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Objectives : 

 

 

i)   The exploration of new material compositions, their constituent ratio, processing skills and 

device geometry to recommend future strategies for Schottky barrier and pn-heterojunction 

device applications. (Identification of metals which show ideal ohmic as well as Schottky 

contacts on to CIAS semiconductor, which can be possible by detailed analysis of barrier 

properties). 

 

ii)  The identification and control of defects or dislocations as well as strains which influence the 

electrical and/or optical properties of the films. Efforts shall be made to improve the quality of 

deposited films by optimizing processes and conditions for deposition. 

 

iii)  Given that devices of CuIn1-xAlxSe2 are good candidates for space solar cells and other related 

optoelectronic applications. Attempts shall also be made to realize the Schottky barrier as well 

as heterojunction diodes by tailoring their bandgaps and analysing their temperature 

dependence response. 

 

iv)  The optimization of CIAS solar cells in terms of their absorption coefficient, fill–factor and 

efficiency will be undertaken to have better quality CIAS solar cells. 
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i. Brief objective of the project:  

 

• The exploration of new material compositions of Cu,In,Al, and Se 

precursurs, their constituent ratio, processing skills and device 

geometry to recommend future strategies for schottky barrier and pn-

hetrojunction device applications.  
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• The identification and control of defects or dislocations as well as 

strains. The efforts shall be to improve the quality of deposited films 

by optimizing processes and conditions for deposition. 

 

• Given that of CuIn1-xAlxSe2 materials are good candidates for solar 

cells. Attempts shall also be made to optimise the layers quality – 

bandgap and absorption coefficient. The phenomenon of tailoring the 

bandgaps and analyze their temperature dependence will be 

undertaken.. 

 

• Thrust will be given to realize the schottky barrier as well as 

hetrojunction diodes and study their characteristics. The optimization 

of CdS/CIAS heterojunction solar cells in terms of their fill–factor 

and efficiency will be undertaken. 
 

 

ii. Work done so far and results achieved and publication, if any, resulting 

from the work (Give details of the papers and names of the journals in 

which it has been published or accepted for publication). 

 

1. Introduction 

CuAlxIn1-xSe2 (CIAS) chalcopyrite material attracted the research community due to the 

successful substitution of ‘Al’ into the CIS tetragonal lattice at  ‘In’ sites, providing their better 

use in photovoltaic (PV) cells. The recent results have exhibited a solar cell efficiency (η) value 

of 23.35 ± 0.5 % for a Cd-free CIGS cell through optimization of the CIS absorber layer, which 

is better than multi-crystalline Si cells [1]. It is an alternative to CIGS’s scarce and expensive 

gallium (Ga). The bandgap value of CIAS is controllable between 1.0 eV (CuInSe2) to 2.7. eV 

(CuAlSe2) by ‘Al’ substitution to ‘In’ sites [2]. The terrestrial PV applications accept an ideal 

bandgap of semiconductors as 1.37 eV[3]. Therefore, more attention is given to identifying an 

alternate absorber material that can offer a direct bandgap (Eg) ~ 1.4 eV with a high absorption 

coefficient value (α)  ~105 cm−1. Besides this, the material should be radiation-resistant and 

possess a considerable minority carrier diffusion length to get high-efficiency solar cells [4]. The 

mass production of CuInAlSe2 and its launching into the market for use and reliability feedback 

is possible with low-cost, eco-friendly, easily scalable production. Various methods have been 

reported for the growth of CIAS thin films, viz. thermal evaporation, flash evaporation, co-

evaporation of precursors, radio-frequency magnetron sputtering, DC magnetron sputtering, 

molecular beam deposition (MBD), chemical bath deposition (CBD), multi-source elemental 



25 

 

evaporation method (MSED), spray pyrolysis, electro-deposition, and pulsed laser deposition 

(PLD), etc [5-16]. The main problem in growing quaternary (CIAS) material thin films is the 

differences in constituents’ physical parameters [7]. Most of the research reports are based on 

other methods which show the coexistence of secondary phases of Cu11In9, Cu2Se, CuSe, Se, etc., 

or have weak reflections of chalcopyrite CuInSe2 and CuAlSe2
 [16]. The SELD technique 

provides better control over the elemental fluxes during the film deposition. Moreover, it is one 

of the most appropriate techniques for developing large-area thin films [17]. Many researchers 

have attempted to remove the binary selenide and native oxide phases from CIS and CIAS thin 

layers that appeared on the selenisation of Cu-In and Cu-Al precursors in Ar, Se, and H2Se 

environments [9,18]. However, excessive use of selenium, toxic H2Se, and contamination caused 

by using separate chambers for selenisation are vital issues in the growth of chalcopyrite thin 

films [19]. 

In the present research, Cu, In, Al, and Se elemental layers were grown on the corning 

glass substrate using the SELD technique to achieve the CuAlxIn1-xSe2 from the Cu/In/Al/Se 

stack. In the undertaken work, the structural, optical, morphological, and compositional studies 

of CuIn1-xAlxSe2 are reported. Furthermore, the FTO/p-CuInAlSe2/n-CdS/In heterojunction 

diodes were studied for rectifying behaviour. In addition, the structure of the photovoltaic cell 

using a nano-polycrystalline p-CIAS absorber layer was tested. 

