained by direct deposition. The reported data are the average values 

extracted from the Mott-Schottky plots of 4 electrodes of the same composition obtained at the 

following frequencies: 6309, 5011, 3981, 3162 Hz.  

Composition 
Al/(Al+In) 

 (%) 

nd 

(1018 cm-3) 

Vfb                            

(V vs NHE) 

EF,sc         

(eV) 
R.F. 

0 4.5 ± 0.5 -0.54 ± 0.07 -3.96 ± 0.07 7.5 ± 0.3 

5 1.2 ± 0.2 -0.31 ± 0.12 -4.19 ± 0.12 11.9 ± 1.4 

10 a 1.8  -0.30  -4.20  9.9  

20 2.2 ± 0.3 -0.28 ± 0.06 -4.22 ± 0.06 12.1 ± 2.0 

50 a 2.2  -0.37  -4.13  7.6  

 a only one electrode has been characterized 
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Table 4b 

Majority charge carrier density (nd), flatband potential (Vfb), Fermi level (EF,sc) and roughness factor 

(R.F.) of CIS and CIAS films obtained by aerosol jet printing. The reported data are the average 

values extracted from the Mott-Schottky plots of 4 electrodes of the same composition obtained at 

the following frequencies: 6309, 5011, 3981, 3162 Hz.  

Composition 
Al/(Al+In) 

 (%) 

nd        

  (1018 cm-3) 

Vfb                   

         (V vs NHE) 

EF,sc      

(eV) 

R.F. 

0 8.2 ± 1.3 -0.50 ± 0.06 -4.00 ± 0.06 7.8 ± 1.3 

5 3.9 ± 0.6 -0.27 ± 0.13 -4.23 ± 0.13 5.7 ± 0.1 

10 3.7 ± 1.0 -0.36 ± 0.06 -4.14 ± 0.06 6.5 ± 1.3 

20 4.2 ± 0.6 -0.35 ± 0.09  -4.15 ± 0.09 9.5 ± 0.1 

50 4.5 ± 1.1 -0.39 ± 0.03 -4.11 ± 0.03 8.0 ± 0.3 

 

The results show that majority charge carrier density of aluminum-containing materials (CIAS films) is 

lower than that obtained for the CIS film. This is probably due to the incomplete insertion of Al into the 

crystalline structure, leading to smaller electron densities. However, as expected, nd is generally increased 

with an increase of the Al content (both methods), suggesting enhanced Al insertion into the structure. The 

lower nd values for the CIAS films contribute to a wider depletion space-charge layer at the 

semiconductor/electrolyte interface (W), and hence to a lower level of electron-hole pairs recombination in 

an operating EPC. However, other factors, such as magnitude of band bending, are influencing the thickness 

of the space-charge layer as expressed by Eq. (3):  

𝑊 = √
2 𝜀𝑜𝜀𝑟∆𝜑𝑠𝑐

𝑒𝑛𝑑
                                                                                                                             (3) 

where Δφsc is the potential drop corresponding to the band bending: EF,sc – EF,el, with EF,el representing the 

electrolyte Fermi level.  

Noteworthy, nd values of semiconductor films obtained by AJP (see Table 4b) are higher (~ 2 times) than 

those of the films prepared by direct deposition (see Table 4a), for the same Al content. Even if an error in 

the evaluation of the electrode Sactive value would directly affect the nd parameter, the trend discussed above 

would not be changed. The different deposition conditions of the two processes certainly explain these 

results. APJ produces, via an ultrasonic atomizer, very small droplets of the suspension solution that are 

carried to the print head to form an aerosol beam, which is directed to the ITO/glass substrate heated at 70 
oC. As discussed previously, these conditions favor surface oxidation of the semiconducting materials, as 

demonstrated by the comparative XPS preliminary analysis of the films and corresponding CIAS 

nanoparticles (unpublished results).   
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Table 4 shows that flatband potential values relative to films obtained by the two deposition processes are 

quite similar for the same material composition, but not exactly the same. Furthermore, we can notice that 

the CIS films possess more negative Vfb values than the CIAS films, compatible with greater nd values 

(lower slope of the Mott-Schottky curve, as expected from Eq. (2)). The more cathodic flatband potentials 

(less negative Fermi levels) of CIS films contribute to the larger overpotentials (onset potentials) for 

reduction of T2 species observed in Fig. 14 and Fig. 15 for these films.     

The samples prepared from metallic precursors with an excess of copper over indium have demonstrated, 

unexpectedly, n-type conductivity.  

Fig. 18 depicts the energy level diagrams of the CIS/ and CIAS-20%/electrolyte junctions, based on above 

data for films obtained by direct deposition. The energy difference between the lower limit of the n-type 

semiconductor conduction band (Ec) and Fermi level (EF,sc) is calculated according to Eq. (4):    

 

𝐸𝑐 − 𝐸𝐹,𝑠𝑐 =  
−𝑘𝑇𝑙𝑛 (

𝑛𝑑
𝑁𝑐

)

𝑒
                                                                                                              (4)  

 

where Nc is the effective density of states in the conduction band (~2.5x1019 cm-3 at 25 oC). Therefore, EF,sc 

is further apart from Ec in the case of CIAS films (lower nd values). The upper limit of the valence band 

(Ev) is given by: Ev = Ec – Eg, where Eg is the semiconductor band gap energy. The T-/T2 redox potential of 

