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ABSTRACT 
 

 

 

MATERIAL AND DEVICE CHARACTERIZATION OF ZnInSe2 AND 

Cu0.5Ag0.5InSe2 THIN FILMS FOR PHOTOVOLTAIC APPLICATIONS 

 

 

 

Güllü, Hasan Hüseyin 

Ph.D., Department of Physics 

Supervisor: Prof. Dr. Mehmet Parlak 

Co-Supervisor: Prof. Dr. A. Çiğdem Erçelebi 

 

March 2016, 251 pages 

 

In this work, material and device characterization of n-type ZnInSe2 (ZIS) and p-type 

Cu0.5Ag0.5InSe2 (CAIS) polycrystalline thin films were investigated under the aim of 

possible photovoltaic applications. ZIS polycrystalline structure is a ternary 

chalcopyrite semiconductor belongs to the group of II-III-VI compounds with the 

interest of II-VI binary analog of ZnSe structure. Similar to its binary analogs, it has 

a high band gap value, however low resistivity values compared to ZnSe structure, so 

that it can be promising material as a window layer. On the other hand, CAIS 

polycrystalline thin film structure belongs to quaternary chalcopyrite semiconductor 

compounds and contains both of the elements in the CuInSe2 (CIS) and AgInSe2 

(AIS) ternary chalcopyrite structures. Therefore, it is expected to have a similar 

characteristics with them, such as direct band gap, and high absorption coefficients. 

This indicates that it can be suitable to use as an absorber layer in the photovoltaic 

applications. Under the aim of material characterization of these thin film layers, 

they were deposited on soda lime glass substrates with the evaporation of pure 

elemental sources by using physical thermal evaporation technique. During the 

deposition process, the substrate temperature was kept at about 200 °C. The thin 

films were characterized firstly in as-grown form, and then annealed under the 

nitrogen environment to deduce the effects of annealing on the structural, electrical 
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and optical properties of the deposited thin films. In addition to this, diode behaviors 

and basic diode parameters of these films were characterized. The heterostructure  

was produced by depositing the films on the Si-wafer having appropriate 

conductivity type. After completing all material and device characterization steps, as 

a final aim, ITO/n-ZIS/p-CAIS/In hetero-structure were fabricated as a solar cell 

application of the combination of these film structures. Detailed electrical 

characterization of this hetero-junction was performed by the help of temperature 

dependent current-voltage (I-V) and frequency dependent capacitance-voltage (C-V) 

measurements to investigate the device characteristics and to determine dominant 

conduction mechanism in this sandwich structure. Wavelength dependent I-V 

measurements were also performed to investigate the photo-transport properties. To 

determine photo-spectral working range of the junction, the spectral photo-response 

measurements were carried out in the spectral range of 300-1200 nm. This 

measurement was also performed in order to see the effects and contributions of the 

film layers on this device structure. Moreover, at room temperature, the photovoltaic 

characteristics of the deposited hetero-junction were investigated under different 

illumination intensities varying in between 20 to 115 mW/cm2.  
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ÖZ 

 

ZnInSe2 VE Cu0.5Ag0.5InSe2 İNCE FİLMLERİNİN FOTOVOLTAİK 

UYGULAMALAR İÇİN MALZEME VE AYGIT KARAKTERİZASYONU 

 

 

 

Güllü, Hasan Hüseyin 

Doktora, Fizik Bölümü 

Tez Yöneticisi: Prof. Dr. Mehmet Parlak 

Ortak Tez Yöneticisi: Prof. Dr. A. Çiğdem Erçelebi 

 

Mart 2016, 251 sayfa 

 

 

Bu çalışmada, fotovoltaik uygulamalarda kullanılmak amacıyla n-tipi ZnInSe2 (ZIS) 

ve p-tipi Cu0.5Ag0.5InSe2 (CAIS) polikristal ince film yapılarının malzeme ve aygıt 

karakterizasyonları yapılmıştır. ZIS polikristal yapısı, II-VI grubuna ait ZnSe ikili 

yapısına benzer II-III-VI bileşik grubuna ait bir üçlü kalkopirit yarıiletkendir. İkili 

yapıdaki örneklerine benzer olarak, yüksek bant aralığına, buna karşılık ZnSe 

yapısına göre düşük özdirenç değerine sahiptir, böylece umut verici bir pencere 

tabakasıdır. Diğer yandan, CAIS polikristal ince film yapısı dörtlü kalkopirit 

yarıiletken bileşikleri içerisindedir ve CuInSe2 (CIS) ve AgInSe2 (AIS) üçlü 

kalkopirit yapılarının tüm elementlerine sahiptir. Böylece, CAIS polikristal ince 

filmlerin, bu üçlü yapıların direk bant aralığı ve yüksek soğurma katsayısı özellikleri 

gibi benzer özelliklere sahip olduğu önerilmektedir. Bu, fotovoltaik uygulamalarda, 

soğurucu katman olarak kullanılması için uygun olabileceğini göstermektedir. Bu 

ince film katmanlarının malzeme karakterizasyonu amacı altında, fiziksel termal 

buharlaştırma tekniği kullanılarak, cam alttaşlar üzerine saf element kaynaklarının 

buharlaştırmasıyla üretilmiştir. Üretim işlemi sırasında, alttaş sıcaklığı yaklaşık 200 

°C’de tutulmuştur. İnce filmler ilk önce, ısıl işlem görmemişken karakterize 
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edilmiştir. Daha sonra, örneklerin bazılarına, yapısal, elektriksel ve optik özellikleri 

üzerindeki tavlama etkisini incelemek için, azot ortamında üretim sonrası ısıl işlem 

uygulanmıştır. Buna ek olarak, bu filmlerin diyot davranışları ve temel diyot 

parametreleri karakterize edilmiştir. Bu amaç altında, her heteroeklem, uygun 

iletkenlik tipine göre Si alttaş üzerine üretilmiştir. Tüm malzeme ve aygıt 

karakterizasyon basamaklarını tamamladıktan sonra, son olarak, ITO/n-ZIS/p-

CAIS/In heteroyapıları güneş gözesi uygulamaları olarak üretilmiştir. Bu 

heteroeklemlerin detaylı elektriksel karakterizasyonu, aygıt karakteristiklerini 

incelemek ve sandiviç yapıdaki baskın iletkenlik mekanizmasını belirlemek için 

sıcaklığa bağlı akım-voltaj (I-V) ve frekansa bağlı kapasitans-voltaj (C-V) ölçümleri 

yardımıyla yapılmıştır. Ayrıca, ışık altındaki tepkisini incelemek için dalga boyuna 

bağlı I-V ölçümleri yapılmıştır. Eklemin, ışık spektral çalışma menzilini belirlemek 

için, spektral ışık tepkime ölçümleri 300-1200 nm dalga boyu aralığında yapılmıştır. 

Bu ölçüm, ayrıca film katmanlarının aygıt yapısı üzerindeki etkilerini ve katkılarını 

görmek için yapılmıştır. Ayrıca, oda sıcaklığında üretilen heteroeklemlerin 

fotovoltaik karakteristikleri 20 ile 115 mW/cm2 aralığında değişen farklı aydınlatma 

şiddetlerinde incelenmiştir.        
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CHAPTER 1 

 

 INTRODUCTION 

 

 

Following the invention of the first solar cell with 1% efficiency of the junction 

formed by coating Au in a thin layer on Se [1], nowadays, the solar cell technology 

has been advanced the researches and applications on both wafer-based and thin film 

form of semiconducting materials.  Then, the first practical solar cell, fabricated by 

single crystalline Si junction, with a sunlight energy conversion efficiency of around 

6% was invented [2]. Moreover, single crystal cadmium sulfide (CdS) solar cell was 

produced with efficiency of 6% [3]. As a result of this demonstration of energy 

conversion by using direct sunlight illumination, investigations on solar cells are 

crucially developed in order to obtain higher efficiencies. In addition to bulk 

materials, from the early days of works on solar cells, thin films have great attraction 

on the investigations on competed alternative technology. Although the wafer-based 

mono-crystalline and multi-crystalline Si solar cells can convert 25.6 and 20.4% of 

the energy in sunlight into electricity, respectively [4, 5], the thin film applications 

are promising approach for high efficient solar cells. In addition to indirect band gap 

characteristic of Si structure and fragile behavior of bulk materials, wafer-based Si 

solar cells require high bulk material with typical thickness larger than 300 μm and 

high cost production method [6]. On the other hand, the choice of the usage of the 

thin film technology can offer less requirement of source material, and also simpler 

fabrication processes with respect to the traditional solar cell technologies.  

 

Although there are several advantages of Si thin film structures in the solar cell 

technology, due to its indirect band gap nature with lower energy than the value that 
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is most efficient in the visible region, Si cannot provide the leading position and 

become the ideal material for the application in this area [7]. Therefore, as an 

alternative material instead of Si usage, research are concentrated on thin film 

applications of appropriate materials on solar cells. Thus, II-VI compound and its 

variations as chalcopyrite based thin films and III-V compound materials are point of 

interest in the applications on the photovoltaic device. Polycrystalline thin film solar 

cells based on cupper indium diselenide (CuInSe2 or CIS) and its alloy cupper 

indium gallium diselenide (CuInGaSe2 or CIGS) and cadmium telluride (CdTe) are 

subject of interest to be the most suitable alternatives for large scale application of 

solar cells. In fact, within Si, thin film solar cells, CIGS and CdTe based researches 

have a transition from the laboratory to the market place [8]. The crystalline nature of 

these films provides use of severeal substrates and also low cost material deposition 

techniques.The other advantage is the possibility to tolerate the band gap by 

changing the constituent elements in the film structure leads to higher band gap [7].  

 

In fact, there are three most common thin-film technologies, a-Si, CdTe and CIGS 

applied in the solar cell area in both laboratory and module. At present, instead of Si-

based thin films, there are two leading candidates for polycrystalline thin film solar 

cells, CIGS based devices with 21.7% [9] and CdTe based devices with 21% 

efficiency [10] and in both cases CdS is the best window partner. In recent years, 

CIGS based thin film solar cell in laboratory and module scale has initiated this 

research area with 20.5% efficiency [5]. Since CIGS solar cells have the potential for 

good efficiencies and could be potentially cheap, they are seen as the major 

competitor to the Si bulk cell in recent years. On the other hand, with the movement 

toward new and better technologies and increasing demand for the cheap 

photovoltaic devices, these structures start to be out of interest. Because of 

containing rare In and Ga, these types of solar cells cannot fulfill the future demand 

of solar cells. Therefore, in the case of Zn and Sn usage attracts significant interest as 

an alternative material for these rare elements in the well-known chalcopyrite 

structures [11]. 
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In case of polycrystalline materials, the economic considerations are the most 

important. These viewpoint necessitates the use of inexpensive substrates for the 

large area depositions where high throughput is required. The compromise requires a 

balance between the cost and performance. The main research and manufacturing 

efforts were directed towards achieving new and alternative directions in thin film 

solar cells. Under the effect of the availability of Te, In and Ga elements has been 

dictated by demand, In could be replaced by II-IV combinations such as Zn and Sn to 

form a different quaternary alloy and also Se and S elements in group-VI can be used 

instead of Te, where they have similar chemical properties. 

 

ZnInSe2 (ZIS) structure is a ternary defect chalcopyrite semiconductor based on the 

combinations of II-III-VI group of elements [12-14]. The defect in this compound 

arises from the percentage vacancies of Zn elements in the structure [14] and it is the 

main factor on the physical characteristics of this film. In fact, it is the ternary analog 

of ZnSe which is an II-VI semiconductor material with the cubic zinc blende 

structure. Although ZnSe is a very promising compound for the thin film applications 

of solar cells [15-18], being a defect structure depending on difficulties to control the 

compositional stoichiometry and high resistivity problem limits their photovoltaic 

device performances. There are many research on optimizing this resistivity problem 

of the polycrystalline thin films with high band gap energies and the common 

approach is alloying them with the elements in group III [19, 20].  Among these, 

there are many research on ZIS thin films about their crystal and film characteristics; 

and also applications in solar cells and optoelectronic devices [12-14, 21-36]. These 

works demonstrated their applicability of buffer layer as a hetero-junction partner for 

p-type absorber layers materials. They have an n-type conductivity behavior [12] and 

can be used as a promising candidate for CdS structure with its environment-friendly 

characteristics.  

 

In the literature, the works reported on the ZIS structure are related both crystal and 

thin film applications [12-14, 21-36]. Generally, the ZIS ingot [12-14, 21-23] was 

prepared to analyze the properties of the ZIS in crystal form [13] and it was also used 

to deposit ZIS thin films [12, 14, 21-23]. In addition, vapor-phase chemical transport 
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was used to grow ZIS crystal [25, 26]; and the co-evaporation [27], evaporation of 

precursors and selenization [24], RF sputtering [30], spray deposition [28, 29] and 

electrodeposition [33] techniques were used to prepare thin film samples.  

 

In the thin film researches, some works on the crystal growth were reported as the 

preliminary for the thin film fabrication [12, 14, 21-23]. In these works, the obtained 

ingot was used as an evaporation source for the thermal evaporation process.    

ZnxIn1-xSe thin films were also prepared by co-evaporation of In2Se3 and ZnSe 

evaporation sources [27]. In addition, aqueous solutions of zinc sulphate (ZnSO4), 

indium trichloride (InCl3), and selenourea (CH4N2Se) were used in distilled water to 

prepare the solution for deposition of the ZIS thin films [28]. As a different 

technique, ZnIn2Se4 thin films were produced by electrodeposition method [33] and 

in this process, the ZnIn2Se4 solution was prepared by mixing zinc sulphate (ZnSO4), 

indium trichloride (InCl3) and selenium dioxide (SeO2) solutions. The ZIS samples 

were also deposited by the combination of sputtering and selenization methods [30].  

 

In the works on ZIS thin films, the results of structural, optical, electrical and device 

characterizations were presented dependent on the film thickness, substrate 

temperature, annealing processes, and also sample temperature. Studies on the 

crystalline structure of the films showed that when the thermal evaporation by using 

crystal powder takes place at the room temperature on the glass substrate, the as-

grown films are formed in the amorphous [12, 14, 22, 23]. On the other hand, by 

applying post-annealing process at 373 K for 1 hour, the amorphous behavior can 

transform to the polycrystalline nature with the main orientation at (112) direction 

[12]. Hendia et al. also indicated that the polycrystalline structure become more 

apparent with increasing the annealing temperature up to the 573 K, and the peaks 

observed in the XRD spectra are reported as to be in (112) and (002) directions. With 

similar crystal growth and film deposition methods, El-Nahass et al. [23] also 

presented the corresponding XRD spectra of the films. The data obtained in this 

work showed that the samples annealed at 523 K has a single diffraction peak in 

(112) direction at about 27° while samples annealed at 573 K and 623 K have 

secondary peaks in (220) direction at about 45° and in (103) direction at about 32°, 
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respectively. H.M. Zeyda et al. also obtained these peaks as a result of the annealing 

procedure [14]. However, in this case, the films annealed at 573 K and 623 K 

showed both (103) and (220) crystal orientations. From the sputtered films, the peaks 

were found at 27°, 44.9° and 53.2° that correspond to the tetragonal ZIS phase with 

crystalline orientation at (112), (204) and (302) directions [30].  K.W. Cheng also 

reported that although there is no change in the XRD pattern of the films, the 

diffraction peaks were slightly shifted to higher angles with increase in Zn/(Zn+In) 

ratio. Different to this reported values, R. Jeyakumar obtained only ZnSe phase in the 

(111) main direction from the precursor deposition and selenization process [24]. In 

this work, they showed that the increase in the substrate temperature from 25 to 125 

°C cause increase in In/Zn ratio in the precursors and selenized films. As a detailed 

structural analysis, XPS spectrum was investigated for the Zn(In)Se films and peak 

profiles of Se 3d, In 3d3/2, 3d5/2, Zn 2p1/2, Zn 2p3/2 were analyzed. According to this 

work, the positions of Zn, In and Se XPS lines were observed at 1021.6, 44.2 and 

53.5 eV, respectively.   

 

According to Hendia et al., the absorption coefficient of the films deposited at 300 K 

and also annealed in the temperature range of 373-523 for 1 hour are about between 

103 and 105 cm-1. On the other hand, absorption values were found to be in the range 

of 104 cm-1 for all samples in the form of ZnxIn1-xSe [27]. The optical band gap 

analysis in the reported studies [18] showed that the as-grown films where the 

substrate temperature is 300 K, has both direct and indirect optical transition 

behaviors with band gaps of 3.38 eV and 2.22 eV, respectively. These values are in 

decreasing behavior from 3.18 to 3.11 and from 2.03 to 1.92 with increasing 

temperate between 373 and 573 K, respectively. In addition, refractive index., 

extinction coefficient. and dielectric constants.were reported as in the similar 

behavior in annealing process. With similar ZIS films in as-grown form, Zeyada et 

al. [37] and El-Nahass et. al. [23] worked on the transmittance and reflectance 

spectra. The absorption analysis of the as-grown films also showed both direct and 

indirect transitions with band gaps 2.3 eV and 1.76 eV, respectively [22]. Similar to 

these analyses, the values for the reported studies [23] are 2.21 eV and 1.71 eV. The 

analysis of the annealing temperate also in similar behavior as reported in the 
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literature [12].  From the calculations on the optical spectra of the films, it was found 

the refractive index values can be explained in two models, multi oscillator at the 

peak of 659 nm and single oscillator models at the wavelength values are greater 

than 1000 nm [22, 23]. They also showed that the absorption coefficient decreases 

linearly with scanning wavelength from 0 to 693 nm; it reaches to 0 value at 700 nm. 

The dispersion in the n values was also analyzed in the work given in [22], and the 

oscillator energy, dispersion energy, dielectric constant at infinite frequency and 

lattice dielectric constant were reported as 2.49 eV, 14.36 eV, 6.84 and 8.17, 

respectively. The detailed analysis was given in [23], where these parameters are in a 

good agreement in this data set. However, with the effect of annealing temperature, 

the nonlinear susceptibility, static refractive index and nonlinear refractive index 

were determined for this structure [23]. For the analysis on variations of In and Zn 

ratios in the composition, the refractive index values were found in the range from 

2.45 to 3 with increasing In and decreasing Zn [27]. Moreover, these refractive index 

values were analyzed in terms of two-order Cauchy dispersion formula as a function 

of x content.  