 

2. Experimental Section/Methods 

The copper, indium, aluminum, and selenium materials having a purity range of 99.995- 

99.999 are deposited sequentially with thicknesses values of 90, 190, 13, and 430 nm, 

respectively, to achieve the desired stoichiometry for  CuIn0.63Al0.37Se2  (Fig. 1). The layer 

depositions are obtained on corning glass substrates at room temperature in a vacuum coating 

unit  12A4DM (HindiVac, India) under vacuum ~ 2x10-6 mbar. The pre-deposition cleaning of 

glass substrates is carried out by dipping the substrates into hydrogen peroxide (H2O2) solution 

for ten minutes and its further processing in trichloroethylene, acetone, and methanol (TAM) for 

ten minutes each in a hot ultrasonic bath. The rotary motor attached to the substrate holder 

rotates the substrate during the deposition of the elemental layers to get the homogeneous layers. 

The evaporation rate of elemental Cu, In, Al, and Se corresponds to 1-2 Å/s, 2-3 Å/s, 1-3 Å/s, 

and 3-4 Å/s, respectively. The thickness of in-situ grown elemental layers is monitored with the 

help of thickness monitor DTM-101 ( HindiVac, India)  using a quartz crystal sensor attached to 

the vacuum coating unit. The post-deposition annealing was performed in VCU at 523 K for 1 

hour(h)  under vacuum  ~ 1x10-5 mbar. The annealing has also been carried out in a muffle 
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tubular furnace at a vacuum ~ 103  mbar from 523 to 623 K for 2h at each temperature. DekTak  

150 (Veeco) profilometer is used for the thickness measurement of the layers. X’pert3 

(PANalytical) Powder X-ray diffractometer was used to record the diffraction data of the layers 

in line mode at a scan speed of 0.030/s in 2θ range of 100-700. The diffractometer is equipped 

with HD Bragg Brentano incident geometry utilizing filtered CuKα1 radiations (λ=1.5406 Å). 

The scanning electron microscope SUPRA-55 (Zeiss) at an acceleration voltage of 5 kV was 

used to determine the surface morphology. The average grain size and surface area were 

measured from SEM micrographs using ImageJ software (NHI & LOCI, University of 

Wisconsin, USA). The elemental composition of the constituents in the films was established 

using the K-emission line (copper and aluminum)  and L-emission line (selenium and indium) 

using energy dispersive X-ray analysis attachment JEOL JSM-7426 (Oxford Instruments). The 

transmission spectra were recorded from UV-Vis-NIR spectrophotometer UV-3600 (Shimadzu) 

at room temperature with a slit width of 2 nm in the 300-1800 nm wavelength range. The Raman 

spectra are obtained using a laser excitation source of 532 nm in the wavenumber range of 100-

300 cm-1 from a LabRam HR Evolution spectrometer (HORIBA). The heterojunction diode’s 

current-voltage (I-V) characteristics are recorded using source meter 2400 ( Keithley), probe 

station (Miller Design Corp), and open-source I-V software developed by Michael D. 

Kelzenberg. The open-circuit voltage (Voc) of the FTO/p-CIAS/n-CdS/In heterojunction 

photocell is calculated using a digital multimeter VC-203 (Victor). The experimental data were 

analyzed using OriginLab 8.5 (MicroCal) software. 

 

 
Fig. 1: The schematic diagram of the stack obtained by sequentially evaporated layered 
deposition (SELD) and CuIn0.63Al0.37Se2 thin layers obtained on annealing at 523 K. 
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3. Results and Discussion 

3.1. Structural Characterisation 

The post-deposition thermal treatment of the sequentially evaporated layered deposition 

(SELD) stack was undertaken to understand the material’s phase transformation to obtain CIAS 

thin layers.  

3.1.1 Effect of high vacuum annealing  

Thin films of  CIAS re-grown at 523 K  on annealing exhibit three intense peaks along 

(112), (220), and (312)/(116) orientations and provides a tetragonal structure having space group 

l 2d(122) (Fig. 2). As no standard JCPDS card is available for CIAS; consequently, the JCPDS 

cards of CuInSe2 (CIS) ( JCPDS: 40-1478) and CuAlSe2 (CAS) ( JCPDS: 44-1269) are 

considered to determine the CIAS phase. An emergence of (101) and (103) planes was also 

observed on substitution of  ‘Al’ at ‘In’ sites in the chalcopyrite (tetragonal) structure at 523 K 

[9]. Several researchers have already reported the different concentrations of ‘Al’ in CuIn1-

xAlxSe2 [7-9].  

The unit cell parameters (a=b, c) of the tetragonal structure were evaluated using the relation 

given in Eq. 1 [20]. 

                                        (1) 

Where h, k, l are Miller indices, d is the interplanar separation between lattice planes, and a,b, 

and c are unit cell parameters. 
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Fig 2: (a) The XRD plot of CuIn0.63Al0.37Se2 thin films of 700 nm annealed at 523 K for 1h in a 

vacuum coating unit ~ 1x10-5 mbar, (b) magnified view of the (112) peak. 