-0.01 vs NHE was measured by cyclic voltammetry at a platinum working electrode, and using a platinum 

gauze as the counter-electrode and Ag/Ag+ as the reference electrode, by comparison with the 

ferrocene/ferrocenium redox couple. On the energy scale, this corresponds to a Fermi level (EF,el) of -4.49 

eV. As shown in Fig. 18, EF,el lies between Ec and Ev for both semiconductors, which is requested to allow 

oxidation of T- species by the photogenerated holes. The nature of the semiconductor affects the energy 

difference between Ev and EF,el, which is 0.93 eV with CIS and 1.57 eV with CIAS-20%. This implies a 

much better overlap of the T- filled energy states (reduced species) with the CIS valence band, which would 

theoretically lead to more efficient electron transfer under illumination (higher photocurrent). According to 

Eq. (3), both systems provide the same space-charge layer thickness (W = ~12 nm at equilibrium in the 

dark). Therefore, a same level of electron-hole pairs recombination is expected, based only on this junction 

characteristic. To increase the significance of band bending, a more positive redox couple (more negative 

EF,el value) would be necessary.   
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Fig. 18. Energy level diagrams of n-Cu1.00In1.05S2.1 (CIS) and n-Cu(In0.84,Al0.21)S2.1 (CIAS-20%) obtained by 

direct deposition, and immersed into a solution containing 100 mM (H+)T-, 20 mM T2 and 300 mM TBAP in 

acetonitrile. Ec: lower limit of the conduction band; EF,sc: semiconductor Fermi level; Eg: band gap energy; Ev: 

upper limit of the valence band; EF,el: electrolyte Fermi level; Red: reduced species; Ox: oxidized species. 

 

The theoretical open-circuit photovoltage (Voc) delivered by an electrochemical photovoltaic cell with an 

n-type semiconductor is given by the difference between Fermi levels of the semiconductor and electrolyte, 

EF,sc – EF,el. Hence, the estimated Voc values are 0.53 V with CIS and 0.27 V with CIAS-20%. Again, a more 

positive redox couple would be beneficial to enhance this photovoltaic parameter.  

 

Transport characterization 

The electrical properties of n-type Cu1.0In1.05S2.1 films (0% Al) were evaluated to be used as an absorber 

material in low cost solar cells. This includes the measurement of conductivity using the 4-point probe 

technique, the measurement of photoconductivity, with visible light, and the determination of the type of 

conductivity, using electrochemical cyclic voltammetry.  

To properly apply to PV cells a newly synthesized material, it is indeed of primary importance to have the 

characterization of its electrical properties. In agreement with that, we performed four-point probe 

measurements on n-type Cu1.0In1.05S2.1 films. The electrical resistance of a thin film material is typically 

characterized in terms of the sheet resistance Rs, which measures the resistance to current flow in the plane 

of the film. In order to avoid an overestimation in Rs caused by the probe interconnection resistances and 

the probe contact resistances, we used a four point probe setup, using four evenly spaced collinear probes 

to contact the sample. The outer probes were used to pass a known current I through the sample, while the 

inner two probes were used to determine the voltage drop V across the probes. To measure Rs and verify 

the film uniformity, we measured three different points in the film, each of them evaluated for different 

values of current, showing a linear behavior. The sheet resistance deduced from the measurements was 27.9 

MΩ/□ and the resistivity (for a 500 nm thick film) is 13.95 Ω m. The value of the resistivity is dramatically 

dependent on the details of the film deposition conditions and laser thermal treatment performed after film 

deposition. 
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Photocurrent measurements of n-type Cu1.0In1.05S2.1 thin films were carried out using a white LED light 

source (LIU004, THORLABS) of 1700 μW/cm2 to illuminate the sample positioned 9 cm away from the 

light source. A fixed 10 V was applied at the electrodes to measure the baseline, in dark conditions, and the 

photocurrent, pulsing the light source on/off every 100 seconds. The electrode width is 4 mm and the 

interelectrode distance l is 10 μm. Fig. 19 shows that the films are clearly photosensitive to the LED white 

light. Light harvesting induces an increase of about 1% ((Ilight - Idark)/Idark) of the device current. This 

result, i.e. the photosensitivity of the films to white light and resistivity values typical of semiconductors, 

point to the soundness of the materials we propose for application in photovoltaics.  

 

Fig. 19. Photocurrent measurements of n-type Cu1.0In1.05S2.1 thin films. 

 

Using a high surface area activated carbon counter electrode (short-circuited on a reference electrode), we 

measured the electrochemical doping characteristics of the semiconductor film deposited on gold. Cyclic 

voltammograms were obtained in the imidazolium based ionic liquid [BMIM][TFSI], behaving both as 

solvent and salt at the same time. Fig. 20 indicates the possibility to have a reversible n-type doping in 

Cu1.0In1.05S2.1 thin films, in agreement with results obtained from electrochemical impedance spectroscopy 

measurements carried out in Prof Marsan’s laboratory. 

 

Fig. 20. Cyclic voltammograms (50 mVs-1) of the electrochemical cell using gold/n-type Cu1.0In1.05S2.1 as the 

working electrode, [BMIM][TFSI] ionic liquid as the electrolyte and activated carbon as the counter electrode. 

Three cycles were measured. 
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Preparation of the Cu(In,Al)S2 p-n junction  

At the end of the project, due to problems to synthesize p-type semiconductors using the colloidal method, 

we used an alternative procedure (electrodeposition on a suitable substrate). Based on chemical analysis of 

the films, the latter method looks very promising to form p-type material. We will then carry out (outside 

this project) p-n junction that will be thoroughly characterized.   

 

Fabrication and characterization of solar cells 

The next step (outside this project) will be the fabrication and characterization of p-n junction 

(homojunction) solar cells of increasing surface area (1-100 cm2) and evaluation of the device stability 

under white light (AM 1.5) conditions at 60°C.  

 