 

In the optical analysis, there is no any common behavior on the type of the optical 

transitions and approximate values on their corresponding band gaps.  Although in 

most of the ZIS films deposited by thermal evaporation method shows both direct 

and indirect transitions [12, 21-23], S. Gariazzo et al. obtained only direct transition 

and also they found the optical gap values in between 1.85 and 2.65 eV as a function 

of x [27]. Similarly, R. Jeyakumar et al. [24] reported only the direct band gap in 

2.35 eV. From the work reported by K.W. Cheng, the direct energy band gaps of 

samples varied from 1.68 to 1.81 eV depending on the ratio of the metal alloys. 

These results also concluded as increase in the Zn/(Zn/In) molar ratio causes increase 

in the energy band gap of the ZIS samples. 

  

For the electrical analysis, the resistivity values of the ZIS films were reported in 

between 5x102 and 4x104 Ω.cm depending on the substrate temperature of the 

precursors and also on the selenization temperature [24]. According to this work, it 

was found that the resistivity increases with increasing In/Zn ratio in the 
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composition.  This behavior was also obtained from the ZnxIn1-xSe samples when 

their In content increases [27]. Different than this result, the DC electrical 

measurements in the work of H.M. Zeyada et al. [12] showed that there are two 

temperature regions corresponding to two different conduction mechanisms. At the 

temperatures higher than 365 K, they reported that the thermionic emission behavior 

is dominant with activation energy of 0.837 eV. On the other hand, at temperatures 

between 300 and 365 K, they showed that Mott average hopping mechanism is 

dominant in the conduction process with activation energy of 0.18 eV.  

 

For the device characteristics of the ZIS films, the dark current-voltage behavior of 

Au/n-ZIS/p-Si/Al diode was analyzed as a function of ambient temperature in the 

interval of 293-323 K. [12]. In this work, in forward bias case, at bias voltage lower 

than 0.2 V, thermionic emission of electrons over a barrier potential of 0.28 eV were 

observed and at bias voltage higher than 0.2 V, single trap space charge limited 

current was found to be dominant. At higher bias region, the trap concentration and 

trap energy level were reported as 3.12x1019 cm-3 and 0.24 eV, respectively. 

According to the photo-electrochemistry measurements on the ZIS thin films 

deposited on FTO coated glass substrates, the [30], the flat-band potentials in 0.6 M 

K2SO3 aqueous solution of samples were obtained between -0.41 and -0.95 V with an 

Ag/AgCl electrode. 

 

Furthermore, the ZIS thin films deposited by thermal evaporation method were 

analyzed under the effect of Ɣ-irradiation [21]. In this work, the optical constants, 

direct and indirect band gap values, and conductivity behavior of the as-grown 

samples were compared between the unirradiated and irradiated cases. The spectral 

behavior of the refractive index and extinction coefficient were reported in increasing 

behavior with incident photon energy similar to the other works. On the other hand, 

these curves revealed continuous variation depending on the change in wavelength. 

The band gap values of the unirradiated and irradiated samples are reported in this 

work as 3 and 3.2 eV for direct transition, and 1.75 and 1.9 eV for indirect transition, 

respectively. As a conduction mechanism in the ZIS structures at the temperature 
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interval higher than room temperature, the thermionic emission model was accepted 

in both thin films with activation energies of 0.89 and 0.95 eV, respectively.   

 

ZIS thin films were also deposited by chemical methods with an aqueous solution 

[28, 29, 33]. As a result of the spray-deposited films with a substrate temperature of 

325°, the XRD pattern of the as-grown films showed the similar crystalline 

formation as observed in the films deposited by physical deposition techniques [38, 

29]. According to these works, the main orientation is at about 27° at (112) direction. 

However, the deposited films were reported as to be in nano-crystalline nature with 

rhombohedral crystal structure and lattice constant a=4.05 Å. Although the films 

electrodeposited on stainless steel substrate has also the same crystalline phase with a 

diffraction angle similar to the one reported in other works, the main orientation 

direction is at about 45° in (301) direction [33]. Moreover, the other minor 

diffraction peaks were reported as to be at about 44, 55 and 61° in (220), (116) and 

(400) crystalline orientation. This film is found in a good agreement with the 

tetragonal crystal structure and lattice parameters of a=5.409 Å and a=11.449 Å. 

From the compositional and surface analysis of the spray-deposited films, 

compositional ratio of 1:2.3:3.5 and a compact morphology with large number of 

single crystals were observed. An observation of SEM micrographs of the 

electrodeposited films showed that on the surface, there are grains formations 

compact with tetragonal (rod like) shape. The optical studies of these solution based 

depositions, the nature of the optical transition was determined on the basis of 

indirect band gap electronic transition in spray-deposited films, while it was reported 

as direct transition for electrodeposited films. These band gap values are 1.41 and 2.4 

eV, respectively. In these works, the electrical properties of the spray-deposited 

samples were investigated under the effect of sample temperature from 300 to 420 K. 

The dark resistivity values were obtained in the order of 104-105 Ω.cm, and the 

conduction mechanism were examined at low (< 395 K) and high (> 395 K) 

temperature regions. The intrinsic mechanism was used to explain the conduction in 

high temperature region, and hopping conduction mechanism was used for the 

conduction process in low temperature region. The corresponding activation energies 

were approximated as 0.38 and 0.54 eV, respectively. Moreover, for these films, the 



9 

 

Seebeck coefficient was calculated as to be 0.0016 mV/K. The device applications 

were reported from both of these films deposited by using chemical deposition 

techniques. Measurements of the photo-electrochemical cells prepared on the FTO 

substrates in the literature [29] showed that the dark junction ideality factor and 

junction ideality factor under illumination were 5.6 and 1.9, respectively.  In addition 

for these types of films, the fill factor and power efficiency conversion were found to 

be about 0.435% and 1.47%, respectively. In addition, the photosensitivity of these 

cells were analyzed photo-electrochemical response under chopped light conditions 

were reported for the electrodeposited films [33]. 

 

On the other hand, polycrystalline thin film photovoltaic devices used CIS and AIS 

ternary compounds are members of I-III-VI2 chalcopyrite semiconductors and they 

are point of interest in solar cell applications [39]. These materials are also popularly 

used in non-linear optical devices due to their stable natures and high absorption 

characteristics [40]. Group of these ternary compounds is constructed in an analogy 

of the II-VI binary (zinc-blende) compounds. By replacing two cation atoms to the 

place of one in this binary lattice structure, alternate series of bonds can be 

constructed which causes variations in their structural, electronic and optical 

behaviors. These chalcopyrite semiconductors shows direct band gap nature and 

efficient absorption coefficients and therefore, they become commonly used thin film 

materials in the photovoltaic applications [41].   

 

Studies on the quaternary compound, CuxAg1-xInSe2 and similarly Cu1-xAgxInSe2 are 

mainly concentrated on obtaining an effective absorber layer of heterojunction in 

solar cell applications due to a large degree of variation in ratios of the constituent 

elements, and so that optimizing of the material properties. As a result, this 

compound which is a quaternary analog of both CIS and AIS, can offer a possibility 

to optimize the material characteristics, mostly to reach desired optical band gap, 

absorption coefficient and lattice parameters, for the photovoltaic device 

requirements. With changing Cu atoms with Ag, it is expected to increase the optical 

band gap in the interval of 1.05 eV [42] and 1.24 eV [43].  
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In the literature, although there are some researches on the Cu-Ag-In-Se (CAIS) 

structure related to the analysis of both crystal and thin film forms [42-57], they are 

not covered the all characterizations for this structure. For the fabrication of CAIS 

crystal, the widely reported technique is Bridgman-Stockbarger crystal growth 

method [42-44, 48-51, 55, 57] and these crystals were characterized in terms of 

structural, optical and electrical  properties [45, 48, 55, 57]. In addition to these 

studies, most of the works on the thin film applications are concentrated on the films 

deposited by using these crystal sources [42-44, 49, 51]. For deposition of the films, 

there are also specific methods categorized as thermal evaporation [50], pulsed laser 

deposition [44, 51], flash evaporation [42, 43, 49], and sputtering [52-54, 56]. These 

works on CAIS thin films are related to structural [43, 49], optical [43, 44, 46, 49, 

52-54, 56], electrical [41, 45] and device [47, 50] properties. However, the works on 

these characteristics were not completely reported, and the research are mainly 

concentrated on limited on change in crystallinity of the thin films with surface 

temperature, determining basic optical parameters, analyzing Schottky behavior with 

Al contact, cathodoluminescence and photoluminescence. 

 

With these works on CAIS thin films, there are a few alternative deposition methods 

presented for the fabrication of this films. Gremenok et al. [51] reported the growth 

and characterization of CuxAg1-xInSe2 (x=0.0, 0.3, 0.5, 0.7 and 1.0) thin films 

prepared on the glass substrates by pulsed laser deposition. The films were deposited 

at the substrate temperature range 450-480 °C with deposition rate of 20-40 μm/s 

under the pressure of about 10-5 Torr. I.V. Bodnar et al. [44] also reported the 

analysis of the CAIS films deposited by the same technique. Although the most of 

the deposition parameters were also similar in these two works, I.V. Bodnar et al. 

preferred the substrate temperature as 750-780 K. Among these chalcopyrite 

semiconductor compounds, most of the works on Cu0.5Ag0.5InSe2 were reported by 

G.V. Rao et al. [42, 43, 49, 50]. They deposited this film structure by using flash 

evaporation technique and worked on the film samples deposited at the substrate 

temperatures between 363 and 803 K at a system pressure of 2x10-6 Torr. The 

evaporation rate in the flash evaporation was about 1 nm/s with a final film thickness 

was between 100 and 4000 nm [42, 43, 49]. In order to fabricate Al/p-CAIS Schottky 
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barrier diode, the CAIS films were deposited on Au-coated glass substrate at 693 K 

[50]. The study of A.A. Lavrentyev et al. [46] is related to the comparison of the 

structural and optical properties of the ternary AIS and CIS, and quaternary 

CuxAg1−xInSe2 compounds. The films were also fabricated by a hybrid process where 

Cu, Ag, and In were sputtered and elemental Se was evaporated thermally to reach 

the final film composition [52, 53]. The elements were evaporated with compositions 

of x=0.0, 0.6, and 1.0, at a constant rate onto soda lime glass substrates at 550 ºC. 

The same deposition parameters were also used in the related studies [54, 56] to 

prepare the CAIS films with the Cu/(Ag+Cu) ratios of 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. 

In these works, Si (100) wafer was used as a substrate which was kept at  550 °C 

during the deposition.  

 

According to the study of Gremenok et al. [51] the films deposited by pulsed laser 

method were in 500-1000 nm thickness range and XRD spectra of them shows a 

single phase at (112) crystalline direction. The lattice parameters, positional 

parameters and interatomic distances of the CAIS films were presented depending on 

the compositional variations. The data obtained in the study of I.V. Bodnar et al. [44] 

gave similar results with the study of Gremenok et al. [51] in terms of parameters of 

the unit cell, tetragonal distortion, positional parameter and the lengths of the atomic 

bonds. Structural studies of the Cu0.5Ag0.5InSe2 thin film samples were concentrated 

on the effect of the substrate temperature, and so that, the atomic rations in the 

composition, grain formations, and also crystalline behaviors were investigated [42, 

43, 49]. As a result, the chemical composition, structure and surface morphology of 

these films were reported in terms of the variations on the substrate temperature. In 

addition, from these work, they reported that the CAIS thin films deposited by flash 

evaporation method were in In and Se rich, and Ag and Cu deficient composition 

when the substrate temperature was kept below 683 K. On the other hand, they also 

showed that if these films were fabricated at about 683-703 K, they became near 

stoichiometric structure. These works also presented the effect of the substrate 

temperature on the crystalline structure as, if it was below 573 K, the films were in 

amorphous nature; if it was at between 573-673 K, the films were in polycrystalline 

nature without stoichiometric composition; if it was at 623 K, secondary phase in the 
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form of InSe was appeared; if it was at 693 K, the films were in polycrystalline with 

strong preferred orientation along (112) direction; if it was at between 683-703 K, 

the films was in single phase, and nearly stoichiometric; if it was at 723 K, the 

additional phases of Cu2Se and Ag2Se were observed in the diffraction spectra. As a 

general result from these works, Cu0.5Ag0.5InSe2 films deposited at a substrate 

temperature of 693 K were single phase, polycrystalline with a strong (112) preferred 

orientation and the mean grain size of single phase films were around 500 nm. 

Moreover, the lattice parameters are a=0.5937 nm, c=1.1633 nm, with (c/a)=1.959. 

From the theoretical and experimental consideration, XPS spectra of the CAIS films 

were analyzed and the results were explained by the splitting in the energy bands 

[46]. 

 

The optical characteristics of the CuxAg1-xInSe2 thin films where x=0.0, 0.3, 0.5, 0.7 

and 1.0 were investigated with transmittance and reflectance measurements [44, 51]. 

The absorption coefficients of these films were found to be about 104 cm-1 above the 

fundamental absorption edge. From the optical spectra of these films, refractive 

index and band structure analysis were done as a function of x content. In addition, in 

these two works, three direct band optical transitions and corresponding crystal field 

and spin orbit splitting parameters were reported. The curves of energy band gaps 

versus the composition variations depending on x content showed that there is a 

nonlinear dependence between the direct band gap values and x content as, 

Eg,1=0.99+0.10x+0.16x2, Eg,2=1.04+0.12x+0.16x2 and Eg,3=1.22+0.16x+0.20x2. From 

the optical transmittance data obtained from the films deposited by G.V. Rao et al. 

[64], the band gap values, spin orbit and crystal field splitting parameters were 

determined and the absorption characteristics on transitions from the valence band 

edge to the conduction band were studied. The analysis of absorption spectra of 

Cu0.5Ag0.5InSe2 films for several thickness values in 500, 1000 and 1500 nm 

indicated that band gap energies can be changed in 1.14, 1.19, 1.45 eV under the 

effect of valence band splitting [43]. Besides, the fundamental optical band gaps of 

the films were 1.12, 1.14 and 1.15 eV corresponding to the films deposited at 

substrate temperatures of 623, 693 and 723 K, respectively [49]. Additionally, the 

non-linear dependence of the band gap energy were investigated by both theoretical 
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calculations and different experiments for solid solutions as a function of x [46]. 

Similar to the other works, the nonlinear variation in band gap values depending on 

the x content was explained by three term polynomial relation.  The other optical 

researches on this structure are in about cryogenic cathodoluminescence and 

photoluminescence analysis of these films. Aquino et. al [52, 53] presented their 

works as a conference paper in CuxAg1−xInSe2 thin films about the emission 

spectrum of grains and grain boundaries in CAIS with cathodoluminescence and 

identification of defect levels with photoluminescence analysis. As a result of these 

studies, as the Cu content in the films increases, specific defect states also increases 

(with more local chemical variation) and the relatively uniform luminescence from 

the CAIS films shows that this material may produce more uniform device 

performances, because minimized fluctuations in film composition and surface 

recombination. In the study of T. Begou et al. [54], the dielectric constant and band 

gap values of the films deposited in the same conditions with the study in [52, 53] 

were analyzed by using real time spectroscopic ellipsometry. The band gap values of 

CAIS films as a function of Cu/(Cu+Ag) content (0.0, 0.2, 0.4, 0.6, 0.8, 1.0) were 

found as 1.15, 1.05, 0.98, 0.91, 0.90 and 0.90 eV, respectively. The similar results 

also found in the study of S.A. Little et al. [56] by in situ and ex situ characterization 

methods.  

 

The outcome of the works on the Cu0.5Ag0.5InSe2 films is also about their electrical 

characteristics. The temperature dependence of the electrical conductivity of the 

CAIS samples were analyzed in the work [42] and it showed that there was an 

intrinsic conduction above 455 K with an activation energy of 0.55 eV and impurity 

conduction below 433 K with an activation energy of 0.15 eV. These films were 

reported as in p-type by the Hall effect measurements, and their electrical resistivity 

values were calculated in the interval of 30-300 (Ω.cm), and the thermos-electric 

power in 10-50 (cm2/(V.s)) [42].   

 

In addition, the device characteristics of this quaternary chalcopyrite alloy were 

discussed in some works [50]. In the study of G.V. Rao et al. [50], the current vs. 

voltage (I-V), capacitance vs. voltage (C-V) and photo-response measurements were 
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carried out to determine the Schottky diode behavior of Al/p-Cu0.5Ag0.5InSe2/Au 

junction at 303 K. From these measurements, basic Schottky diode parameters such 

as barrier height, work function and electron affinity, of CAIS were calculated as 

about 0.55, 4.72 and 3.75 eV, respectively. The effective carrier concentration and 

the built-in potential values were also determined by C-V measurements and found 

as 4.5x1015 cm-3 and 0.38 V, respectively.  

 

Different from these work, D.G. Kilday et al. [58] reported common-anion rule and 

its limits for CuxAg1-xInSe2-Ge interfaces where x equals to 0.0, 0.25, 0.50, 0.75, 

0.90 and 1.0. Therefore, this work was concentrated on the photoemission studies of 

the interfaces obtained by depositing Ge on CAIS layer. Then, the discontinuity on 

valence band of the structure was analyzed. From the data from this work, the 

discontinuity of valence band in this material was found at about 0.60 eV. 
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CHAPTER 2 

 

 THEORETICAL CONSIDERATIONS 

 

 

2.1 Introduction 

 

In this chapter, the basic concepts about the thin film deposition techniques, material 

properties and device analysis are presented. Although the thermal evaporation 

technique was used to deposit the film layers, the general information about thin 

films and introduction to most common deposition methods are described. Then, 

material properties of these two type semiconductors are introduced. Finally, basic 

information on the structural, optical and electrical properties of the semiconductor 

materials and diode characteristics of heterojunctions are discussed in detail.  

 

2.2 Thin Film Deposition  

 

As a simple case, a thin film material is an atom/molecule/ion/cluster species on a 

substrate created by condensation process of atom/molecule/ion/cluster species [59]. 