 

The grown CIAS films possess a tetragonal crystal system having unit cell parameters:  

a,b; 5.781(5) Å, c; 11.593(7) Å, and cell volume (V)=387.523(4) Å3. The grown layers’ average 

crystallite size (D) is calculated using the Debye Scherrer represented in Eq. 2 [20].  

                                                           (2) 

Where λ represents the wavelength of X-rays, β (radians) is the full width at half 

maximum (FWHM), and θ is the Bragg’s angle. 

 The average particle size of the CIAS corresponding to the most prominent peak (MSP) 

along (220) planes is 25.66(1) nm (Table 1). The shift in 2θ to the higher value of 26.660(1) 

from CIS in the (112) planes was observed [8]. At the same time, the unit cell volume of CIAS { 

387.523(4) Å3} is smaller than the unit cell volume of CIS {390.182(3) Å3} (Table 2). The 

reduction in the cell volume of CIAS to that of CIS confirms the substitution of smaller atomic 

radii (125 pm) of ‘Al’ to higher radii of ‘In’ (155 pm) [21], which exhibits compressive stress in 

CIAS unit cells.  

 

 

 

 

 

 

Table 1. The (hkl), 2θ, peak intensity, FWHM, and the crystallite size of thin films of ~ 700 nm 

of CuIn1-xAlxSe2  obtained on annealing at 523-623 K for 1h and 2h. 

 
Sample 

details 

plane 2θ 

(Degrees) 

 

Intensity FWHM 

(degrees) 

Crystallite 

size (nm) 

Dislocation 

density (δ) 

(x1015) 

( lines/m2) 

Microstrain 

(ε) (x10-3) 

523 K@1h (112) 26.660 360=100% 0.3764(3) 23.67(5) 1.784(7) 1.464(4) 

(220) 44.270 188=51% 0.4327(1) 25.66(1) 1.518(8) 1.350(9) 

(312) 52.436 87=24 % 0.5158(6) 25.25(3) 1.568(9) 1.373(1) 

523 K@2h (112) 26.679 605 0.37476 23.78(7) 1.768(4) 1.457(6) 
(220) 44.258 337 0.41081 27.02 (1) 1.369(5) 1.282(8) 
(312) 52.395 165 0.45127 28.83 (3) 1.202(8) 1.202(2) 

573 K@2h (112) 26.662 1119 0.38131 23.37 (7) 1.831(3) 1.483(3) 
(220) 42.235 552 0.39201 27.40(1) 1.332(1) 1.265(1) 
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(312) 44.383 252 0.44915 24.77(2) 1.630(2) 1.399(5) 
623 K@2h (112) 26.653 1276 0.36059 24.71(6) 1.637(9) 1.402(8) 

(220) 44.220 642 0.38073 29.14(6) 1.177(8) 1.189(6) 
(312) 52.369 279 0.43843 29.66(4) 1.136(7) 1.168(6) 

 

 

 

Table 2. The  2θ, d-spacing, lattice constant (a, c), tetragonal lattice distortion and unit cell 

volume of ~ 700 nm thin films of CuIn1-xAlxSe2   obtained on annealing at 523-623 K for 1h and 

2h. 
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523 K@1h 26.661 3.3408 52.436 1.7436 5.781(5) 11.593(7) 1.336(6) 387.523(4) 

523 K@2h 26.680 3.3386 52.395 1.7449 5.788)8) 11.540(3) 1.331(3) 386.711(9) 

573 K@2h 26.662 3.3408 52.383 1.7452 5.789(1) 11.562(1) 1.333(1) 387.479(2) 

623 K@2h 26.653 3.3419 52.369 1.7457 5.790(2) 11.568(6) 1.333(3) 387.864(6) 

C
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D

S
 

(4
0

-1
4

8
7
) 26.600 3.3484 52.435 1.7436 5.776(8) 11.692(3) 1.345(1) 390.182(3) 

 

3.1.2. Impact of annealing temperature variation 

Cu/In/Al/Se stack Annealing is carried out from 523 to 623 K for 2 hours(h) at each 

temperature. The XRD peaks intensity was found to increase with the increase in TA (Fig. 3). 

The appearance of low-intense peaks viz. (101), (103), (211), and well-resolved doublet peaks 

(220/204) and (312/116) have already been reported, confirming the CIAS chalcopyrite phase 

[9]. Moreover, the crystallite size increases from 28.83(3) to  29.66(4) nm by an increase in TA 

(Table 1). The tetragonal lattice distortion in CIAS films also increases with the TA from 523 – 

623 K; the value is small compared to that of CIS since  ‘Al’ atoms are lesser than ‘In’ in size 

[9]. CIAS unit cell volume shows some increase with TA (Table 2). Better growth in terms of 

crystallinity was observed at higher TA. Further, CIAS provides higher peak intensities and 

larger grain sizes of (112) and (220) oriented planes, as shown in  Fig. 4. These variations are 

attributed to the higher reactivity and thermal conductivity of ‘Al.’ Some reports mention an 
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increase in intensity as the outcome of ‘Al’ incorporation in CIS [7]. Thus, the present procedure 

for obtaining chalcopyrite from stacked elemental layers is more convenient. 