In general, thin film is mentioned as a simply layer of material, and the term thin is 

generally used to describe a layer of thickness less than 1 μm [60]. However, thin 

materials can also be created by a liquid solution process, and these types of films are 

usually named as thick film [59]. Therefore, the deposition process and consequential 

effects on the film properties of the films are crucial than its thickness. In fact, thin 

film is the technique to minimize the material use without loss the properties of the 

grown material, and also to tailor its characteristics. 
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Depending on the condensation process, thin film deposition can be carried out with 

the order of creation of atomic/molecular/ionic species, transport of these species 

through a medium, and condensation of these species on a substrate [59]. In addition 

to this, the deposition techniques can be classified as physical vapor deposition 

(PVD); chemical vapor deposition (CVD); solution based growth as 

electrodeposition and chemical bath deposition (CBD) [59].  

 

The PVD is the method of a thin film deposition based on vapor production and 

condensation using physical methods on a given substrate material. In PVD 

technique, the deposition of the films can take place by stacked layer deposition 

technique in which the elements or compounds are deposited on the substrate layer-

by-layer and by co-evaporation techniques, in which all evaporation sources were 

condensed on the substrate simultaneously. The physical correspondence of 

production of a vapor is based simply on a heating of a source material by the help of 

a filament or crucible. Moreover, there are a lot of special versions of evaporation 

sources due to the specific requirements include effusion cell and the electron-beam 

evaporator. The other widespread PVD techniques are sputtering, laser-induced 

deposition and flash evaporation. Among them, high vacuum condition in the order 

of 10-6 Torr is the common requirement in the deposition process [61].  

 

However, CVD is based on the chemical reactions that transform gas molecules via 

precursor gas or gases into a heated solid material on the substrate surface. PVD 

occur by the physical transfer of the vapor of the heated evaporation source or 

sputtered atom of the bombarded target by energetic particles to the substrate, 

whereas CVD principally based on the transportation of volatile precursors in gas 

phase and gas-solid chemical reactions on a heated substrate to produce thin films. 

Because of thermodynamic and kinetic limitations, and also constraints depending on 

flow of gaseous reactants and sources, CVD processes are generally more complex 

than those involving PVD [62]. 

 

As another deposition technique, spray pyrolysis relies on a thermally simulated 

chemical reaction between clusters of liquid/vapor atoms of different chemical 
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species. In this technique, a solution involving soluble salts of the constituent atoms 

in the required thin film composition is deposited onto a heated substrate via 

spraying process [63]. In fact, the preparation of this solution is a combination of 

ions of different chemical species. The other solution phase method is CBD 

technique in which compound semiconductors are prepared from aqueous solutions 

by electrodeposition process [64-68]. CBD has a two-step formation of a solid phase 

from a solution as nucleation and particle growth. In the CBD procedure, the 

substrate is dipped in a solution that involves the desired elemental composition and 

then the electric current through electrolytes provides the deposition of substance in 

the case of electrolysis [59, 69].  

 

In vapor deposition, the key point to understand the process carrying out under the 

effect of behavior of gases and vapors is the kinetic theory of gases. Kinetic picture 

of a gas is based on several assumptions, due to the concentration of the gas 

molecules in a given volume, separation between the adjacent molecules, their 

motions and interactions between each other [70]. This microscopic theory is related 

to the properties of gases from the characteristics of the individual particles as atoms 

or molecules. In fact, it is based on the calculation of the conductance of gas flow 

structures and modeling of vacuum system pumping dynamics, and as a result 

prediction of product of PVD sources. The starting point of the kinetic theory of 

gases is the energy of particles that can be obtained by the Boltzmann’s distribution 

law and so that it can be evaluated as an entirely translational kinetic energy. Using 

this energy estimation, the most probable speed, the average speed and the root mean 

square (rms) speed of the particles can be obtained with the probability distribution 

of function of the particle speed. In the case of PVD, among these characteristics, the 

most crucial concept in the kinetic theory is impingement rate of these particles. This 

rate is defined as the number of collisions per unit area per second that a gas 

molecules/particles makes with any surface in the deposition system that it can be a 

chamber wall or a substrate [61]. In addition, its directional distribution is dependent 

on the cosine law of impingement and this rate can be found by the velocity of the 

evaporated particles. The directional motion of these particles is also the important 

effect on deposition rate and thickness uniformity. In addition to the impingement 
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rate, this theory assists to estimate the parameters that frequently affect the 

deposition kinetics and purity of a thin film, such as mean free path, heat capacity, 

diffusivity, viscosity and thermal conductivity. Among them, the mean free path of 

the particle is defined as the distance traveling by this particle before making any 

collision, so that this parameter is related to the probability of collision. Therefore, it 

is inversely proportional to the number of particles in the system, density. Moreover, 

since the main aim of PVD is to produce a vapor that can condense on a given 

substrate, this accumulation process is expressed as adsorption and condensation of 

the particle. Under evaluation of these parameters, the most important external effect 

on PVD is high vacuum condition in order to attain a desired level of purity of the 

film. In order to limit possible level of contamination, in addition to the deposition 

system cleaning, it is dependent on vapor pressure, substrate temperature, substrate 

surface cleaning and deposition rate. 

 

In PVD methods, the fundamental process is thermal evaporation or namely vacuum 

evaporation. This step is generally used in direct deposition of the films from 

evaporation sources. It is also the most cost-effective deposition technique in the case 

of limited thin film compounds. In addition to the thin film layer fabrication for a 

special application, this method is the more preferred method in order to deposit 

ohmic or Schottky contact layer with metal and metal alloys [71]. This deposition 

process is basically heating and then evaporating the evaporation sources with 

applying high current to thermal boat. Then, under high vacuum condition, the vapor 

produced from the source material accumulates on the substrate surface to produce 

the thin film. On the other hand, heating the evaporation sources may cause some 

contamination effect from crucibles, heaters, system equipment [62]. 

 

The other commonly used PVD technique is the electron-beam (e-beam) technique. 

Different from the thermal evaporation method, in this technique, the source material 

in the crucible is heated by bombarding with high energetic electrons generated by 

heating of filament of electron gun. After emitting electrons from the filament, they 

are focused and directed to the source material to be heated by magnetic deflection. 

Then, by acceleration of electrons with various energies depending on the material 



19 

 

properties, the locally evaporated material produces the thin film on the substrate 

surface. Apart from the thermal evaporation process, since the source material is 

heated locally by the focused e-beam, the contamination problem is discarded and 

highly pure thin films can be obtained. In addition, using energetic e-beams, this 

technique offers to deposit the materials with high melting point, and by the help of 

focusing process, it also allows a good control over the growth rate and better 

uniformity in thickness of the deposited films [72]. 

 

In sputtering technique, surface of the target material is ejected by bombarding with 

high energetic atoms or ions [73]. In this case, the atoms were broken off from the 

material surface as a result of a momentum transfer from the bombarding particles. 

Basic sputtering system includes a vacuum chamber, a target (cathode) and substrate 

holder (anode) [72]. Sputtering in its many forms has become perhaps the physical 

vapor deposition process of most widespread use.  The most common sputtering 

techniques are direct current (DC) and radio frequency (RF) sputtering. The DC 

sputter deposition method is mostly preferred for the deposition of conductors. It is a 

parallel-plate discharge system with a simply high-voltage DC power supply. The 

plasma is created and sustained by the DC source and argon is the most common 

sputtering gas, at a pressure on the order 1 Torr [59]. In this system, the sputtering 

target is the cathode of discharge and the anode is the substrate. Non-magnetron DC 

discharges are not commonly used for film deposition. On the other hand, by using 

RF sputtering technique, an electrically insulating target can be sputtered for the film 

deposition. It offers advantages over DC; for instance, lower voltages and lower 

sputtering gas pressures may be used, with higher deposition rates obtained. It is a 

capacitive, parallel-plate discharge system with a high voltage RF power supply. In 

RF sputtering, there are typically a small area cathode (the target) and a large area 

anode, in series with a blocking capacitor. The capacitor is actually part of an 

impedance-matching network that improves the power transfer from the RF source to 

the plasma discharge. Magnetron RF discharges are used much more widely than 

non-magnetron arrangements. 
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Pulsed laser deposition (PLD) [74] is a flash evaporation method. A condensable 

vapor is produced when a powerful laser beam strikes a target, is absorbed, and 

vaporizes a thin surface region. The laser pulse strikes the target, a fraction of the 

energy is reflected and the rest is absorbed. The target can take many forms, such as 

a powder, a single crystal, sintered pellets, or even a liquid. The atoms deposited on 

the surface per laser photon are sensitive to the surface morphology of the target. 

During the pulse, there is heat conduction downward from the surface into the target, 

to a depth of thermal diffusion length. Then, in the heated volume at the surface of 

the target, the solid material is raised to the melting point and then melts. If there is 

any energy remaining, evaporation will commence as a fraction of the atoms within 

the heated volume receive the heat of evaporation. 

 

2.3 Material Properties 

 

2.3.1 II-VI Compound Semiconductors 

 

With the developments in the research area of thin films, II-VI compound 

semiconductors have usually attracted considerable interest in the technological and 

scientific works because of their large range of electronic energy band gaps [75]. 

Almost all II-VI compound semiconductors crystallize either in the zincblende or 

wurtzite structures [76]. In general, every single atom of each element is bonded to 

four atoms of the other atom tetrahedrally in this type of structures and this 

tetrahedral arrangement occurs in a cubic array for zinc-blende and in a hexagonal 

array for wurtzite structures [75]. These device properties of these materials are 

commonly research interests in the application of solar cells and detectors [75].  

 

In photovoltaic applications, the Zn and Cd chalcogenides alloyed with Se, S, and Te 

can offer a wide range of optical and electrical properties. These compounds can be 

used in different layer formations with tunable characteristics of various properties, 

especially their energy band gap. The II-VI compounds are typically in n-type 

characteristic in as-grown form, except ZnTe, which is naturally in p-type behavior. 

The most of II-VI compound semiconductors have direct energy band gaps. They can 
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be emitted and/or absorbed electromagnetic radiation efficiently. Therefore, these 

semiconductors are widely preferred with their optical properties. In addition to the 

binary II-VI compounds, materials such as ternary and quaternary alloys with tunable 

properties are also drawn great interest [75]. 

 

CdS and ZnSe are the most popular n-type layer in solar cell applications. However, 

toxic risks of CdS causes environmental concerns in the large scale solar cell 

applications due to usage of Cd [24]. In fact, Cd metal is classified as a 

toxic/carcinogen [77]. Therefore, as a Cd free alternative of CdS layer, ZnSe can be 

used. It is a compound semiconductor of II-VI type that has a cubic zincblende 

(sphalerite) cubic structure and a member of space F4̅3m and point Td groups with a 

lattice constant of 5.6692 Å and crystal density of 5.2621 g/cm3 at room temperature 

[78]. As an optical properties obtained at room temperature, it has a direct band gap 

of about 2.8 eV [79], static and high frequency dielectric constants of 8.1±0.3 and 

8.75±0.1, respectively [80], refractive index between 2.436 and 2.86 in the energy 

interval of 0.5 and 2.65 eV [81]. In addition, electron affinity of this structure is 4.09 

eV [38] and its conductivity behavior is n-type with carrier concentration of 1016–

1017 cm-3 [82, 83]. However, due to the nature of the defects in the structure and high 

resistivity problem, there are several works about alloying this binary structure with 

elements in group III to obtain optimize material for photovoltaic device 

applications. Among these, ZIS ternary semiconductors have been researched in 

various fields [34, 84-86]. In literature, ZIS structure is defined as a ternary defect 

chalcopyrite semiconductor compound in II-III-VI group [14]. There are many 

research on ZIS thin films about their crystal and film characteristics; and also 

applications in solar cells and optoelectronic devices [12-14, 21, 24, 28-31, 34, 87]. 

These works demonstrated their applicability of buffer layer as a hetero-junction 

partner for p-type absorber layers materials. They have an n-type conductivity 

behavior [34] and can be used as a promising candidate for CdS structure with its 

environment-friendly characteristics. 
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2.3.2 I-III-VI Chalcopyrite Compound Semiconductors 

 

The materials in chalcopyrite structure have been the subject of interest with their 

invention in 1917 [88]. This structure can be derived from the cubic zinc blende 

structure of II-VI materials by ordering the atoms belongs to non-symmetric space 

group and as a result, the c-axis is nearly doubled and the unit cell is tetragonal [89, 

90]. The obtained chalcopyrite structure is also at the space group D2d
12-I4̅2d [91]. 

As an example (Fig. 2.1), the chalcopyrite CIS structure can be obtained from the 

well-known disordered blende structure of ZnSe by involving the Zn sites 

alternatively with Cu and In atoms [92]. In this case, the principle cell of the 

structure is formed with bonding in I (Cu) and III (In) atom with four VI atoms (Se). 

In other words, there are two bonds to Cu and two to In with each Se atom. Instead 

of the basic ternary chalcopyrite structure, CuFeS2 having a tetragonal structure with 

nearly equal to 2 for c/a ratio where c=525 nm and a=1032 nm [93], because of the 

difference in the strengths of the I-VI and III-VI bonds, the ratio of the lattice 

constant, c/a, is not exactly equals to 2. Thus, the quantity 2-c/a (which is -0.01 in 

CIS) is a measure of tetragonal distortion in chalcopyrite materials [94]. This 

deviation cause variation in degree of hybridization between anion and cation 

orbitals and therefore affects the characteristics of the compounds, such as the band 

gap properties [72].  In addition, the bonding type is primarily covalent with sp3 

hybrid bonds [95].  

 

 

Figure 2.1: Unit cells of the binary (a) and ternary (b) chalcopyrite compounds [96] 
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I-III-VI2 compound semiconductors, CIS and AIS, are of interest in various device 

applications. These ternary compounds have a tetragonal structure and a member of 

space I4̅2d [94] and point D2d
12 [97, 98] groups. The lattice constants were reported 

as a=5.814 Å and c=11.63 Å for CIS [99] and a=6.714 Å and c=10.430 Å for AIS 

[100]. The crystal densities of them are 5.77 [94] and 5.71 g/cm3 [100]. As an optical 

properties, the absorption coefficient of these structures is about 104
 cm-1 at photon 

energies greater than 1.4 eV [95], they have a direct band gap of about 1.04 and 1.24 

eV [95], respectively. Instead of a single fundamental band gap, both of these ternary 

compounds show a band splitting occurring closely spaced valence bands as a result 

of p-d hybridization [94, 100, 101]. The spin orbit splitting energy calculated for CIS 

is 0.04 and for AIS it was reported as 0.12 eV [94]. In addition, the crystal-field 

splitting energies are 0.17 and 0.30 eV, respectively [94]. Static and high frequency 

dielectric constants and also refractive indices of them are 9.3 [102], 7.09 [103] and 

3.0 [104] for CIS; 12.75 [100], 7.7 [103] and 2.0 [105] for AIS, respectively. In 

addition, electron affinity of CIS and AIS structures are 4.3 [106] and 4.15 eV 

[107].The CIS and AIS materials in p-type conductivity behavior have carrier 

concentrations of 1017 cm-3 [94]. 

 

In the I-III-VI2 based photovoltaic devices, the larger band gaps can be obtained by 

Ag and Ga additions in the structure. Therefore, Ag contribution to CIS structure can 

increase the band gap value to be closer to the ideal value for photovoltaic 

applications and so that this new structure formation can increase the open circuit 

voltage which should lead to higher efficiencies. In fact, in thin film research area, 

the maximum solar cell efficiency was observed by group III isoelectronic 

substitution of In by Ga with producing the Cu(In,Ga)Se2 quaternary alloy system. 

On the other hand, existing Cu atoms in the structure can cause shorting effect due to 

due to its high diffusivity characteristic [108], and it can be eliminated by Ag 

substitution with Cu atoms in the structure [56]. 
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2.4 Structural Properties of Semiconductors 

  

2.4.1 X-ray Diffraction  

 

X-ray diffraction (XRD) method is one of the most essential tools used in the 

investigation of the structural properties of materials. In fact, this characterization 

technique is based on the phenomena that each solid material in the crystalline 

structure shows a unique characteristic X-ray pattern and this behavior can be used as 

a distinguishing property to define the structure of  the material. Their penetrating 

ability and also interaction with materials as being absorbed, emitted, reflected or 

transmitted are widely used for the identification of the structure of the materials. In 

a view of the whole spectra, these electromagnetic radiations are defined in a 

wavelength region between gamma and ultraviolet rays in the electromagnetic 

spectrum. In addition, the corresponding energy of them is about 100 eV to 10 MeV. 

In the application of the XRD method, X-ray spectra is commonly chosen as being 

close to order of magnitude of the shortest interatomic distances in solid materials. 

Therefore, these regions are confined with the wavelengths range about 0.5 and 2.5 

Å [109]. 

 

In the XRD systems, in order to produce X-rays, and X-ray tube having an electron 

source and also two metal electrodes, that are anode and cathode, is used. In this 

system, electrons radiated from the source are accelerated to give a sufficient kinetic 

energy by maintaining high voltage difference across the electrodes. Then, these 

electrons strike to the anode target and as a result of this collision between the 

electrons with high kinetic energy and the target, X-rays are produced at the point of 

collision and they can radiate in all directions after the collision. As a matter of fact, 

the X-ray radiation cannot be obtained in a single wavelength and a specific 

direction. It includes a mixture of various wavelengths with different intensities. The 

X-ray spectra obtained from the X-ray tube is illustrated in Fig. 2.2. and the curve 

observed in this radiation depends on the tube voltage and the characteristics of the 

anode target. Although, there are some characteristic peaks created in the spectra, in 
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general, only the K lines in which mostly strong sharp 𝐾𝛼 lines are used in the XRD 

system since it provides approximately monochromatic radiation.  

 

 

 

Figure 2.2: Schematic representation of X-ray spectrum [110] 

 

After obtaining a monochromatic X-ray radiation, it directs to the sample surface and 

then the resultant reflected X-ray beams are evaluated in the XRD analysis. When 

the X-ray beams come incident on sample, it hits the atom and then this causes an 

oscillation in the electrons the electrons around the atom with the same frequency as 

the incoming beam. Although the interaction between the X-ray and the material can 

be resulted in destructive and constructive types of interferences, the constructive 

interference of the incident beam on a crystalline substance in specific orientations 

can generate characteristics X-ray diffraction patterns. It is related to the structure of 

the material if it is in crystal structure, the atoms are arranged in a regular pattern in 

the material that allows the beams in a constructive interference. Furthermore, the 

order of the periodic arrangement in the structure observed as an intensity of the 

leaving the sample in the same direction that reinforce mutually each other [134]. 

When X-rays interact with a solid material, the obtained XRD pattern is analyzed as 

a fingerprint about its crystalline properties. Under the information or predictions on 

composition of the material, XRD can be used an effective technique to determine its 

crystalline structure, interatomic distance and angle.  
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In this method the inter-planar spacing, d, of a crystal is used for the analysis 

procedures with the case of knowing the wavelength of the incident X-ray, λ, with its 

incident angle, θ, at which constructive interference occurs. The general relationship 

between these parameters is known as Bragg's Law, expressed as: 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝛩 (2.1) 

 

where an integer n is the order of reflection. 

 

2.4.2 X-Ray Photoelectron Spectroscopy 

 

The other area of X-ray use is X-ray photoelectron spectroscopy (XPS), named also 

as electron spectroscopy for chemical analysis (ESCA) which is preferred to estimate 

the chemical state of the compounds located in the surface or near surface of the 

material. Different than the XRD technique, it is based on the X-ray interaction with 

the sample surface for the excitation of the material and energy analyzing of emitted 

photoelectrons [111].  

 

Mainly, when the X-ray with energy of hν is incident on the surface of the solid 

sample, it causes emission of photoelectrons (with the kinetic energy of EK) from the 

core levels (containing binding energy of Eb) of constituent atoms at the surface and 

near-surface region. Then, from the photo-electronic relation, EK=hν-Eb and by 

measuring EK, the characteristic Eb of an core electron associated with specific 

atomic orbital (s, p, d, f, etc.) can be evaluated [112]. As a result of this 

identification, the characteristic XPS spectrum for the material including all the 

elements present in the material can be obtained. With this measurement, the 

concentration of the constituent elements in the near surface structure can also be 

determined since the intensity of the photoelectron lines is taken as the measure of 

this quantity. Since, generally, XPS utilizes the incident X-ray beam in the energy 

not exceed 1 keV, the resulted photoelectrons can be emitted from the material with a 

depth of 20 Å below the surface [111].  Due to the possible effect of the surrounding 

atomic environment on the binding energy of the electron, energy shifts can be 
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observed in the corresponding XPS spectra with respect to the standards. Then, it can 

be used to identify the chemical bonds of the electron pointed of interest constructing 

surrounding atoms [111]. Therefore, it is widely used to get reliable chemical and 

compositional analysis from the surface and near-surface region of the materials 

[113]. 

 

In analytical quantification of XPS spectrum for each of the constituent element, it is 

mainly related to the XPS peak intensity, peak shape and the peak positions. In the 

measurements of non-conducting materials, due to the electron ejection from the 

sample radiated by X-rays, the charging effect can be observed on the surface of the 

material. This may cause the energy shifts in the photoelectrons that changes the 

corresponding XPS spectra. Therefore, in order to eliminate this possible effect, the 

resulting XPS data are generally calibrated in terms of the known reference binding 

energy of photoelectron line [114].  

 

2.4.3 Surface Analysis 

 

The surface imaging and measuring its properties on a fine scale was developed with 

the specific microscopy technique that covers the basic principle of related 

technologies on scanning a surface with a very sharp probe [115]. This scanning 

probe microscopy method is primarily named according to the interaction between 

the tip and the sample material, as scanning tunneling microscope (STM) where it is 

based on the strong distance dependent interaction [116], and atomic force 

microscope (AFM) where it uses the interaction force existing between them [117, 

118].  

 

One of the main limitations of STM is the requirement of sample conductivity since 

this technique is based on the detection of the weak electrical current flowing 

between tip and the sample [119]. Then, AFM is one of the most essential 

microscopy techniques to identify the surface conditions on the various 

semiconducting sample. The basic principle of AFM is scanning the surface by the 

tip which is in close contact with the surface to obtain topographic imaging. The tip 
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is integrated on the edge of the cantilever having very low spring constant which 

allows it to deflect or bend for the forces existing while scanning the surface by the 

tip [120]. Both of them are usually fabricated by silicon (Si) or silicon nitride (Si3N4) 

and the tip can be shaped as being very sharp that offers high sensitivity in 

measurements. During the scanning process, the deflection of the cantilever is 

detected by the help of the laser beam focused on it. The reflection is maintained by 

Au coating on the cantilever and this beam is recorded by the detector and mapped 

by the computer controlled programs as a surface topography of the material. This 

system is used to magnify the bending of the cantilever and allow detecting the 

changes on the surface with sensitivity in the order of Å-level.   

 

Moreover, there are three modes of measurement based on force affecting on the tip 

and therefore, imaging type, that are contact, non-contact and trapping modes [113]. 

In contact mode, the force on the tip is less than the surface and therefore it 

experiences repulsive Van der Waals force from the surface. This mode provides fast 

scanning whereas interaction with tip, soft samples can be deformed. For the 

trapping mode, the imaging process is again in contact with the surface; however this 

mode provides oscillation of the cantilever at its resonant frequency. With this mode, 

AFM measurements allow high resolution on the easily damaged surfaces with 

slower scan speeds comparing to the contact mode. In the other mode, non-contact 

mode, tip is very close to the surface but moves without touching it. The interaction 

force in this case is attractive Van der Waals force and the tip oscillates above the 

surface during the scanning under the effect of this force.  

 

On the other hand, scanning electron microscopy (SEM) is an imaging tool based on 

scanning the surface of the material by an electron beam. This technique permits the 

observation and determination of the surface characteristics of a very wide range of 

materials on a nanometer to micrometer scale [121]. In fact, it is a type of 

microscope that uses electrons instead of light beam to form an image and to 

examine objects on a very fine scale. The key components of the SEM system are; 

electron gun that is the source of the electron beam; electron lenses used to focus and 

control the produced electron beam; sample chamber where the materials is placed 
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and also it provides the interaction between electron beam and sample, and resulted 

signals and the detectors; various detectors for detecting specific signals coming 

from the material, and monitoring system to display the image analyzed from the 

detectors.  

 

The main applications of the SEM are topography and morphology of the surface 

features, composition analysis with determining the relative amount of the 

constituent elements in the material, and also crystallographic information that 

presents how the atoms are arranged in the material. It provides better resolution and 

depth of field than light microscopes, high resolution of bulk materials with simple 

sample preparation, and also three dimensional appearance of the materials image as 

a result of the large depth of field [122].  

 

When the electron beam hits the material, the collision results in various interactions 

between the electrons and the material. Since the accelerating voltage that gives the 

kinetic energy to the electrons is applied under the research of interest, the 

penetration depth of incident electrons can be controlled to get the specific signals 

and so that specific information from the material. In general, these signals are 

secondary electrons for SEM images, backscattered electrons and characteristic X-

rays for compositional analysis, diffracted backscattered electrons to determine 

crystal structures and orientations of minerals) [111]. 

 

2.4.4 Compositional Analysis  

 

The most common technique in the compositional analysis of the materials is energy 

dispersive spectroscopy (EDS). This system is operated with the SEM, and use the 

X-ray spectrum emitted from the material during the bombardment of the material 

with the energetic electrons.  The analysis of the constituent elements is done by the 

sensitive X-ray detector integrated in EDS system. Commonly, Si (Li) and Si drift 

detectors are used to resolve the X-rays having different energy coming from 

different element. Energy resolution is defined as the full width of the peak at half 

maximum height. The qualitative analysis involves the identification of the peak 
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energy that gives qualitative information about the constituent elements, and in the 

quantitative analysis, peak intensity of each element is measured to get information 

about the element composition relative to each other in the material. However, the 

limitations of this technique are based on the resolution of the crystal in the detector 

where Si (Li) crystal can distinguish the X-rays in about 132 eV differences [123]. 

 

2.4.5 Raman Analysis 

 

Raman scattering spectroscopy is widely used in structural analysis of the materials 

for the investigation on chemical structures and physical forms, and identification of 

the materials from their characteristic spectral patterns. It is based on irradiating the 

material with a single frequency of radiation, in other words monochromatic light is 

usually produced by a laser source, and detecting the scattered radiation from the 

material [124].  The scattered light can be in the same frequency as the incident light, 

called as Rayleigh scattering. On the other hand, Raman scattering is resulted in an 

inelastic scattering which means that the frequency of the coming photons changes 

due to the interaction between incident light and the material. As a matter of fact, 

incident radiation is absorbed by the material and then reemitted. The change in the 

frequency of the re-emitted photons is either in shifting up or down with respect to 

the frequency of the incident photons. These are defined as Stokes and anti-Stokes 

frequency lines, respectively, characterized by the effect of the vibrational frequency 

of a molecule in the material [125].  

 

2.5 Optical Properties of Semiconductors 

 

Optical characterization techniques are based on non-contact and non-destructive 

measurements with minimal sample preparation. In addition, many optical 

measurement devices are commercially available and automated and/or computer 

controlled. The main and simple instrument for optical measurements for thin film 

characterization is UV/Vis/IR spectrometer with a high sensitivity. It provides 

absorption, reflectance and absorption spectra over a certain wavelength region in 

order to investigate the optical properties of solid films. 
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When a beam of light is incident on a thin film, the character of the reflected and 

transmitted lights by the film differs from that for the uncoated reference substrate. 

Measurement of certain quantities which characterize the refracted and transmitted 

beams yield values of optical parameters.  In general, a beam of light coming on a 

semiconducting material can propagate in the incident direction, can be absorbed into 

the material or reflects from the surface in the same or a different from the incident 

direction which result in transmission, absorption, reflection or scattering processes, 

respectively.  

 

2.5.1 Transmission 

 

During transmission measurements, light is incident on the sample and transmitted 

light is measured as a function of wavelength under the effect of nature of the 

sample, such as sample thickness, refractive index, extinction coefficient and 

absorption characteristics. Therefore, the analysis of optical spectra is one of the 

most useful tools for investigating the electronic structure of the semiconductors. The 

basic definition of the transmittance of the sample is the ratio between incident and 

transmitted light intensities [113].  

 

Transmittance of a sample under a light incident normally on the surface, with the 

possible light interactions on the surface and into the sample, can be expressed as, 

 

𝑇 =
(1 − 𝑅)2𝑒−𝛼𝑑

1 + 𝑅2𝑒−2𝛼𝑑 − 2𝑅𝑒−𝛼𝑑𝑐𝑜𝑠𝜑
 (2.2) 

 

where the cosine term is used to take into consideration of spatial frequency 

discrimination and detection characteristics of the measurements as, 

 

𝜑 =
4𝜋𝑛𝑑

𝜆
 (2.3) 

 

and R is the reflectance of the sample as,  
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𝑅 =
(𝑛0 − 𝑛𝑠)

2 + 𝑘2

(𝑛0 + 𝑛𝑠)2 + 𝑘2
 (2.4) 

 

with refractive indices of the substrate, n0, and the sample, ns, and extinction 

coefficient of the sample, k. In this relation, the absorption coefficient is related to 

the extinction coefficient as, 

 

𝛼 =
4𝜋𝑘

𝜆
 (2.5) 

 

Since, semiconductor materials are generally assumed to be transparent for photon 

energies less than the band gap energy, the transmittance of them becomes, 

 

𝑇 =
(1 − 𝑅)2

1 + 𝑅2 − 2𝑅𝑐𝑜𝑠∅
 (2.6) 

 

In general, the variation of transmittance line oscillations are neglected because of 

the resolution of the measurements, then the transmittance values for the pure 

semiconductors can be written as, 

 

𝑇 =
1 − 𝑅

1 + 𝑅
 (2.7) 

 

However, with possible impurities, in the real case, this expression is used in the 

following form, 

 

𝑇 =
(1 − 𝑅)2𝑒−𝛼𝑑

1 + 𝑅2𝑒−2𝛼𝑑
 (2.8) 

 

Then, absorption coefficient of the sample can be obtained from the transmission and 

reflection measurements as, 
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𝛼 = −
1

𝑑
(
√(1 − 𝑅)4 + 4𝑇2𝑅2 − (1 − 𝑅)2

2𝑇𝑅2
) (2.9) 

 

In the simplest case where reflection or interference effect is neglected, the Beer-

Lambert law [126] gives a description to the fundamental absorption which is the 

band to band transition, the electron excitation from the valence band to the 

conduction band. Then, the expression given in Eq. 2.9 can be used as, 

 

𝛼 =
1

𝑑
ln⁡(𝑇) (2.10) 

 

where transmittance of the sample is simply calculated from the ratio between the 

transmitted light intensity detected from the sample and reference substrate as 

T=I(λ)/I0(λ). 

 

There are two types of absorption processes in the band-to-band transition between 

the conduction and valence bands that are classified as direct and indirect absorption 

process, or namely optical transitions. In a direct absorption process, a photon is 

absorbed by the material with the creation of an electron and a hole, and an electron 

is photo-excited from the maximum of valence band to minimum of conduction band 

at the same value of momentum vector 𝑘⃗ , (k=0). For direct transitions between 

parabolic valence and conduction bands, the absorption coefficient is, 

 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1/2 (2.11) 

 

where A is a constant depending on the effective mass of electrons and holes in the 

sample [127], and Eg is the energy band gap of the sample. However, in indirect band 

gap semiconductors, the maximum energy of the valence band occurs at a different 

value of 𝑘⃗  to the minimum in the conduction band energy. During this process, 

electron phonon scattering required for momentum conservation. For indirect 

transitions, quadratic dependence on the photon energy is observed and it is 

evaluated in the following form, 
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𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)
2 (2.12) 

 

where B is a constant depending on the structure of the material.  

 

In addition to the band-to-band transition, a semiconducting material may exhibit 

impurity effects in the absorption spectrum. These effects can be due to the structural 

disorders [128]. In a wide variety of materials having disorder of several origins,  the 

absorption coefficient may show an exponential tail called as Urbach tail near the 

fundamental absorption edge denoted as Urbach region. This simple exponential 

energy dependence can be written in the form, 

 

𝛼~𝑒𝐸/𝐸𝑈  (2.13) 

 

where EU is the width of the tail related to absorption with additional broadening 

expected from any potential fluctuations arising from charged defect states and 

lattice vibrations [81, 129]. In general, the tail is resulted from the disorder in the 

material that corresponds to a tail in the valence and conduction bands. Then, the 

absorption coefficient dependence on the photon energy is determined by,  

 

𝛼 =
𝛼0(ℎ𝜈 − 𝐸𝑔)

2

𝐸𝑈
 (2.14) 

 

where α0 is the characteristic parameter of the material. In this relation, EU can be 

investigated as an inverse logarithmic slope of absorption coefficient.  

 

2.6 Electrical Properties of Semiconductors 

 

The analysis of electrical properties expresses some of the theoretical concepts and 

formulas that are appropriate to investigate the electrical conduction process in 

polycrystalline materials. The simplest evaluation on the lateral and also vertical 

electronic characteristics on a material is measuring its resistivity. For the 
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semiconducting materials, the resistivity is expected to be in between 109 and 10-3 

Ω.cm whereas insulators have resistivity values above 109 Ω.cm and doped 

semiconductors and metals with resistivity below 10-3 Ω.cm [130]. As a matter of 

fact, it is depend on the measurements technique whether it is due to the surface or 

bulk of the material. In the ideal case, the distinction in the resistivity value between 

semiconductors and the other materials, metals and insulators, is mainly based on 

concept of the fundamental band gap. In other words, the wide range of resistivity of 

crystalline solids can be explained using electronic band theory. Semiconductors are 

assumed to have band gaps between 0 and 4 eV, whereas it is higher than 4 eV for 

insulators and below 0 eV for metals.  

 

Although, ideally the current flow process in a semiconducting material involves the 

sum of the contributions from all charge carriers, holes and electrons, in the real case, 

conductivity of the semiconductors is strongly dependent on both the ambient 

temperature and the purity of the semiconductor [131]. In fact, the concepts in the 

band theory are derived for the single crystal materials in order to describe 

conduction and valence energy bands in a semiconductor material. However, there 

exist several effects on conduction theories of the carrier transport in semiconductors 

due to the limited degree of electronic conduction that is between metallic 

conduction and insulating behavior, band gap characteristics and number of carriers 

depends on temperature and impurity level in the structure. Whereas a band 

conduction model predicts an Arrhenius temperature dependence of the conductivity 

where this equation is commonly given in the form of exponential function, the 

deviating temperature dependence and disordered/impurity atoms in the structure 

observed in most of the experimental data clearly reveals the existence of the 

different carrier transport mechanisms. As a result, even the same material is 

considered, the conductivity values of the single crystal and polycrystalline form of 

this material may completely differ from each other in terms of the conductivity 

values. The behavior of the transport parameters in the polycrystalline material is 

complicated, compared to that of the single crystal; thus, the interpretation of the 

experimental data can be done with taking into account all factors that differ the 

structure from the ideal case [132]. 
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Basically, a single crystal material is assumed to consist of a single grain without any 

grain boundary in the structure. On the other hand, a polycrystalline material can be 

composed of small crystallites randomly connected by grain boundaries. In fact, it is 

formed with aggregation of small single crystals, namely crystallites or grains, 

having sizes in the order between nm to μm.  Since they are contact each other and 

they can have different sizes, the contact points, namely grain boundaries, are 

assumed to be misaligned with respect to each other [100]. Inside each crystallite, the 

atoms are arranged in a periodic manner and therefore it can be considered as a small 

single crystal. Between these crystals, the grain boundary is a complex structure, 

usually consisting of a few atomic layers of atoms in different orientations. The grain 

boundaries are formed by impurity segregation at these regions and atoms positioned 

in these boundary regions are points of transitions between the different orientations 

of neighboring crystallites [133]. The alignment in the contact points between of the 

adjoining crystallites is often took place with a high deviation in terms of their 

orientations. Because of these misaligned crystallites and their grain boundary 

regions with high densities of dislocation defects, the polycrystalline materials can 

show higher resistances than the single crystal forms [134]. The resistance of 

polycrystalline material is generated by the contributions of the grain boundary 

region and the bulk of the material. If the conduction in the material is much higher 

than that through the grain boundary, using only the resistance effect of the grain 

boundary region can be a good assumption in the electrical analysis.  