 
 

Fig. 3: The XRD plots of CuIn1-xAlxSe2  thin films of 700 nm obtained on TA of  523-623 K   

            for 2h inside a tubular furnace at the vacuum of  ~1x10-3 mbar. 

 

The CuIn0.63Al0.37Se2 layers grown on annealing for 1h at 523 K show larger microstrain 

(ε)  values. In contrast, the CuIn1-xAlxSe2  layers on annealing from 523 to 623 K for 2h  show 

larger grain size, lower microstrain (ε) and dislocation density (δ) values. As reported in the 

literature, the increased grain size of crystals gives lesser grain boundaries and causes a reduction 

in strain (ε) and dislocation density (δ) [22]. On the other hand, CuIn1-xAlxSe2 films grown on 

annealing have ordered crystal structures when their defects and disorders are reduced. The 

lower strain values are due to lesser lattice imperfections in the annealed films. Thus, higher 

temperature and longer time annealed films show a relaxed nano-polycrystalline phase [23]. 
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Fig. 4: The variations in peak intensity and grain size of CuIn1-xAlxSe2 thin films grown on 

annealing under vacuum ~ 10-3 mbar for 2h inside a tubular furnace corresponding to (a) 

(112) and (b) (220) oriented planes from  523 to 623 K. 

 

3.2. Raman Analysis 

The Raman spectra for the 523 K annealed CIAS layers of 700 nm were obtained using 

the excitation wavelength of  532 nm (Fig. 5). The A1, B1, B2, and E optical modes are Raman 

active, and A2 modes are inactive in chalcopyrites. The most substantial A1 mode is generally 

observed in AIBIII C2
VI chalcopyrite compounds. The most intense line is in the range 172–186 

cm-1, which is of A1 mode. The A1 mode phonon frequency indicates a significant shift from 172 

cm−1 (CIS phase) to 186 cm−1 (CAS phase) according to the increase in Al/(In+Al) content [9]. In 

the present case, A1 mode was observed at 180.72(7) cm-1, which is in good agreement with the 

CIAS phase, as already reported by others [24].  

6/14/2019 11:53:14 AM 6/14/2019 11:53:51 AM 6/14/2019 11:55:03 AM 
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Fig. 5: The typical Raman spectra of CuIn0.63Al0.37Se2 grown on annealing for 1h at 523 K in a  

            vacuum coating unit ( ~ 1x10-5 mbar). 

 

The prominent peak observed in 523 K for 2-hour annealed CIAS thin films was at 

174.74(4) cm-1, with another peak having low intensity at 215.65(6) cm-1. Both peaks 

represented the A1 mode of the spectra. The A1 mode was also observed at  573 K and 673 K; the 

corresponding peaks were at 174.24(1) cm-1 and 177.36(6) cm-1. In addition, the FWHM values 

increased with TA (Fig. 6). Thus, the detected peak values of A1 mode agree with the reported 

values of the CIAS phase.  
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Fig. 6: The typical Raman spectra of CuIn1-xAlxSe2 thin films grown on annealing  

            under vacuum ~ 10-3 mbar for 2h inside a tubular furnace at 523-623 K. 

 

3.3. Morphological and Compositional Analysis 

The surface morphology of the CIS and CIAS layers is determined by scanning electron 

microscopy (SEM). The comparative views of the 2D SEM images of CIAS and  CIS crystallites 

obtained on annealing at 523 K for one hour (1h) in a tubular furnace are shown in  Fig. 7(a)-(b). 

Both these layers represent particles of different sizes constituting spherical and cylindrical 

shapes. These films show densely packed crystallites with uniform distribution over the entire 

surface. The average grain length evaluated from SEM micrographs of CIS is 284.75(6) nm, 

whereas for CIAS, it is 413.67(4) nm. The average surface area of grains evaluated from SEM 

micrographs of CIS is 6.60(7) x 104 nm2, whereas for CIAS, it is 2.21(7) x 105 nm2. It indicates 

that the grains of CIAS are bigger than the CIS ( Fig. 8). The larger grain size of CIAS samples 

is due to the high thermal conductivity of  Al, which led to a better reaction among precursors 

and caused coalescence. The EDAX spectra of the annealed thin films of  CIAS obtained at 523 

K exhibit atomic percentage ratios (Al/In+Al) and (Cu/In+Al) as 0.376, 0.877, respectively; 

these are shown in  Fig. 9(a). The stoichiometry of CIAS thin films is CuIn0.63Al0.37Se2, assigned 

based on the (Al/In+Al) ratio. 
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Fig. 7:      The scanning electron microscopic (SEM) images (50 K resolution) of  (a)                              

                CuIn0.63Al0.37Se2  and (b) CuInSe2 (CIS) thin films both obtained on annealing  

                at 523 K at vacuum ~ 1x10-5 mbar. 

 
 

 

Fig. 8a-d:      The SEM grains average length and average surface areas histogram plot and their  

                      stats for  (a-b) CuInSe2 (CIS) and (c-d) CuIn0.63Al0.37Se2  thin films obtained on     

    annealing at 523 K at vacuum ~ 1x10-5 mbar. 