 

The polycrystalline structure can be occurred depending on the material 

characteristics, crystal growth and film deposition techniques, the conditions in the 

fabrication of these materials. The characteristic of the polycrystalline 

semiconductors with small single crystal regions and their grain boundaries are the 

main factor on the carrier conduction in the whole material. In other words, the 

difference in the carrier transport between the single crystal and polycrystalline 

materials are related to boundary effects on the flow direction, change in the carrier 

density and decrease in mobility of the carriers when the carriers come across the 

grains in different orientations. In these regions, there are high densities of states due 

to the defect and/or impurity atoms, which can trap the carriers. These interface 
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regions can cause a bending in energy bands within the grains [134, 135]. As a result 

of this,  carrier conduction in polycrystalline materials occur under the effect of grain 

boundaries of the grains whereas since the grains are formed in periodic array of 

atoms, the grains themselves cannot be considered as a strong effect on the electronic 

transport processes [136].  

 

The electrical conduction processes in polycrystalline semiconductor structure can be 

explained by several theoretical models proposed by considering the band-bending 

and potential barrier formation under the effects of defects in the grain boundary 

regions. In general, there are several types of conduction mechanisms, which are 

dominant in different temperature regions and also adapted for the experimental 

results. In fact, there is always a possibility on the contributions of the different 

transport mechanisms, even if they are not observed in the dominant current flow 

behavior.  

 

2.6.1 Thermionic Emission 

 

The basic model in the conduction process is thermionic emission of energetic 

carriers over the top of a potential barrier of the grain boundaries. In general, in the 

high temperature regions, the carriers can gain enough energy to surmount the 

potential barrier at the grain boundaries and therefore, it is most dominant process in 

this region above the room temperature [137]. The first concept in this model was 

proposed by Petritz [137] based on the thermionic emission of carriers from grain to 

grain. In addition, the generalized model consistent with both theoretical and 

experimental results was developed by Seto [133]. In the analytical discussion of this 

model, grains are assumed to be identical with the size of L in cm. It is also assumed 

that there is only one type of impurity atoms that are totally ionized and that are 

uniformly distributed with a volume concentration N (cm-3) concentration exist in the 

structure. Furthermore, the thickness of the grain boundary can be neglected when 

compared to the size of the grains and there are Nt (cm-3) of traps having energy Et 

with respect to the Fermi energy EF located at the boundary of the grains. Another 

assumption to simplify these models is the trap neutrality in the initial case and then 
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charging by trapping free charge carriers in the distance of l from the each side of the 

grains [133]. Therefore, the mobile carriers are assumed to be trapped in a region of 

(L/2-l) cm from the grain boundary where the spatial dependence of the potential can 

be written by the one dimensional Poisson’s equation as 

 

𝑉(𝑥) = (
𝑞𝑁

2𝜀
) (𝑥 − 𝑙)2 − 𝑉𝐶0 (2.15) 

 

where ε is the dielectric permittivity of the polycrystalline material and VCO is the 

potential of the conduction band edge of the center of grain [138]. For a given L and 

the trap densities relative to the doping concentration N, the dependence of potential 

barrier height on doping concentration can be evaluated in terms of two possible 

conditions as, the grain is completely depleted of carriers and the traps are partially 

filled, NL<Nt and only part of the grain is depleted of carriers, NL>Nt [137]. Under 

the first case where l=0, the potential barrier height, VB between the region of L/2, is 

 

𝑉𝐵 =
𝑞𝐿2𝑁

8𝜀
 (2.16) 

 

and for the second case where l>0, it becomes 

 

𝑉𝐵 =
𝑞𝑁𝑡

2

8𝑁𝜀
 (2.17) 

 

Then, the average carrier concentration na for the grain region can be defined by the 

spatial dependence of the mobile carrier concentration relation, 

 

𝑛𝑎(𝑥) = 𝑁𝑡𝑒𝑥𝑝[(−𝑞𝑉(𝑥) − 𝐸𝐹)/𝑘𝑇] (2.18) 

 

where 𝑘 is the Boltzmann constant. 

 

Then, in the depletion region defined as the region between the boundaries of the 

crystallite, it can be calculated, for NL<Nt case as,  
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𝑛𝑎 =
𝑛𝑖 ⁡

𝐿𝑞
(
2𝜋𝜀𝑘𝑇

𝑁
)
1/2

𝑒𝑥𝑝 (
𝐸𝐵 + 𝐸𝐹

𝑘𝑇
) 𝑒𝑟𝑓 (

𝑞𝐿

2
(

𝑁

2𝑘𝑇𝜀
)
1/2

) (2.19) 

 

and for NL>Nt and case as, 

 

𝑛𝑎 = 𝑛𝑏 [(1 −
𝑁𝑡

𝑁𝐿
) +

1

𝑞𝐿
(
2𝜋𝜀𝑘𝑇

𝑁
)
1/2

𝑒𝑟𝑓 (
𝑞𝑁𝑡

2
(
1

2
𝜀𝑘𝑇𝑁)

1/2

)] (2.20) 

  

where EB=qVB is the potential barrier energy, ni is the intrinsic concentration of 

single crystallite and nb is the carrier concentration of the undoped region [133]. 

 

When taking the dominant mechanism in the carrier conduction process as 

thermionic emission in the polycrystalline structure and neglecting the other 

contributions by the different mechanisms, the relation between the thermionic 

emission current density at the grain boundary, Jth,  and an applied voltage Va across 

a grain boundary can be defined as, 

 

𝐽𝑡ℎ = 𝑞𝑛𝑎 (
𝑘𝑇

2𝑚∗𝜋
)
1/2

𝑒𝑥𝑝 (
−𝑞𝑉𝐵

𝑘𝑇
) [𝑒𝑥𝑝 (

𝑞𝑉𝐴

𝑘𝑇
) − 1] (2.21) 

 

where 𝑚∗ is the effective mass of the carrier. In addition, for a small applied bias, 

qVA<<kT, it becomes, 

 

𝐽𝑡ℎ = 𝑞2𝑛𝑎 (
1

2𝑚∗𝜋𝑘𝑇
)
1/2

𝑒𝑥𝑝 (
−𝑞𝑉𝐵

𝑘𝑇
)𝑉𝐴 (2.22) 

 

which is a linear current voltage relationship. Thus, the conductivity of a 

polycrystalline film [137] is,  

 

𝜎𝑡ℎ = 𝜎0𝑒𝑥𝑝 (
−𝑞𝑉𝐵

𝑘𝑇
) (2.23) 

where σ0 is the pre-exponential factor, 
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𝜎0 = 𝐿𝑞2𝑛𝑎(2𝑚
∗𝜋𝑘𝑇)−1/2 (2.24) 

 

Then, the thermally activated effective mobility at the grain boundary can be 

expressed as 

 

𝜇𝑒𝑓𝑓 = 𝜇0𝑒𝑥𝑝 (
−𝑞𝑉𝐵

𝑘𝑇
) (2.25) 

 

where μ0 is the pre-exponential factor, 

 

𝜇0 = 𝐿𝑞(2𝑚∗𝜋𝑘𝑇)−
1
2 (2.26) 

 

By inserting the expressions derived for the average concentration na, for the two 

possible doping concentration cases, the corresponding conductivity relations are 

found as [133], for NL<Nt,  

 

𝜎𝑡ℎ ∝ 𝑒𝑝𝑐 (− (
1

2
𝐸𝑔 − 𝐸𝐹) /𝑘𝑇) (2.27) 

 

and for NL>Nt , 

 

𝜎𝑡ℎ ∝ 𝑇−1/2𝑒𝑥𝑝 (−
𝐸𝐵

𝑘𝑇⁄ ) (2.28) 

 

The expression given in Eq. 2.28 is the well-known Petritz relation [139] where high 

activation energy of the conductivity is discussed in the Arrhenius behavior of 

conductivity.  

 

As a result, when the temperature dependence of this conductivity is evaluated with 

using ln(σth) vs 1/kT plot, it gives a slope of EB/2- EF⁡for NL<Nt and EB for NL>Nt. 

Moreover, this interpretation is not in a good agreement with highly doped materials, 

where EB<<kT [133]. 

 



41 

 

2.6.2 Tunneling 

 

Thermionic emission model generally explains electronic carrier transport in 

polycrystalline semiconductors at high temperatures and the Petritz model is based 

on the Arrhenius behavior in temperature dependence of the electrical conductivity 

[140]. On the other hand, in most of the experimental works on the various 

polycrystalline semiconductors, deviation from the straight lines in the Arrhenius 

plots has been observed and this occurs mostly with the saturation tendency 

appearing at low temperature region [141]. Therefore, in order to investigate the 

electrical conductivity behaviors of these materials at these temperatures, tunneling 

across the potential barriers and hopping mechanism in the forbidden band have been 

taken into consideration. 

 

In fact, the crystalline structure of the material does not affect the impurity 

surrounding, that is, in all cases, the impurity atoms are distributed randomly. 

Therefore, impurity based conduction process can be expressed as an example of the 

movement of an electron in a non-periodic field of force. In semiconductors, 

impurity-conduction movement of an electron takes place directly by tunneling from 

one impurity atom or point effect to another [142]. Quantum mechanical tunneling of 

carriers through high, but narrow potential barriers at grain boundaries may become 

applicable on the mechanisms limiting the resistivity of polycrystalline thin films. It 

may be pre-dominant at low temperatures when the carriers do not have enough 

energy to surmount the potential barrier. Tunneling in the conduction process was 

developed firstly in polycrystalline Si [143] and then, the tunneling mechanism 

through the grain boundary was offered in addition to the grain boundary trapping 

model [144, 145]. According to this mechanism, the tunneling density Jtu was 

expressed by WKB (Wentzel-Kramers-Brillouin) approximation as [146], 

 

𝐽𝑡𝑢 = 𝐽0 (
𝐹𝑇

sin⁡(𝐹𝑇)
) (2.29) 

 



42 

 

where J0 is the tunneling current density at 0 K, T is the transmission coefficient for 

tunneling through a barrier, or in other words, the probability that an electron with an 

energy E can penetrate a potential barrier of height V0, given by an approximate 

expression as [131, 146], 

 

𝑇~𝑒𝑥𝑝 [−
4𝜋

ℎ
∫ (2𝑚(𝑉0 − 𝐸))

1/2
𝑑𝑥

𝑑

0

] (2.30) 

 

where (V0-E), is the effective barrier height, and d is the barrier width, and  

 

𝐹 =
2𝜋2(2𝑚∗)1/2𝑘𝑑

𝑏𝛷̅1/2
 (2.31) 

 

where 𝛷̅ is the mean barrier height of the grain boundary potential. Therefore, the 

conductivity associated with the tunneling current can be written as  

 

𝜎𝑡𝑢 = 𝐿𝐽𝑡𝑢/𝑉 (2.32) 

 

which can be evaluated in the similar expression with Jtu  as 

 

𝜎𝑡𝑢 = 𝜎0

𝐹𝑇

sin⁡(𝐹𝑇)
 (2.33) 

 

where σ0  is the limit of conductivity at 0 K given by 

 

𝜎0 = ⁡𝐿𝐽0/𝑉 (2.34) 

 

If FT is sufficiently small, then the equation can be re-written in terms of first two 

terms in mathematical approximation as 

  

𝜎𝑡𝑢 = 𝜎0 (1 + (
𝐹2

6
)𝑇2) (2.35) 
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2.6.3 Hopping 

 

In addition to these mechanisms discussed above, below the room temperature, 

weaker temperature dependence can be taken into consideration as an indication of a 

different conductivity-limiting mechanism. In fact, at lower temperatures, the carriers 

having low energy can hop between the localized states and conduct the current as a 

dominant contribution to the charge transport [142]. Whether a material involves 

impurities is in amorphous or crystalline structure, the impurity atoms that cause 

disordered arrangements of the atoms, affects the conduction process in the material. 

When the impurity density is sufficiently low, the impurity states will represent 

widely spaced atomic like states and can be treated in a tight binding approximation, 

are not conducting. In general, in the amorphous semiconductor structures, there are 

sufficiently large defect densities. Thus, they provide the conduction assisted with 

direct motion between defect states that dominates the transport over significant 

temperature ranges below room temperature [128]. This can be evaluated as being 

similar to impurity conduction in polycrystalline semiconductors within the higher 

impurity concentrations since trap states at the grain boundaries act as localized 

states [142]. Moreover, there are two types of hopping mechanism that is possible to 

be observed in the semiconductor materials; variable range hopping (VRH) in which 

the hopping of the carriers to another empty state away from the nearest one, and the 

constant range hopping in which the carriers hop to nearest states so that range is 

constant.  

 

The conduction may arise from hopping between localized states within the grain 

boundaries as a temperature dependence behavior of the conductivity. At low 

temperatures, the impurity conduction with the hopping process was established by 

Conwell [147] and by Mott [148], and the same transportation mechanism was 

independently developed by Pines [149] with relating to the study of electron 

relaxation processes in Si. Following the conduction due to electrons with energies 

near the Fermi energy developed by Mott [142, 150], the probability for an electron 

can hop between the two localized states with considering a highly disordered 

semiconductor containing an density of localized states in the order of 1018 – 1020 
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cm-3 [151] depends on the energy difference between the initial and final states, 𝑊, 

expressed as the Boltzmann factor, exp(-W/kT); a factor, υph, depending on the 

phonon spectrum which is taken as in the range of 1012 – 1013 s-1 [152] when 

approximated to the maximum phonon frequency, wmax if 𝑊/ħ is larger than wmax; 

and also a factor depending on the overlap of the wave functions in which it is in the 

order of unity if there is a considerable overlap of the wave function and it is related 

to impurity conduction if the overlap is small due to the strong localization with the 

approximation of being exp(-2αR) where α is the coefficient of exponential decay of 

the localized states involved in the hopping process, and 𝑅 is the  hopping distance 

between these two localized states [142].  

 

According the model introduced by Mott [153], hopping conduction can be resulted 

from states whose energies are concentrated in a narrow band near the Fermi level at 

low temperatures. By this model, charge carriers cannot pass over the grain boundary 

potential barrier because of insufficient thermal activation energy; hopping can take 

place between the localized states near the Fermi level [142, 154]. When only 

electrons with energy within a range of order kT at the Fermi energy hops between 

the pairs of localized states, the conductivity can be expressed as, 

 

𝜎 ≅ (
𝑒2

𝑘𝑇
)𝐷 (2.36) 

 

where D is the diffusion coefficient  

 

𝐷 = 𝑝𝑅2𝑁(𝐸𝐹)𝑘𝑇 (2.37) 

 

and p is the transition probability, 

 

𝑝 = 𝜐𝑝ℎ𝑒
−2𝛼𝑅−𝑊/𝑘𝑇 (2.38) 

 

with the number of such electrons, N(EF)/kT and the distance between each hopping 

process, R. In addition, the mean activation energy for this hopping process, W, is 
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inversely proportional to the density of states. For a strong localization, the hopping 

is only taken place to the nearest neighbor state which indicates  

 

𝑊~1/𝑅3𝑁(𝐸) (2.39) 

 

and for a weak localization where the hopping distance is greater than the distance R 

and so that the value of localization length, α´ , gives 

 

𝑊~𝛼′3/𝑁(𝐸) (2.40) 

 

In the case of weak localization, since there is a wide choice of states that an electron 

can hop, the transition probability should be multiplied by a factor α´3R3 which is 

greater than 1. If EF lies at an interval of ΔE from EC, α´ can be hypothesized as  

 

𝛼′~√((2𝑚∆𝐸)/ħ2) (2.41) 

 

and therefore, 

 

𝑊~(
2𝑚∆𝐸

ħ2
)

3
2
/𝑁(𝐸) (2.42) 

 

At low temperatures W cannot remain constant. It is constant if the factor exp(-2α´R) 

is sufficiently small to ensure that an electron always jump to the nearest state. At 

low temperatures, the electron can have a higher probability of jumping to a more 

distant state, because with more states from which to choose the energy difference 

can be smaller. In other words, in all cases at sufficiently low temperatures, the VRH 

takes place with the temperature dependent hopping distance which increases with 

decreasing temperature [138]. At distances less than R from a given atom, the 

number of states with energies between W and ΔW is given by  

 

(
4𝜋

3
)𝑅3𝑁(𝑊)𝑑𝑊 (2.43) 
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If R is large, the average spacing ΔW between the energies of the localized energy 

near the Fermi energy is given by  

 

∆𝑊 =
3

4𝜋𝑅3𝑁(𝐸𝐹)
 (2.44) 

 

and the hopping probability per unit time is given by 

 

𝜐𝑝ℎ = exp⁡(−2𝛼𝑅 −
∆𝑊

𝑘𝑇
) (2.45) 

 

The most probable jumps come from a value of R such that 

 

2𝛼 =
9

4𝜋𝑅4𝑁(𝐸𝐹)𝑘𝑇
 (2.46) 

 

which gives a jump frequency of the form  

 

𝜐𝑝ℎ = exp (−
𝐵

𝑇1/4
) (2.47) 

 

with 𝐵 ≅ 2.1(𝛼3/𝑘𝑁(𝐸𝐹))
1/4. Then, the temperature dependence of the conductivity 

in the Mott VRH model exhibits the T1/4 behavior.  

 

Although, Mott’s model for the conductivity is based on the assumption that the 

density of states near the Fermi level is constant, in actual case, electron-electron 

Coulomb interaction was proposed by Pollak [155] and Ambegaokar [151]. Coulomb 

effect was pointed out as an important in the conduction mechanism at low 

temperatures where it reduces the density of states near the Fermi level. Then, by 

analogy by Mott law [148], in Efros-Shklovskii VRH model, Coulomb effect serves 

as a barrier to the conduction process, and the conductivity values can be expressed 

as T1/2 behavior [156, 157].  
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2.6.4 Hall Effect 

 

In a semiconductor structure, the characteristics of the charge carriers are the main 

point of interest to analyze the electrical conduction. Although the electrical 

conduction is assumed to be maintained by the continuing carrier motion in an ideal 

case without the requirement of external electric field, in a real case, without external 

field effect, a current density decays exponentially depending on the various collision 

or scattering processes. Therefore, in describing the typical conduction behavior of 

the semiconductors, type of charge carriers, concentration of these free carriers and 

velocity of them are the important concepts. Moreover, in these analyses, instead of 

dealing with the random motion of the carriers in the structure, as an average drift 

velocity of them under an electric field, the mobility concept is taken into the 

consideration.  

 

Related with the electrical conductivity researches, these concepts were evaluated by 

Hall [158] while working on the features of the force effective on a conductor 

carrying a current in a magnetic field region. In this work, the direction of the electric 

field was found in the direction perpendicular both to the direction of the current 

flow and the magnetic field where the magnetic field is at right angles to the 

direction of the current flow. In this argument, the current is expressed as a 

directional motion of the charge carriers. Therefore, if the current is assumed to flow 

in the positive x-direction, in the case of electrons, the direction of the drift velocity 

𝑣  of them will be in the negative x-direction where it will be in the same direction for 

the holes. With this approach, when there is an external magnetic field affecting on 

these carriers, they will experience the Lorentz force formulated as (𝑣 × 𝐵⃗ )𝑞 where 

q is the magnitude of the electronic charge. In other words, they will be deflected in a 

direction perpendicular to the plane of 𝐵⃗  and 𝑣  and also depends on their charge 

type. On the other hand, considering a material case instead of the free space, the 

bounds of the material will be effective on the motion of the charge carriers. 

Therefore, there will be an electric field generated by these carries that can 

compensate the Lorentz force, so that a few carriers will be deflected under the effect 

of 𝐵⃗ . Moreover, this field effect will allow the current to continue flowing in a given 
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direction. In fact, semiconducting material has both electrons and holes as a charge 

carriers whether being a majority or minority in the structure. So that, depending on 

their type, they can accumulate on the directions with lower and higher magnetic 

field.  

 

In the equilibrium condition, the Hall force generated by this accumulation process 

completely cancels the Lorentz force as, 

 

(𝑣 × 𝐵⃗ )𝑞 = 𝑞𝐸⃗  (2.48) 

 

Then, if the direction of the current flow is assumed to be in the x-direction and the 

magnetic field affects in the z-direction, then the Hall field can be re-written as,  

 

𝐸𝑦 = −
1

𝑛𝑞
𝐵𝑧𝐽𝑥 (2.49) 

 

where 𝐽  is the current density generated by the drift velocity 𝑣 , 

 

𝐽 = 𝑛𝑞𝑣  (2.50) 

 

In addition, the relation between the Ey and BzJx is called as Hall coefficient as 

 

𝑅𝐻 = −
1

𝑛𝑞
 (2.51) 

 

in which it is evaluated as inversely proportional to the concentration of the 

conduction carriers. In fact, this coefficient is used to determine the type of the 

semiconductor material whether it is in n-type or p-type conduction behavior with 

having negative or positive sign, respectively.  

 

In order to express the mobility of the carriers, the electrical conductivity can be 

defined as with the validity of the Ohm’s law as, 
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𝐽𝑥 = 𝜎𝐸𝑥 (2.52) 

 

and therefore, from Eq. 2.48 it can be related to the drift velocity as, 

 

𝜎 = 𝑛𝑞
𝑣𝑥

𝐸𝑥
⁄  (2.53) 

   

Since mobility μ is defined as the carrier drift velocity per unit electric field, then σ 

can be re-written in terms of this quantity as, 

 

𝜎 = 𝑛𝑞𝜇 (2.54) 

 

When considering the interpretation of the Hall coefficient in Eq. 2.50, this 

conductivity relation can be expressed as Hall conductivity as [182],  

 

𝜇𝐻 = 𝜎|𝑅𝐻| (2.55) 

 

where μH can be considered as a positive quantity regardless of the sign of RH.  

 

2.7 Photo-conductivity of Semiconductors 

 

Photo-conductivity is a response of the semiconductor material defined as a change 

in the bulk conductivity of the material under illumination where the energy of the 

photons incident on the material is greater than the energy band gap and so that the 

absorption process can cause photo-generated electron-hole pairs [111]. Since it is 

defined as the variation in the number of charge carriers, this process is considered 

under the concept of creation of the free carriers by optical absorption, contribution 

of these carriers to the electrical conductivity, electrical transport mechanisms of 

them, and also, at last, the recombination or trapping process of the carriers [126].  

 

In the photo-conductivity measurements, an external bias voltage is applied across 

the contacts of the semiconducting material, and resulting current is measured under 

dark and illuminated cases. In fact, it is expected that above the absolute zero, there 
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are some free charge carriers in the conduction and valence bands of the 

semiconductor. Then, during the dark condition, the conductivity of the 

semiconductor is expressed by the contribution of both electrons and holes as in the 

form, 

 

𝜎𝑑𝑎𝑟𝑘 = 𝑞𝑛𝑑𝑎𝑟𝑘𝜇𝑒 + 𝑞𝑝𝑑𝑎𝑟𝑘𝜇𝑝 (2.56) 

 

where ndark and pdark are the concentration of the free electrons and holes in the bulk 

of the material, and also μe and μp are the mobility of these carriers without any 

radiance effect, respectively. Then, when the material is illuminated with the photons 

whose energy exceeds its band gap energy, the conductivity of the material measured 

in the dark case changes with the generation of electron-hole pairs. In general, the 

conductivity increases with the photo-generated carriers [159, 160] and the resulted 

conductivity can be expressed as  

 

𝜎𝑙𝑖𝑔ℎ𝑡 = 𝜎𝑑𝑎𝑟𝑘 + ∆𝜎 (2.57) 

 

where Δσ is the photo-conductivity contribution to the intrinsic conductivity of the 

sample,  

 

∆𝜎 = 𝑞(∆𝑛𝜇𝑒 + ∆𝑝𝜇𝑝) (2.58) 

 

with ∆n and ∆p that describe densities of the generated electrons and holes with the 

illumination effect, respectively. For the homogeneous material with the assumption 

of having one-type charge carrier, the conductivity with the photo-excited carriers is 

given by  

 

𝜎𝑙𝑖𝑔ℎ𝑡 = q(n + ∆n)(μ + ∆μ) (2.59) 

 

where ∆n and ∆μ express the corresponding change concentration and mobility of the 

material respectively. Therefore, the photo-conductivity effect can be stated as  
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∆σ = q∆nμ + q(𝑛 + ∆n)∆μ (2.60) 

 

When only small changes from the steady state is considered, the change in the 

carrier concentration, can be considered as being directly related to generation 

(recombination) rate, or namely the rate of excitation, G, that defines the number of 

excess electron in unit volume in unit time interval, and lifetime of the charge 

carriers, τn, as in form ∆n=Gτn [126, 161], and therefore the relation in Eq. 2.60 can 

be re-written as 

 

∆σ = qGτnμ + qn∆μ (2.61) 

 

In this relation, the illumination effect on the conduction of the material can reveal 

different behaviors under different G-dependence [139]. If the lifetime is not affected 

by the generation rate, the change in the conductivity can be expressed as,  

 

∆σ = qGτnμ (2.62) 

 

On the other hand, the main approximation on the lifetime τn is that it is a function of 

G, and if this proportionality between the carrier concentration and the generation 

rate is linear, then the photo-conductivity contribution can be expressed as  

 

∆σ = qGτn(G)μdark (2.63) 

 

In this specific case, the change in the conductivity is related to order of G, which is 

greater than one. In addition, when there is a G(γ-1) dependence in τn, ∆σ varies as Gγ 

with γ where is an integer. In this relation, the value of γ  is used to determine the type 

of model (one-center and two-center models) describing the photo-conductivity 

process. 

 

There are various models in the evaluation of the change in the carrier lifetime with 

the rate of excitation, and in addition with the temperature and thermal-equilibrium 

Fermi-level position. However, it is usually modeled under specific assumptions 
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[162]. In these two simplest models, the carriers capture is explained by assuming 

there is a single type of recombination center in one-center phenomena, or two 

recombination centers with different capture coefficients are considered in the two-

center phenomena [126].  

 

2.8 Device Analysis 

  

2.8.1 Heterojunctions 

 

At first, heterojunction concept can be evaluated into two concepts; they are isotype 

and anisotype heterojunctions. As in the case of isotype heterojunction, the junction 

is constructed by using two different semiconductors which have the same type of 

conductivity. On the other hand, if the junction is formed between two different 

semiconductors with different conductivity types, it is named as anisotype hetero-

junctions. 

 

The ideal hetero-junction behavior can be reached only with the two semiconductors 

having the same lattice constant [131]. If the difference in lattice constants is higher 

than 10%, there are major mechanical effects observed at the junction interface. 

Additionally, dislocations and localized interface states can be produced. By 

changing the ideal behavior, these defects can be dominated the current flow 

mechanisms in the junction.  

 

The band diagram of a hetero-junction can be constructed by using the abrupt-band 

model proposed by R.L. Anderson. In this model, the effects of interface states are 

neglected and the diagram is constructed by considering only of the electron affinity, 

work function and band gap of the two constituent semiconductor materials. The 

study on the anisotype semiconductor heterojunctions is analyzed under the abrupt 

junction approximation where the impurity concentration in a semiconductor varies 

abruptly from acceptor impurities to donor impurities [39].  
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2.8.2 Current Transport Processes 

 

The Anderson abrupt-junction model cannot adequately satisfy the details of current 

flow in hetero-junctions. Band profile, crystalline behavior and defects of the 

materials are needed include the evaluation of interface states. Under this 

consideration, current flow through the junction can be discussed by analyzing 

possible recombination and also tunneling paths.  All of these alternative transport 

mechanisms for forward current flow increase the saturation current in many orders 

of magnitude larger than that expected from simple diffusion of carriers over the 

junction barrier. The current transport in a hetero-junction can be also modeled with 

the current transport mechanisms in metal-semiconductor junctions. 

 

In the diffusion model, the excess carriers in the p-n hetero-junction is assumed to be 

accumulated locally that can cause a condition of non-uniform carriers and as a result 

of the gradient of carrier concentration, diffusion can occur by which the carriers 

migrate from high concentration region through the low concentration region [163]. 

Then, it can continue until the system reach to the state of uniformity.  This transport 

model was firstly derived by Anderson [165, 166], and then it was developed in 

addition to the fact that the effect of dipoles and interface states are neglected, the 

diffusion current is assumed to include only electrons or holes due to the 

discontinuities in the band edges at the interface [39].  
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(a) 

 

 

(b) 

 

Figure 2.3: Equilibrium energy band diagrams (a) before and (b) after the formation 

of an abrupt p-n heterojunction.  

 

In Fig. 2.3 (a) and (b), energy band diagram of the isolated p-type and n-type 

semiconductors and such hetero-junction structure is shown in the case of thermal 

equilibrium, respectively [167]. As shown in Fig. 2.3 (b), there is a discontinuity at 

the conduction band edges of the semiconductors in the equilibrium band profile of 
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the hetero-junction. This occurs as a result of difference between the natures of the 

two semiconducting materials in terms of energy band gap, Eg, dielectric constant, ε, 

electron affinity, χ, and work function, Φ [168]. In a semiconductors, the work 

function is described as being the energy required to remove an electron from the 

Fermi level, EF, to the vacuum level, and similarly the electron affinity is defined as 

the energy required to remove an electron from the bottom of the conduction band, 

EC, to the vacuum level. The case of the difference between the electron affinities as 

χ1 > χ2, cause the spike and notch formation at the interface shown in Fig. 2.3 (b). 

Therefore, the conduction band offset, ∆EC, is 

 

∆𝐸𝐶 = ∆χ = χ1 − χ2 (2.64) 

 

and similar, the valence band discontinuity is  

 

∆𝐸𝑉 = (𝐸𝑔2 − 𝐸𝑔1) − (χ1 − χ2) (2.65) 

 

then, 

 

∆𝐸𝑉 = ∆𝐸𝑔 − ∆𝐸𝐶 (2.66) 

 

where the sum of the two band discontinuities is equal to the band gap difference 

between these two layer, 

 

∆𝐸𝑔 = ∆𝐸𝐶 + ∆𝐸𝑉 (2.67) 

 

At the thermal equilibrium, the Fermi level of the two different semiconductors 

coincides on both sides of the p-n junction. In addition, the vacuum levels conserve 

their parallelism to the each conduction band edges and they are connected by a 

smooth, continuous curve. Since the dipole layers is neglected by this model, the 

electrostatic potential difference is observed as the vertical displacement in the 

vacuum level between two semiconducting layers, and also since the junction 



56 

 

consists of two semiconducting layers having different dielectric constant, the 

discontinuity at the interface occurs [167].  

 

The depletion layer is expected to be formed in only one side of the junction [165] 

and because the interface states are neglected by this model, the space charges in 

each side are predicted to be equal in magnitude. The total built-in potential, Vbi, is 

represented by the difference between the work functions Φ1 > Φ2, and the sum of 

the built-in voltages on both sides is equal to the total built-in potential,  

 

𝑉𝑏𝑖 = 𝑉𝑏𝑖,1 + 𝑉𝑏𝑖,2 (2.68) 

 

In the heterojunction given in Fig. 2.3 (b), the pre-dominant current carriers are 

electrons because the electrons encounter with the smaller barrier compared to that 

for holes. With considering the diffusion mechanism by neglecting the generation-

recombination contribution, the current flow in the junction can be found as, 

 

𝐼 = (𝑎𝑞𝑋𝑁𝐷,1 (
𝐷𝑛,1

𝜏𝑛,1
)

1/2

)𝑒𝑥𝑝 (−
𝑞𝑉𝑏𝑖,2

𝑘𝑇
) [𝑒𝑥𝑝 (−

𝑞𝑉2

𝑘𝑇
) − 𝑒𝑥𝑝 (−

𝑞𝑉1

𝑘𝑇
)] (2.69) 

 

where X is the transmission coefficient of the electrons across the interface, a is the 

junction area, ND,1, Dn,1 and τn,1 are the equilibrium donor concentration, diffusion 

coefficient and lifetime of electrons in the p-type region, and also the applied voltage 

is divided into the two regions as V=V1+V2 under the forward bias.  

 

In the application of the diffusion model with small transmission coefficient, the 

effect of the spike in the conduction was taken into consideration with the evaluation 

of emission current including in the diffusion of the carriers [169]. Again, in the 

absence of the generation-recombination within the space charge region, the current 

can be expressed as 
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𝐼 =
𝐼𝑠 [𝑒𝑥𝑝 (

𝑞𝑉
𝑘𝑇

) − 1]

(1 +
𝐼𝑠
𝐼𝑑

)
 (2.70) 

 

where Is can be defined as the saturation current as in the case of homo-junction type 

proposed by Shockley [170], 

 

𝐼𝑠 = 𝑎𝑞𝑁𝐷,1 (
𝐷𝑛,1

𝜏𝑛,1
)

1/2

 (2.71) 

 

and Id is the emission limited current,  

 

𝐼𝑑 =
1

2
𝑎𝑞𝑋𝑚𝑁𝐷,2𝑣̅𝑥𝑒,2𝑒𝑥𝑝 [−

𝑞

𝑘𝑇
(𝑉𝐹 − 𝑉)] (2.72) 

 

In this case, ND,2 is the equilibrium donor concentration in n-type region, VF is the 

forward barrier as shown in Fig. 2.3, Xm is the transmission coefficient readjusted 

with the predicted model and νֿxe,2 is the x-component of the average speed of the 

electrons in n-type material in the form as 

 

𝑣̅𝑥𝑒,2 = (
2𝑘𝑇

𝜋𝑚𝑛
∗
)
1/2

 (2.73) 

 

with effective mass of the electron in the corresponding junction layer, mn
*. 

 

As seen in the denominator of the Eq. 2.70, the current ratio, Is⁄Id, determines the 

mode of the operation [167]. In fact, the expression given in this equation is 

approximated to the p-n homo-junction model [194] if Id≫Is, however if Is≫Id, it 

turns to the analogous form of the Schottky diode current [171, 172].  

 

In addition, the recombination was included to the assumptions on the carrier 

transport by the emission-recombination model [169] and the schematic 

representation of this model is shown in Fig. 2.3. In this model, a thin layer at the 
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interface with a strongly distributed lattice and an infinitely fast recombination in 

which the carriers reach the interface by thermionic emission over the respective 

barriers are proposed [173].  The forward current-voltage characteristics is explained 

in the expression 

 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] (2.74) 

 

with 

 

𝐼𝑠 = 𝐵𝑒𝑥𝑝 (−
𝑞𝑉𝑏𝑖

𝑛𝑘𝑇
) (2.75) 

 

where n depends on the ratio of doping concentrations in the materials and B is 

weakly dependent on the temperature.  

 

On the contrary to the transport model predicted with the influences of the spike in 

certain voltage regions [169], the tunneling mechanism should be considered in all 

cases in which emission-recombination model can fail (over the whole voltage range 

or above a certain voltage). In this model, the electrons are assumed to have low 

energy to surmount the potential barrier and so that they can tunnel through the 

barrier in order to flow through the junction [174]. When the tunneling through the 

barrier is the dominant transport mechanism over the thermal emission, the current-

voltage characteristics can be described as 

 

𝐼 = 𝐼𝑠(𝑇)𝑒𝑥𝑝 (
𝑉

𝑉0
) (2.76) 

 

where V0 is a constant and Is (T) increases weakly with temperature [175], 

 

𝐼𝑠(𝑇) = 𝐼𝑠0𝑒𝑥𝑝 (
𝑇

𝑇0
) (2.77) 

 

with the constants, Is0 and T0.  
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The satisfactory explanation for the band-to-band tunneling and thermal emission 

followed by recombination coupled by the carrier conduction in the junction, 

tunneling-recombination model is proposed by Riben et. al [176, 177]. In this model,  

the electrons is considered in a tunneling process from the n-type material the 

conduction band to the p-type material empty inter-band states and then they are 

assumed to recombine with holes, or conversely, holes tunnel from p-type material to 

n-type material occupied states and then they are considered to recombine with 

electrons. If the tunneling arises from the bottom level of the conduction band or the 

top level of the valence band, then the corresponding current expression can be 

expressed as,  

 

𝐼 = 𝐵𝑒𝑥𝑝 [−𝛼 (
𝑉𝑏𝑖

𝑉
)] (2.78) 

 

where B is a weak function of voltage and α depends on the effective mass of the 

electron in the forbidden region, the dielectric constant, the equilibrium carrier 

concentration and the shape of the barrier.  

 

2.8.3 Capacitance 

 

The capacitance-voltage characteristics in the hetero-junctions are modeled by 

applying the abrupt junction approximation on the case of basic p-n junction [166]. 