 



35 

 

 

 

 
 

Fig. 9: Energy dispersive X-ray analysis (EDAX) spectra of  (a) CuIn0.63Al0.37Se2 and (b)  

           CuInSe2 (CIS) thin films obtained on annealing at 523 K at vacuum ~ 10-5 mbar. 

 

3.4. Optical Studies  

The electronic transition in the energy band of the material is studied from transmission 

/absorption spectroscopy [25]. First, the values of the absorption coefficient (α) are determined 

using the transmission spectra as per the relation given in Eq. 3 [25]: 

                                           (3)
 

Where α represents an absorption coefficient, T% is the optical transmission percentage, and t is 

the film thickness. The optical bandgap (Eg) values are calculated from Tauc’s relation given in 

Eq. 4 [25] 

              (4) 

where A is a constant, υ; the photon frequency,  h; the plank constant, Eg; the optical bandgap, 

and n is a number. The allowed direct and indirect bandgap transitions in materials are 

determined from the values of n equals l/2 and 2, respectively. The extinction coefficient (k) 

determines the degree of surface uniformity. It also specifies the effectiveness of the absorption 

of photons of a particular wavelength in a material [26]. The extinction coefficient (k) is 

determined using the relation given in Eq. 5 [27]: 

                                                          (5) 

 where λ represents the wavelength of incident photons. Fig. 10(a) shows the transmission 

percentage ( T%) versus the wavelength (λ) plot. Whereas (α), (αhν)2, and (ḳ) versus (hν) plots of 

CIAS thin films grown at TA of 523 K for AT of 1h are presented in Fig. 10(b)-(d). The optical 

bandgap (Eg)  increases from 1.42 eV (CIS) to 1.50 eV (CIAS) due to the ‘Al’ replacement of  

‘In’ in the chalcopyrite tetragonal structure [28]. Fig. 11(a) shows the T% versus λ plot of CIAS 
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layers grown at TA between 523 – 623 K for 2h. Whereas their α versus (αhν)2 and ḳ versus 

photon energy (hν) plots are shown in Fig. 11(b)-(d). The optical bandgap values increase from 

1.35 to 1.45 eV with the increase in TA due to an increase in the particle sizes on substitution of 

Al to In. This bandgap increase may occur because of modification in the crystallographic planes 

at higher TA. The bandgap (Eg) increase with increasing TA is ascribed to improved crystallinity 

of the CuIn1-xAlxSe2 phase on annealing, i.e., the phenomenon is temperature dependent. In 

addition to this, the variation in direct allowed bandgap values is also affected due to a decrease 

in grain boundaries, crystalline imperfections, and the quantum size effect in the thin layers [29]. 

Several authors have also reported increased bandgap (Eg) with the increase in  TA [30-31].

 The extinction coefficient (k) value increases at higher temperatures because of the 

stronger absorption of photons {Fig. 11(b)}. Moreover, a higher absorption coefficient (α) ~105 

cm-1 of CIAS was observed in this temperature range. Thus, obtained CIAS thin films suit 

absorber layers in solar cell fabrication. 

 
 

Fig. 10: (a) The transmission percentage versus wavelength (λ) plot, (b) absorption coefficient,  

           (c) (αhν)2, and  (d) κ (extinction coefficient) versus energy (hν) plots of CuIn0.63Al0.37Se2   

                (CIAS) thin films obtained on annealing at 523 K. 
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Fig. 11:  (a) Absorption coefficient, (b) ḳ (extinction coefficient), and (c)-(e) (αhν)2  verses  

                energy (hν) plots of  CuIn1-xAlxSe2  (CIAS) thin films obtained on annealing for 2 h  

                at 523- 623K. 

 

3.5. Current transport of CIAS thin films 

3.5.1. The Current-Voltage (I-V) characteristics for ohmic behaviour  

The FTO/p-CIAS/Ag structure was established by depositing CIAS layers on the FTO-

coated glass (substrate); these layers were grown on annealing the Cu/In/Al/Se stack from 523 to 

623 K. Circular contacts of ‘Ag’ were formed on the top of the CIAS layer. The current-voltage 

(I-V) characteristics of the FTO/p-CIAS/Ag structure provide ohmic behaviour, as shown in Fig. 
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12. A rise in the slope of the I-V plots was noticed with an increase in the annealing temperatures. 

Therefore, the resistivity of the grown samples decreases with an increase in TA. 

 
 

Fig. 12: The current-voltage (I-V) plots of the FTO/p-CIAS/Ag structure, having CuAlxIn1-xSe2  

                 thin films obtained on annealing at 523-623 K, exhibiting ohmic behaviour. 

 

3.5.2. The Current-Voltage (I-V) characteristics of FTO/p-CIAS/n-CdS/In diode/photo-cell 

Out of various annealing temperatures, the Eg of CIAS at 623 K {Fig. 11(e)}is closest to 

the optimum value of the PV cells reported in the literature [32]; thus, the p-CIAS/n-CdS/In 

heterojunction diodes were fabricated using CIAS thin films at 623 K. The n-CdS thin film of 

thickness ~ 300 nm was deposited over p-CIAS using thermal evaporation. The circular contacts 

were subsequently formed at the top of n-CdS using a physical mask of a diameter of 1.0 mm. 