The transition widths on both semiconductor layers with respect to the coordinate of 

the interface, x0, as shown in Fig. 3.2 (b), can be obtained by applying the Poisson’s 

equation for each of side of the interface with generalizing the solution for homo-

junctions [163, 167]. Then, corresponding depletion widths can be found as, 

 

𝑊𝑑,1 = (
2𝑁𝐴,1𝜀1𝜀2𝑉𝑏𝑖

𝑞𝑁𝐷,1(𝜀1𝑁𝐴,1 + 𝜀2𝑁𝐷,2)
)

1/2

 (2.79) 

 

and  
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𝑊𝑑,2 = (
2𝑁𝐷,2𝜀1𝜀2𝑉𝑏𝑖

𝑞𝑁𝐴,1(𝜀1𝑁𝐴,1 + 𝜀2𝑁𝐷,2)
)

1/2

 (2.80) 

 

where Wd,1 is the depletion region in the p-type material defined by the transition 

distance, x1, and Wd,2 is the depletion region in the n-type material defined by the 

transition distance, x2, with respect to x0. In addition, in these expressions, NA,1 and ε1 

denote the acceptor concentration and dielectric constant in the p-type material, and 

similarly, ND,2 and ε1 denote the donor concentration and dielectric constant in the n-

type material, respectively.  

 

Furthermore, the relative built-in voltages Vbi,1 and Vbi,2 affected in each 

semiconducting layers, are evaluated as, 

 

𝑉𝑏𝑖,1

𝑉𝑏𝑖,2
=

𝜀2𝑁𝐷,2

𝜀1𝑁𝐴,1
 (2.81) 

 

and the capacitance of the transition region can be found as, 

 

𝐶𝑑 = (
𝑎𝑞𝑁𝐴,1𝑁𝐷,2𝜀1𝜀2

2𝑉𝑏𝑖(𝜀1𝑁𝐴,1 + 𝜀2𝑁𝐷,2)
)

1/2

 (2.82) 

 

These depletion widths and capacitance expressions can be re-written with dividing 

also the effect of this applied voltage as V=V1+V2, when an external voltage, V, is 

applied across the heterojunction. 

 

2.8.4 Solar Cell Properties 

 

An ideal solar cell can be represented by a diode structure which is sensitive to 

photovoltaic effect with the creation of electron-hole pairs under illumination. The 

corresponding ideal current-voltage characteristic is described by the Shockley solar 

cell equation 

𝐼 = 𝐼𝑝ℎ − 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝑇⁄ ) − 1] (2.83) 
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where k is the Boltzmann constant, T is the absolute temperature, q is the magnitude 

of the charge of the electron, V is the voltage at the terminals of the solar cell, I0 is 

the diode saturation current and Iph is the photo-generated current [178]. In fact, the 

current-voltage behavior of an ideal solar cell is expressed as a shifting of the diode 

characteristic in the dark along the current axis by Iph  (Fig. 2.4 (a)) [178].  On the 

other hand, in real case, this relation is modeled due to the power dissipation through 

the resistance of the contacts and current loss around the sides of the solar cells as, 

 

𝐼 = 𝐼𝑝ℎ − 𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉 + 𝐼𝑅𝑠)

𝑛𝑘𝑇
⁄ ) − 1] − (

𝑉 + 𝐼𝑅𝑠
𝑅𝑠ℎ

⁄ ) (2.84) 

 

where Rs and Rsh are the parasitic resistances in series in parallel (or, named as shunt 

resistance) with the cell, respectively, and also n is called diode ideality factor that is 

directly related to these parasitic effects. In fact, this relation is derived from the 

equivalent circuit of an ideal solar cell as shown in Fig. 2.4 (a) In this schematic 

illustration, Rs is included in the circuit in series since it arises particularly from 

resistance of the materials in the solar cell that are the contacts and the bulk material 

[4]. In addition, Rsh is parallel to the circuit in order to represent the leakage current 

through the solar cell structure that can be observed around the edges of the diode 

and also between the contacts [4]. The effects of the parasitic resistances on the solar 

cell current-voltage behavior are also shown in Fig. 2.4 (a) [6, 179]. 
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(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

 

Figure 2.4: a) Equivalent circuit of a solar cell and 

 b) I-V characteristics of an ideal solar cell 

 

For the short-circuit current, only the photons absorbed within the diffusion length 

are considered and in ideal case, it is equal to Iph with the absence of the loss 

mechanisms [180]. However, in the real case from the current-voltage characteristics 

of the solar cell, it is found as a current value when the voltage across the solar cell is 

zero. 

 

The potential difference between front and back contact in the solar cell is evaluated 

with its maximum value called open circuit voltage, VOC. In fact, it is defined as the 

voltage output of the illuminated solar cell when there is no current flow through the 

cell. For the ideal solar cell, it is related with the light intensity logarithmically as, 
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𝑉𝑂𝐶 =
𝑘𝑇

𝑞
ln⁡(1 +

𝐼𝑝ℎ

𝐼0
) (2.85) 

 

where to reach the ideal behavior, it is important to obtain small reverse saturation 

current as  possible.  

 

The FF is the parameter related to the measure of quality of the solar cell. Since 

operating region of the solar cells in the current-voltage curve generated under 

illumination is defined with the ISC and VOC boundaries, the power output of the solar 

cell at any operating point can be calculated by the area of the rectangle indicated 

with the corresponding current and voltage values, as P=IV. Therefore, the 

maximum power output can be obtained by the more square-shaped region at the 

voltage point Vmax with the corresponding current point Imax. Then, FF⁡for the cell is 

defined as the ratio of 

 

𝐹𝐹 =
𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐼𝑆𝐶𝑉𝑂𝐶
=

𝑃𝑚𝑎𝑥

𝐼𝑆𝐶𝑉𝑂𝐶
 (2.86) 

 

For a reasonable efficiency in solar cell, FF should have a value in between 0.7 and 

0.85 [206]. Moreover, FF of a solar cell in the ideal behavior can be described as a 

function of VOC and an approximate expression defining the relation between the 

ideal value of FF and normalized voltage vOC is given in the form [181], 

 

𝐹𝐹 =
𝑣𝑂𝐶 − ln⁡(𝑣𝑂𝐶 + 0.72)

𝑣𝑂𝐶 + 1
 (2.87) 

 

where vOC=VOC⁄((kT/q)).  

 

In addition, the conversion efficiency, η, of the solar cell is defined as the ratio of the 

maximum power to the incident power with solar irradiation and it can be related to 

ISC and VOC as, 
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𝜂 =
𝐼𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑖𝑛
 (2.88) 
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CHAPTER 3 

 

 EXPERIMENTAL TECHNIQUES 

 

 

3.1 Introduction 

 

In this chapter, the experimental techniques used in this work are presented. Under this 

aim, at first thin film deposition process is described with the substrate preparation, thin 

film deposition, post-annealing treatment and electrical contact deposition steps. Then, 

structural, optical and electrical characterization measurements in the study of the 

investigation of material properties of the thin film samples deposited on the glass 

substrate; device characterization measurements in the study of the investigation of diode 

parameters of these films deposited on Si-wafer substrate and also photovoltaic 

properties of their thin film – thin film hetero-structure are introduced.  

 

3.2 The Thin Film Deposition Process  

 

3.2.1 Substrate and Sample Preparation  

 

For different characterization processes, the thin films were deposited on the soda-lime 

glass, indium tin oxide (ITO) coated glass and silicon wafer. 1 mm thick Marienfeld 

soda-lime glass substrates were used for the material characterization of the samples. 

They are optically flat and the refraction index ns is about 1.53±0.02 at λ~546.07 nm 

[182]. They were prepared as in different sizes with the requirements of the 

measurement systems. ITO and Si wafer substrates were used for analysis of their device 

characteristics. CAIS/Si diode structure was prepared with using n-type and ZIS/Si 
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diode structure was prepared with using p-type Si wafer substrate where both of them 

are in (111) mono-crystalline structure with the resistivity value of 1-3 (Ω.cm). 

Moreover, ITO coated glass substrates were used in CAIS/ZIS heterojunction 

structure.  

 

In order to produce high quality and pinhole free films, the possible contaminations on 

the surface of the substrates must be removed before the deposition of the films. 

Therefore, substrates cleaning were performed in four-step process. As a pre-cleaning 

step, the surface of the glass slides were hand wiped with dry wiper by using pure 

acetone, and also they were put into an ultrasonic cleaner by a beaker filled with pure 

acetone. It is useful step for cleaning process; however, acetone can also leave its own 

residues on the glass surface. Therefore, the glass substrates were rinsed in hot distilled 

water which was in about 15 MΩ.cm resistivity. Then, as a second step, after rinsing in 

hot distilled water, glass substrates were cleaned in a hot detergent solution with using 

ultrasonic cleaner. This solution provides to remove oils and protein residues on the 

glass surface. In the next step, after removal of detergent solution with hot distilled 

water, in order to remove organic contaminations, the 30% hydrogen peroxide solution 

was used. As a final step, they were rinsed again with hot distilled water to get rid of the 

possible residues. In addition, ITO coated glass substrates were cleaned in two steps; at 

first they were hand wiped by using pure acetone and then put into an ultrasonic cleaner 

with acetone and also isopropanol solutions in a 10-minute period. Both glass and ITO 

coated glass substrates were kept in methanol solution until the deposition process. 

Before the deposition process, the surface of the wafers was subjected to a cleaning 

procedure with 10% dilute hydrofluoric acid (HF) solution in order to remove the 

native oxide layer and then rinsed in distilled water. In the deposition process, these 

substrates were dried by pure nitrogen flow.  

 

In order to carry out the electrical and photo-electrical measurements, the glass 

samples were prepared in a cloverleaf (Maltese-Cross) geometry [183, 184]. These 

substrates masked in this contact geometry were used because the measurements 

were easily carried out by simple current-voltage readings without caring of width or 

distance between contacts.  
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3.2.2 Growth Process of Thin Films  

 

Under this work, CAIS and ZIS thin films were deposited by stacked layer 

evaporation technique from the constituent elements of purity 99.999% evaporation 

sources by using Vaksis PVD/5F Midas thin film coating system (Fig. 3.1). In the 

deposition of CAIS thin films, Cu, Ag, In2Se3 and Se, and in the deposition of ZIS 

thin films, Zn, In2Se3 and Se evaporation sources were used. The layer thickness 

optimization of all evaporation sources was carried out by conducting several 

deposition cycles with the same deposition parameters prior to the sequential 

deposition of thin film samples. In all depositions, the glass substrates were placed at 

a fixed distance of about 30 cm above the sources and rotated during the deposition, 

and also the individual layer thicknesses were measured by Inficon XTM/2 

deposition monitor. Therefore, each evaporation sources were used to control each 

elemental ratio in the deposited CAIS and ZIS film structures. Before the deposition 

process, the evaporation sources were heated up to an optimized temperature and 

they were treated pre-evaporation for several minutes to get optimized deposition 

ratio and also to eliminate the potential contaminations introduced during the 

exposure to atmosphere or source installation stage.  

 

 

Figure 3.1: PVD system 
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For CAIS and ZIS film samples, the stacked sequence of the layers were done by 

depositing Cu and Ag layer between Se and In2Se3 layers, and Zn layer between Se 

and In2Se3, respectively. Besides, the thickness of each layer was controlled by 

deposition monitor. The deposition rates were also measured and monitored as about 

1.0 Å/sec during the deposition of Zn, Se and In2Se3 layers, and about 0.2 Å/sec 

during Cu and Ag layers. The Se layers were added in the film deposition steps to 

adjust Se composition in the structure. The excessive element Se on the top of the 

film surface was also deposited to get a superior crystalline structure [185]. 

 

The PVD system is a typical thermal evaporation system that allows using more than 

one evaporation sources.  In other words, there are four thermal cells that provide to 

deposit thin films by using four different evaporation sources. Although this system 

has a rotation stage for substrate holder, the optimization steps were done with caring 

on the position of the fusion cell used for each sources. In order to vacuum the 

chamber, automatic procedure is used by the software. In these depositions, pressure 

value was set at 5x10-6 Torr. Then, depositions were done with semi-atomic mode at 

the desired chamber pressure.  

 

3.2.3 Post-Annealing Treatment 

 

In this thesis work, the material characteristics of the thin film samples were 

investigated in as-grown form without applying any post-growth process. After this 

analysis step, they were characterized under the effect of post-heat treatment higher 

than the substrate temperature during the deposition process to observe the variations 

on the structural, electrical and optical properties of the as-grown thin films. This 

annealing procedure was applied to the films by horizontal Lindberg type furnace 

under the continuous nitrogen flow. The temperature range of this annealing 

treatment was determined 300, 400 and 500 °C with 30-minute time interval where 

this timing is approximately average of the deposition time.  In the annealing 

process, at first, the temperature of the furnace was set to the desired temperature 

while the nitrogen gas was given to the quartz tube in the furnace in order to prevent 

any contaminant from the interior surface. Then, at the annealing temperature, thin 
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film samples were placed at the centered of the tube via the quartz boat. After that, 

the annealing process was applied for 30 minutes under the nitrogen gas flow. In 

order to prevent any harmful effect, such as cracking or oxidation on the film 

surface, the samples were slowly moved to the end of the tube while cooling down 

the system to the room temperature.  

 

3.2.4 Electrical Contact Deposition 

 

The front ohmic contact to the CAIS and ZIS thin films, and n- and p-type Si-wafers 

was deposited by metallic evaporation system. Metal contact production was done 

with shadow mask suitable for thin film production mask shape and also 

requirements for the electrical measurements. For the films deposited on the glass 

substrates, the shadow masks were prepared in geometry appropriate to the van der 

Pauw geometry; and for device characterization measurements, they were in circular 

shape with 1mm diameter and also in fringe/grid shape. These Cu-masks used in the 

metal contact step were illustrated in Fig. 3.2.  

 

 

Figure 3.2: Thermal evaporation system 

 

The CAIS and ZIS films were coated pure In elemental source and then annealed at 

100 °C under the nitrogen atmosphere. The back side of the n-type and p-type Si 

wafers were thermally coated with Ag and Al metals to form an ohmic contact 
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region, respectively. After these processes, the wafers were annealed at 450 °C under 

the constant nitrogen flow to provide the ohmicity of these contacts. The fabricated 

Si-based and thin film heterojunction diode structures were completed with the 

thermally evaporated In as a transparent front ohmic contact onthe front surface of 

the top layer surface. In this case, to get several independent regions for 

measurements, dot-shaped Cu masks were used during thermal evaporation. As in 

the case of ohmic contact formation on Si wafers, after this deposition, the samples 

were annealed at 100 °C under the nitrogen flow to get an ohmic contact behavior. 

 

In the metallic evaporation step, the samples were placed on the substrate holder about 

15 cm above the evaporation source. In order to pump the system down to the 

necessary value, about 10-6 Torr, to start the evaporation. This evaporation process 

was carried out without heating the substrate. Therefore, all In contacts were 

annealed for 30 minute-time interval by horizontal Lindberg annealing furnace to 

provide contact diffusion between the ohmic metallic contact and thin film surface. 

 

At the end of the ohmic contact production, the copper wires were attached on the 

contact surface by using silver paste to complete the sample preparation process for 

electrical and device characterizations. In electrical measurement, the ohmic 

behavior of the all deposited metal contacts were checked in terms by applying I-V 

measurements and it was found that I-V characteristic is independent of applied bias 

polarity that confirms the ohmic nature of a contact. 

 

3.3 Structural, Compositional and Surface Characterization  

 

3.3.1 Thickness Measurements  

 

Thickness of materials has an important effect on their characteristics and it is used 

in many characterization methods. Therefore, thickness measurements of studied 

samples are a critical factor for many optical and electrical measurements and 

analysis of them. There exist various thickness measurement techniques as contact-

type and non-contact-type. Basically, the contact-type devices need a reference 
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length for the measurements; however non-contact-type devices are based on the 

some physical relationship, such as capacitance or optical characteristics of the 

samples. For their easy and quick usage, the thicknesses of the deposited films in as-

grown and annealed form were measured electromechanically by Veeco DEKTAK 

6M profilometer (Fig. 3.3). It is computer control system with Dektak32 software. In 

general, it is used in order to measure the vertical profile of samples. During 

measurement, a diamond stylus with radius of 12.5 μm is moved horizontally into in 

contact with the reference substrate surface. Then, the stylus is moved to the sample 

surface and continues its motion on the sample surface for a specified distance and 

specified contact force. In these measurements, the horizontal resolution in the 

surface profile of the sample can be controlled by the scan speed and scan length 

from the Dektak32 program. This device can detect small surface variations in the 

limit of the properties of the stylus and therefore it is capable of measuring steps 

below 100 Å [186]. In addition, it can help to get a general view of topographic 

features on a surface of the samples.  

 

 

Figure 3.3: Dektak 6M profilometer 

 

3.3.2 X-Ray Diffraction (XRD) 

 

XRD is a very common experimental technique used in the investigation of the 

crystalline structure of the solid materials because of being a comparatively fast-

response and non-destructive analysis technique with a good sensitivity. In the 
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electromagnetic spectrum, X-rays are located between γ-rays and ultraviolet rays 

with the corresponding wavelengths of about 0.1-100 Ǻ. However, the most 

commonly used wavelengths in XRD method range between around 0.5 and 2.5 Ǻ 

because of having the same order of magnitude as the shortest interatomic distances 

in solid materials. With the wavelength in this range, X-rays can be used for the 

structural characterization of the solid material with an interaction of being absorbed, 

emitted, reflected or transmitted. In XRD method, X-rays sends on the surface of the 

material and the diffraction pattern of the materials due to the reflections are 

analyzed. Mainly, when X-rays interact with a solid material, it gives a fingerprint 

diffraction pattern about its crystalline properties. Therefore, XRD gives a direct 

evidence for the periodic atomic structure of crystals and allows getting information 

about crystal structure in terms of lattice planes, d-spacing and Miller indices. In 

addition, it allows getting initial information about the elemental composition of the 

samples when comparing the known XRD profiles. 

 

XRD systems, mainly, includes an X-ray source, goniometer and a radiation detector 

and the XRD analysis depends on constructive interference when the reflection of X-

ray sonly occurs. The observation of the XRD pattern of the structure in specific 

orientations is based on the short range (amorphous) and long range (crystalline) 

order in the materials. In other words, the specific diffraction peak is the result of 

reinforcement of reflection of X-rays from the corresponding periodically distributed 

parallel plane in the structure of a material.  