The forward-reverse semi-log current-voltage (I-V) characteristics of heterojunction diodes 

exhibit rectifying behaviour, as shown in Fig. 13. The high voltage conduction at forward bias is 

due to an unintentional oxide layer formed during PN junction formation. The zero-bias barrier 

height (ϕbo), calculated from the non-linear fitting of the I-V curve, is 0.50(5) eV (Fig. 13).  
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Fig. 13: Semi-logarithmic forward and reverse current-voltage (I-V) characteristics of the 

FTO/p-CIAS/n-CdS/In heterojunction diode formed on the p-CuAlxIn1-xSe2   thin films obtained on 

annealing at 623 K and non-linear fitting of forward l-V plots as fitted with I-V equation of the 

diode. 

 

The 700 nm layers of p-CIAS grown over FTO-coated glass were also used as an 

absorber layer to fabricate photocell structure using a CdS (~300 nm) window layer and ‘In’ 

metal fingers as the top electrode. The cell area was kept at ~ 1 cm2. The open-circuit voltage 

(Voc) of the FTO/p-CIAS/n-CdS/In device under illumination was observed to be 2.5 mV (Fig. 

14). The low barrier height (ϕbo), and open-circuit voltage (Voc) is due to presence of oxide layer 

traps at the interface, which restricts the movement of flow of photons to the PN-junction, and 

flow of charge carriers from it (junction).  
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Fig.14: The open circuit voltage ( Voc) of the fabricated heterojunction FTO/p-CIAS/                  

n-CdS/In photovoltaic cell formed using the p- CuAlxIn1-xSe2  thin films grown  on 

              annealing at 623 K. 
 

4. Conclusion 

Thin layers of CuIn0.63Al0.37Se2 are grown on annealing at 523 K using a low-cost 

sequentially evaporated layer deposition (SELD) method. The single chalcopyrite phase of CIAS 

was observed from 523 to 623 K. The CIAS phase was confirmed from the A1 mode of  Raman 

Spectra. The films exhibited a high absorption coefficient (α) and demonstrated bandgap (Eg) 

tuning. There is an improvement in the crystallinity of the CIAS phase at higher annealing 

temperatures; the phenomenon is attributed to the increased bandgap. Thus, the grown CIAS 

layers can be used as absorber layers in solar cell structures. Furthermore, the FTO/p-CIAS/n-

CdS/In heterojunction photocell provides an open-circuit voltage (Voc) of 2.5 mV. Thus, the 

developed CIAS films demonstrate a photovoltaic response.  
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iii. Has the progress been according to the original plan of work and towards achieving 

the objective, if not, state the reasons. 

 

Yes, the progress has been in accordance with the original plan of work and all objectives 

were met. 

 

iv. Please indicate the difficulties, if any, experienced in implementing the project.  

No, difficulty was faced while pursuing the project. 
 

v. If project has not been completed, please indicate the approximate time by which it 

is likely to be completed. A summary of the work done for the period (Annual basis) 

may please be sent to the Commission on a separate sheet. 

 

The project was completed in the specified tenure of three years, however, the 

publication of some of the papers took more time. 

 
vi. If the project has been completed, please enclose a summary of the findings of the 

study. One bound copy of the final report of work done may also be sent to the 

University Grants Commission. 

 

The study of selenium thin films indicated that nanocrystalline Se alone is highly useful 

as an absorber layer in the solar cell structure. The optimization of Se-based thin films in 

terms of their thickness and annealing temperature was performed and finally, these were 

used as an absorber layer in the formation of FTO/ p-Se/n- CdS/In photovoltaic cell. 

Their heterojunction was also studied. The research paper of this study has been 

published.    

 

It was observed that the Se when combined with Cu (I) and In (III) provides a tetragonal 

CIS phase. The CIS phase provides a high absorption coefficient and tunable bandgap 

that touches the visible-NIR region of the spectrum. Furthermore, these films show low 

electrical resistivity, high mobility, and high carrier concentration. The grown CIS layer 

of two different thickness values was processed at different annealing temperatures. The 

results were published as a research paper. 

 

It is also observed that when Se combines with In exhibits high transmission, bandgap 

tuning, and high absorption coefficient values. It also shows changes in the electrical 

parameters on annealing due to changes in composition and phase. This combination 

shows the γ-In2Se3 phase which is suitable as a buffer layer in solar cell structure. The 

results were published as a research paper. 

 

The partial substitution of aluminum (Al) with Indium (In) in the CIS structure provides a 

CuIn1-xAlxSe2 phase, here the bandgap varies from 1.35 -1.45 eV which is a wavelength 

that provides maximum photovoltaic efficiency. Further FTO/p-CIAS/n-CdS/In pn 

heterojunction diodes have been fabricated and their I-V analysis shows rectifying 

behaviour. A photovoltaic cell of this configuration was tested which provided Voc and 

confirmed the photovoltaic response of the heterojunction diode. A research paper based 

on these results has been communicated. 
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The analyses of undertaken chalcopyrites have created a scope for further investigations 

on CuIn1-xAlxSe2 semiconducting materials. The characterizations of alloy/compound 

materials provided a successful methodology for fabricating photovoltaic solar cells with 

high efficiency, stability, and fill factor. 

 
vii. Any other information which would help in the evaluation of work done on the project. 

At the completion of the project, the first report should indicate the output, such as (a)  

Manpower trained (b) Ph. D. awarded (c) Publication of results (d) other impacts, if any 

 

(a) Manpower trained:  
 
Five students were trained in the following trades: 

 

(i) Growth of nano-sized thin films and multilayered deposition/growth for the 

fabrication of devices.   

(ii) Study of the characteristics of semiconductor materials and thin films 

(iii) Testing of the pn-junction diodes and photovoltaic cells  

(iv) Handling of the semiconductor thin layers under high vacuum. 

(v) Thermal evaporation and annealing techniques, contact formations, and current-

voltage (I-V)/ capacitance-voltage (C-V) measurements. 

(vi)  Development of Metal-semiconductor Schottky barrier diodes and pn-

heterojunction diodes and pn-photocells. 

 

The single-phase CuIn1-xAlxSe2 (CIAS) thin films have been successfully grown through 

annealing of the stack of precursors obtained by the sequentially evaporated layer 

deposition (SELD) method. Further, that FTO/p-CIS/n-CdS/In heterojunction diodes 

have been fabricated, and their photovoltaic cell response was tested successfully. 

 

(b) PhD Awarded: 

 
S. 

No 

Name of Programme Candidate's 

Name 

Title of the PhD thesis supervised Notification 

No. & Date 

1 

 
 

 

PhD in Physics 

University of Jammu 

Mr Arun Banotra Preparation and characterization of 

Sn(S, Se) semiconducting thin films and 

diodes for solar cell application 

No. Eval. -Prof- 

I/18/5234-5335 

Dated 28-09- 

2018 

2 PhD in Electronics 

University of Jammu 

Ms Anjali Verma Fabrication and Characterization of 

Sn, Se & Te-based Polycrystalline 

Compound Semiconductor Thin 

Films and Devices 

No. Eval.-Prof- 

I/20/1577-1626 

Dated 31-07- 

2020 
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3 PhD in Physics 

University of Jammu 

Mr Rajesh 

Niranjan                

( Year 2022) 

Study of some chalcopyrite compound 

semiconductor materials and thin films 

for electronic device applications 

No. Eval. -Prof- 

I/22/7349-7400 

Dated 11-11-

2022 

4 PhD in Physics 

University of Jammu 

Mr Shammi 

Kumar             

(Year 2023) 

Study of some chalcogenide based thin 

films and junction barriers for 

photovoltaic and optoelectronic device 

applications 

No. Eval. -Prof- 

I/22/5657-5755 

Dated 08-09- 

2023 

5 PhD in Physics 

University of Jammu 

Mr Shafiq Ahmed 

(Year 2023) 

Study of thin films of some 

chalcopyrite materials and formations 

of diodes for photovoltaic applications 

Thesis Submitted 

 

(c) Publication of results: 
S. No Date Title of the Paper Name of journal/ 

Impact Factor 
Whether 
Refereed  
or not 

1 Sep 2023 
(Vol 13) 

Processing of nanocrystalline 
thin films of selenium and 
formation of FTO/ p-Se/n- 
CdS/In heterojunctions for 
photovoltaic response 
doi.org/10.1016/j.rio.2023.1005
33 

Results in Optics 

Science Direct 

(ELSEVIER SCIENCE) 
Impact Factor 2.12 

Cite Score 1.8 

Referred 

 2  Dec 
 2022                  
(Vol 135) 

Effect of substrate and 
annealing temperature on 
the physical properties of the 
thin films of SnSe2-SnSe 
alloy  
doi.org/10.1016/j.optmat.2022.1
13078 

 Optical Materials     

Science Direct 

(ELSEVIER SCIENCE) 

Impact Factor 3.754 

Cite Score 5.2  
 

  

Referred 

 3  Sep 
 2022 

Impact of annealing on the 
growth dynamics of indium 
sulphide buffer layers 
doi.org/10.1016/j.jmrt.2022.09.0
94 

Journal of Materials 

Research and 

Technology            

Science Direct 
(ELSEVIER SCIENCE) 

Impact Factor 6.267 

Referred 

 4 Aug  
2022 

Sequentially evaporated 
layer deposition stack of 
CuxS thin films for photonics 
applications 
doi.org/10.1016/j.jmrt.2022.08
.097 

Journal of Materials 

Research and 

Technology           

Science Direct 
(ELSEVIER SCIENCE) 

Impact Factor 6.267 

Referred 

 5  Jnne  
2022 

Growth Dynamics of SnSe Thin 
Films on Annealing of 
Precursor Layers Stacked by 
Multisource Sequential 
Elemental LayerDeposition 
doi.org/10.1080/10584587.2022.2
102805 

 Integrated 

Ferroelectrics  
(Taylor & Francis 
Publication) 
 Impact Factor 0.836 

Referred 

 6 May            
2022 

Organic coordinated SnS 
and SnS1-xSex crystals: 

Optical and quantum 
Electronics,         

Referred 

https://www.sciencedirect.com/journal/results-in-optics/vol/13/suppl/C
https://doi.org/10.1016/j.rio.2023.100533
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synthesis, characteristics 
and optical behaviour 
for photonic applications 
doi.org/10.1007/s11082-022-
03739-z 

Springer Link 
Impact Factor 2.89 

 7 October  
2021 

A two-step method to obtain 
the 2D layers of SnSe2 single 
phase and study its physical 
characteristics for photovoltaic 
and photo-converter devices 
doi.org/10.1007/s00339-021-
04992-x 

Applied Physics A 
Materials Science and 
Processing 
Springer Link 
Impact Factor 2.584 

Referred 

 8 September 
2021 

MSELD SnS1-xSex alloy thin 
films towards efficient 
structural and bandgap 
engineering for photonic 
devices      
doi.org/10.1557/s43578-021-
00394-0 

Journal of Material 
Research            
(Springer Link) Impact 
Factor 2.95 

Referred 

9 October    2020 SnxSy MSELD stack thin films: 
Processing, characteristics and 
devices for  
photonic applications 
doi.org/10.1016/j.solener.2020.
10.005 

Solar Energy  
Science Direct 
(ELSEVIER)          
Impact Factor 5.742 

Referred 

10 October    2020 Effect of CuIn1-xAlxSe2 (CIAS) 
thin film thickness and diode 
annealing temperature on Al/p-
CIAS Schottky diode 
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Bulletin of Materials 
Science  
Science Direct   
(Springer Link) 
Impact Factor 1.783 
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11 September 
2021 

Growth of γ- In2Se3 monolayer 
from multifaceted InxSey thin 
films via annealing and study of 
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doi.org/10.1016/j.matchemphys.
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Materials Chemistry and 
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( Elsevier Science) 
Impact Factor 3.408 
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12 January 2020 Development of CuInSe2 thin 
films by SELD method for 
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application 
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Journal of Materials 
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(Springer Nature) 
Impact Factor 2.478 
 

Referred 

13 January 2020 Development of SnS 
nanocrystals and tuning of 
parameters for use as spectral 
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Journal of Crystal 
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(Elsevier  Science) 
Impact Factor 1.573 
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14 December 2019 Facile growth of SnS and 
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(Springer) 
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doi.org/10.1063/1.5032986 

AIP Conference 
Proceedings 
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AIP Conference 
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Annexure – IX  
UNIVERSITY GRANTS COMMISSION 

BAHADUR SHAH ZAFAR MARG 
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PROFORMA FOR SUBMISSION OF INFORMATION AT THE TIME OF SENDING THE 

FINAL REPORT OF THE WORK DONE ON THE PROJECT 

1. Title of the Project: Cu(In1-xAlx)Se2 Thin Films optimization, Device Fabrication and 

their use in Photovoltaic Applications. 

 
2. NAME AND ADDRESS OF THE PRINCIPAL INVESTIGATOR:   

                               Name: Prof. Naresh Padha    

                                  Office: Solid State Electronics  Lab., Department of Physics and    

                                                Electronics, University of Jammu, Jammu-180006. 

Resi:    H. No. 723, Sector E, Sainik Colony, Jammu-180011, Jammu    

             Kashmir, INDIA. 

 
3. NAME AND ADDRESS OF THE INSTITUTION: University of Jammu,   

                                                                                    Baba Saheb Ambedkar road 

                                                                                    Jammu-180006, J&K UT 

 

4. UGC APPROVAL LETTER NO. AND DATE: F.No. -43-398/2014(SR)                               

                                                                               Dated: 18th September, 2015 

5. DATE OF IMPLEMENTATION: 02-12-2015 

 
6. TENURE OF THE PROJECT: Three (03) Years 

 
7. TOTAL GRANT ALLOCATED: Rs 13,55,000/- 

 
8. TOTAL GRANT RECEIVED: Rs 11,13,726/- 

 
9. FINAL EXPENDITURE: Rs 10,98,825/- 

 

10. TITLE OF THE PROJECT: Cu(In1-xAlx)Se2 Thin Films Optimization, Device Fabrication    

                                                         and their use in Photovoltaic Applications. 
11. OBJECTIVES OF THE PROJECT:  

i)   The exploration of new material compositions, their constituent ratio, processing skills and device 

geometry to recommend future strategies for Schottky barrier and pn-heterojunction device 

applications. (Identification of metals which show ideal ohmic as well as Schottky contacts on to 

CIAS semiconductor, which can be possible by detailed analysis of barrier properties). 

ii)  The identification and control of defects or dislocations as well as strains which influence the electrical 

and/or optical properties of the films. Efforts shall be made to improve the quality of deposited films 

by optimizing processes and conditions for deposition. 

iii)  Given that devices of CuIn1-xAlxSe2 are good candidates for space solar cells and other related 

optoelectronic applications. Attempts shall also be made to realize the Schottky barrier as well as 

heterojunction diodes by tailoring their bandgaps and analysing their temperature dependence response. 

iv)  The optimization of CIAS solar cells in terms of their absorption coefficient, fill–factor and efficiency 

will be undertaken to have better quality CIAS solar cells. 

 

12. WHETHER OBJECTIVES WERE ACHIEVED: YES  
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