 

The X-ray diffraction pattern of the deposited films were investigated by Rigaku 

Miniflex XRD system (Fig. 3.4) equipped with Cu-Kα X-ray source (λ = 1.54 Å) and 

XRD scans were taken in the range 10–90° with a scanning speed of 2 min−1.  It is a 

bench top and portable system combined with a chiller for cooling X-ray tube. It 

allows investigating the crystalline structure of the solid materials in crystal wafer, 

powder or thin film form. The experimental data were analyzed by using computer 

software licensed by Rigaku. The obtained XRD profile is mainly analyzed by a peak 

search-and-match process with the help of the program database containing reference 

patterns. The crystalline structure can also be compared to the literature works and 



73 

 

also International Centre for Diffraction Data (ICDD) in order to get high correlation 

with the experimental data. Moreover, from these experimental data, the lattice 

constant, grain size and internal stress properties can be investigated.  

 

 

Figure 3.4: XRD system 

 

3.3.3 Scanning Electron Microscopy (SEM) 

 

The scanning electron microscope (SEM) is a microscope that uses electrons rather 

than light to form an image and to examine objects on a very fine scale. In other 

words, it is a tool used to observe and characterize of the materials up to a nanometer 

resolution. It also permits the variety in the type of the samples; it can be organic and 

inorganic materials with three modes of operation. The high vacuum (HV) mode is 

used for samples in metallic characteristics, in other words, it is suitable for analysis 

of electrically conducting samples. However, the electrically insulating samples need 

a conducting coating to analyze in HV mode. Low vacuum (LV) and environmental 

scanning electron microscope (ESEM) operation modes are preferred for insulating, 

ceramic or polymeric samples without any coating on the samples. SEM is a 

common technique to obtain information about topography of the sample surfaces 

and surface features, their morphology, shapes and sizes.  The popularity of the SEM 

arises from its advantages on the light microscopes and AFM technique in these 

measurements; such as it can provide better resolution and depth of field than light 

microscopes, 3D appearance of the sample image as a result of the large depth of 

field and it is capable of very low magnifications complementing the information 
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available from the optical image [187]. In addition, SEM images are in high 

resolution of bulk specimens where it is not needed to make sample thin for 

transmission electron microscopy (TEM) measurements. SEM can analyze a larger 

surface area and perform faster scanning compared to AFM. SEM allows 

compositional analysis of the constituent elements in the samples and gives relative 

atomic ratios of them when it is equipped with EDAX facility and crystallographic 

information when it is equipped with electron backscatter diffraction (EBSD) 

facility. On the other hand, by comparison with optical microscopy and AFM, it is a 

vacuum-based process. Both the electron source and sample chamber requires being 

in vacuum with certain pressures.  

 

In this study, the analyses of surface morphology of the samples before and after the 

annealing processes were carried out by Quanta 400 FEG model SEM system. This 

system contains secondary electron (SE), backscattered electron (BS), law vacuum, 

and energy dispersive X-ray spectroscopy (EDS) and EBSD detectors for specific 

usages. In order to monitor the sample surfaces, Everhart-Thornley detector (ETD) 

was used to collect SE generated in the sample. In fact, it is a photomultiplier 

detector designed by Everhart and Thornley. It consists of a Faraday grid, a 

scintillator, and photomultiplier tube (PMT). In this detector system, Faraday grid is 

used as a charged collector cage biased from -50 to 250 V to collect the low 

energetic SEs emitted in all directions from the sample. The part is placed in front of 

the scintillator and the incident electrons coming from this grid are directed to the 

scintillator which is a phosphor screen to create a photon corresponding to each 

coming electron. The outer layer of this part is also positively biased at about 10-15 

kV to accelerate SEs to the phosphor screen. The reason in the usage of phosphor is 

that its response time is fast and it also permits high resolution scanning. Then, PMT 

amplifies the resulting photon signal and this amplified electrical signal is sent to 

further electrical amplifier. The electron source is Schottky emitter based field 

emission gun (FEG) and the electron beam was accelerated at 30 kV in scanning 

process. Since the SEM image generated by SEs, the interaction depth in the material 

is about 50 nm. In addition, to monitor an image with high resolution, working 

distance (WD) and depth of field were calibrated depending on the film properties, 
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such as thickness, surface features. Samples were also coated with Au/Pd target by 

sputtering method in order to get an electrically conducting surface required for HV 

operation mode. During the measurement, the beam in the SEM is moved over the 

sample to examine the possible surface variations and then appropriate 

magnifications were chosen to define them. 

 

3.3.4 Energy Dispersive X-Ray Spectroscopy (EDS) 

 

The analyses of chemical composition of the films in as-grown and annealed were 

carried out by Quanta 400 FEG model SEM equipped with EDAX facility. EDS 

makes use of the X-ray spectrum emitted by a solid sample bombarded with a 

focused beam of electrons to obtain a localized chemical analysis. This system 

detects the X-ray photons emitting from the sample as a result of electron-sample 

interaction. It is made of Si (Li) crystal which absorbs the X-ray and generates 

electron-hole pair corresponding to each incident photon with an energy resolution of 

about 132 eV. Under the bias voltage, this pair is separated and the electrons are 

detected to get an electronic signal output from the detector. It is used to determine 

the specific X-rays of different elements into an energy spectrum, and then EDS 

system software is used to analyze the energy spectrum in order to determine the 

chemical composition of the materials. With this interval, it cannot distinguish the X-

rays having different energy coming from different element.  

 

3.3.5 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) measurements were done to identify the 

chemical species and chemical bonding states at the surface of the samples by using 

PHI 5000 VersaProbe system and also to surface composition of the films were 

analyzed by electron spectroscopy for chemical analysis (ESCA) method. This XPS 

system is equipped with an MgKα radiation X-ray source of energy value of 1253.6 

eV in an ultra-high vacuum system with a chamber pressure below 10−7 Pa. The 

mono-energetic X-ray beam can be focused at a working area between 10-200 μm on 

the sample surface. In survey measurements, the surface of the samples were scanned 
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up to 1150 eV to get the general view of the XPS spectra. Then, the elements 

observed in these spectra were scanned in a specific energy intervals to construct 

more reliable data. As a result of irradiating the sample surface with X-ray, 

photoelectrons are emitted from the core levels of surface atoms and also the 

information can be given from the near-surface layer of the structure. Thus, the 

electron energy analyzer detects the binding energy and intensity of these 

photoelectrons. This XPS system also provides depth profiling in order to get 

information from the bulk by using Ar ion gun in sputtering the film surface. With 

the dual beam charge neutralization method, it also simplifies the analysis of 

insulating samples. 

 

3.3.6 Atomic Force Microscopy (AFM) 

 

AFM measurements were used to analyze the surface characteristics of the deposited 

films, and also to determine the effects of applying annealing and increasing 

annealing temperature on the surface structure of film samples. Nanomagnetics 

ambient AFM system (Fig. 3.5) was used.    

 

 

Figure 3.5: AFM system 

 

As a main concept of AFM, it offers higher resolution imaging capabilities with the 

method of feeling the surface using mechanical probing. Although SEM and AFM 

are two common techniques for high resolution surface investigations with a 

resolution of surface structure at about nanometer scale, AFM can provide 3D 
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surface analysis where SEM gives a standard in 2D imaging process. Besides, unlike 

SEM measurements, there is no any requirement on sample preparation before the 

measurement.  

 

In the AFM measurement, the surface topographical image can be observed by 

scanning a sharp tip across a sample surface while applying a small constant force. 

This silicon tip is integrated on the end of a cantilever with a typical end radius in the 

interval of 2-20 nm, depending on its type. The scanning motion is controlled by a 

piezoelectric tube scanner that scans the surface of the sample with respect to the tip. 

The interaction between the end of the tip and the film surface is monitored by 

reflection of a laser beam from the back side of the cantilever into a split photodiode. 

detector. Then, the AFM image of the sample is obtained by as a change in the 

photodetector output voltages [188]. 

 

3.3.7 Raman Spectroscopy 

 

Raman scattering spectroscopy similar to the XRD method is an effective method in 

the analysis of chemical structures and physical forms with identifying substances 

from their characteristic spectral patterns. This technique is mainly based on the 

inelastic scattering of the monochromatic light after the interaction with the sample. 

In order to obtain a monochromatic light beam, usually intense laser emission is 

used. When the photon of the laser light with a frequency ν0 interacts with the 

sample, it can be absorbed by the sample and then re-emitted. This interaction causes 

creation of dipoles where the frequency of them can be in the characteristic of 

Rayleigh scattering, Stokes frequency or Anti-stokes frequency [189].  In these 

characteristic frequencies, Rayleigh scattering is the most common, strong one with 

the same frequency as the incident beam ν0. With the other absorption cases in 

Raman-active molecules, frequency of the re-emitted photons is shifted up or down 

in comparison with the frequency of the incident laser beam. Therefore, Raman 

spectroscopy deals with these characteristic frequencies which can provide 

information about vibrational, rotational, and other molecular modes.  
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In this study, Raman scattering experiments were performed by using Horiba Jobin 

Yvon iHR550 imaging spectrometer with a three-grating monochromator (Fig. 3.6). 

This spectrometer provides a scan range of 0-1500 nm in ±0.20 nm wavelength 

accuracy and 0.025 nm resolution with exit slit and photomultiplier tube (PMT) 

[190]. The optical Raman microscope is equipped with Euromex fiber optic light 

source which provides continuous white light by halogen bulb. This focusing process 

is completed when the sample surface is matched to the focal plane of the light by 

adjusting the Z position of the objective.  In addition, the Raman spectra are obtained 

with the interaction between the sample and laser beam. Therefore, this system is 

also equipped with the Ventus532 laser source. It is designed by Laser Quantum with 

532 nm green laser beam for the Raman spectroscopy applications. Mpc6000 power 

supply and controller unit is used to switch on/off the laser beam, monitor the 

component temperatures in the laser head and control the laser output power.  

 

 

Figure 3.6: Raman system 

 

3.4 Optical Characterization 

 

3.4.1 Transmission Measurements  

 

For the optical analysis of CAIS and ZIS thin film samples, transmission 

measurements were done at room temperature condition. Under this purpose, the 

optical transmittance measurements were carried out by using Perkin-Elmer Lambda 
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45 spectrophotometer in the 300-900 nm (Fig. 3.7) and also by using Perkin-Elmer 

LAMBDA 950 UV/Vis/NIR spectrophotometer in the 300-2000 nm wavelength 

region. 

 

 

Figure 3.7: Perkin-Elmer Lambda 45 spectrophotometer 

 

In general, spectrophotometer systems are easy to operate without special sample 

preparation. UV/Vis spectral analysis provides a simple method of measuring the 

band gap energy value of the samples. In addition, the UV/Vis/NIR systems can offer 

a detailed analysis of the optical spectra of the samples. Basically, the experimental 

procedure is that a collimated beam of light is directed on the semiconducting sample 

and then intensity of transmitted light from the sample is measured as a function of 

wavelength. Background correction for the glass substrate was performed in each 

measurement. 

 

3.5 Electrical Characterization 

 

3.5.1 Dark-conductivity Measurements  

 

Temperature dependent dark-conductivity measurements in the temperature interval 

of 100-420 K with 10 K temperature steps. It was performed inside the Janis cryostat 

equipped with a cooling system by means of liquid nitrogen and Keithley 2400 

sourcemeter was used to apply bias voltage to the sample and to measure the 
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resultant current (Fig. 3.8). In order to prevent the heat exchange with the 

environment, all measurements were carried out under about 6x10-3 Torr. By using 

Ulvac GVD-200 vacuum pump. In addition, the sample temperature was controlled 

by LakeShore 331 temperature controller. The sourcemeter can provide precise, low-

noise, high stable DC voltage and current source and it can also be used as high-

impedance multi-meter that read the voltage and current values in high sensitivity.  It 

supplies source voltage from 5 μV to 210 V; measure voltage from 1 μV to 211 V, 

and source current from 50 pA to 1.05 A; measure current from 10 pA to 1.055 A, 

with a 0.012% accuracy [191]. It is a totally computer controlled system. 

 

 

Figure 3.8: Electrical characterization system 

 

From these measurements, the samples were deposited in van der Pauw geometry 

and also ohmic In-contact formation was done with an appropriate Cu-mask. Then, 

the dark-conductivity values were measured by using van der Pauw method [192, 

193]. It is a standard technique for investigating the electrical conductivity 

characterization of thin film materials using four point contacts formed on the 

circumference of the sample arbitrarily. This method is widely used since it 

decreases the measurement errors which arise in classic characterization techniques 

due to the possibility of contact resistance and also it gives opportunity to apply it for 

samples of any shape [194].  In this measurement technique, for each combination of 

four contacts, resistance value of the sample can be determined at each temperature 
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point by the ratio of potential difference Vbias between two contacts and applied 

current Idark as, 

 

𝑅𝑑𝑎𝑟𝑘 =
𝑉𝑏𝑖𝑎𝑠

𝐼𝑑𝑎𝑟𝑘
 (3.1) 

Therefore, the resistivity value of the sample was found from the following 

simplified relation [195], 

 

𝜌𝑑𝑎𝑟𝑘 = 𝑓
𝜋𝑑

𝑙𝑛2
𝑅𝑑𝑎𝑟𝑘 (3.2) 

 

where d is the thickness of the sample and f is the correction factor. Then, from the 

average of all contact measurements, the dark conductivity value, σdark=1⁄ρdark, was 

determined. 

 

3.5.2 Hot Probe Measurements 

 

Hot probe (or thermoelectric probe) method is the simplest technique to determine 

the type of the semiconductors. The principal idea of this method is that the carriers 

move within the semiconductor from the heated (hot) probe to the other (cold) probe. 

In other words, the thermally excited majority free charge carriers are directed from 

the hot region to the cold region. In fact, diffusion mechanism affects this carrier 

motion in the semiconductor structure because the material is uniformly doped by 

heating from the hot probe contact. Then, the electrical potential can be expressed by 

the translated majority carriers [196].  

 

 For this experiment, Keithley 619 electrometer/multimeter is used. It performs 

voltage, current, and resistance reading in a programmable range options. In this 

measurement, while pointing on the surface, positive terminal of the meter was 

heated while the negative terminal was kept cold. With this arrangement, for the case 

of n-type semiconductor, the meter reads a positive voltage, in the contrary case, p-

type material provides a negative voltage. 
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3.5.3 Hall Effect Measurements  

 
For this electrical characterization step, room temperature Hall parameters were 

determined by Hall Effect measurements. In these measurements, the current was 

applied by Keithley 220 programmable current source, and the voltage values was 

read from Keithley 619 electrometer/multimeter (Figure 3.8). Walker Magnion 

Model FFD-4D electromagnet was used to produce magnetic field and applied 

magnetic field strength was kept stable at around 0.90 T in Hall Effect 

measurements. 

 

In general, the applicability of this method is taken into consideration when the 

sample resistance is between 103 and 109 ohm [136]. For less resistive materials, Hall 

Effect analysis can be done with the current-voltage measurement from the parallel 

contacts as shown in the Fig. 3.8. On the other hand, if the semiconductor is high 

resistive material, it is more appropriate to measure across different pairs of contacts.  

 

From these measurements, the resistivity values were calculated as a result of four I-

V measurements presented in Table 3.1. 

 

Table 3.1: Current-voltage contact pairs for resistivity measurements 

Applied Current 

(Keithley 220) 

Measured Potential 

Difference (Keithley 619) 

I13 V24 

I31 V42 

I24 V13 

I42 V31 

 

From these I-V measurements, the resistivity of the sample without magnetic field 

effect was calculated by the following expression, 

 

𝜌 = 𝑓
𝜋𝑑

4ln⁡(2)
(𝑅13,24⁡(𝐵=0) + 𝑅31,42⁡(𝐵=0) + 𝑅24,13⁡(𝐵=0) + 𝑅42,31⁡(𝐵=0)) (3.3) 
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where R13,24 (B=0) corresponds the resistance value obtained from ratio of the applied 

current I13 with the measured potential difference V24; and f is a function of the 

potential difference measured called as a correction factor. In our calculations, it was 

taken as 1 since the contacts are symmetrical [113]. This result gives the same room 

temperature resistivity value with the dark conductivity measurements. The same 

experimental and calculation procedures were also applied for the measurements 

under the applied magnetic field in both forward and reverse directions. For Hall 

Effect analysis, Hall coefficient RH was found by using the calculated resistance 

values with or without magnetic field effect as  

 

𝑅𝐻 =
𝑑(∆𝑅+ + ∆𝑅−)

2𝐵
 (3.4) 

 

where d is the thickness of the sample, and ∆R+=R+B-R(B=0)  and  ∆R-=R-B-R(B=0)  

with direct (+) and reverse (-) directions. Hence, the sign of RH also gave the type of 

the material whether electrons or holes predominate in the conduction process [197]. 

The conductivity type of all thin films was also checked by the hot probe 

measurements. Then, the charge carrier concentration was found by the relation: 

 

𝑛 =
𝑟𝑛

𝑒𝑅𝐻⁡⁄  or 𝑝 =
𝑟𝑝

𝑒𝑅𝐻 ⁡⁄  (3.5) 

 

where r (or rp) is the Hall factor [198] and n (or p) represents the electron (or hole) 

concentration. From the calculated n value, Hall mobility μ was determined as: 

 

𝜇 = 𝜎
𝑛𝑞⁄  (3.6) 

 

3.6 Electro-Optical Characterization 

 

3.6.1 Photo-Conductivity Measurements  

 
Photo-conductivity measurements were performed inside the Janis cryostat, equipped 

with a liquid nitrogen cooling system (Fig. 3.8) between 100 and 400 K. A 

perpendicular illumination effect was applied on the film surface by using a 12 Watt 
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halogen lamp. Therefore, photo-conductivity measurements were carried out under 

five different illumination intensities between 20 and 115 mW/cm2. Similar to the 

dark conductivity experiments, the samples were placed in the cryostat for the 

temperature dependent measurements. Different than the dark conductivity case, 12-

Watt halogen lamp was used as a light source and it was arranged 1 cm above the 

thin film surface in which the whole surface can be illuminated homogenously. The 

photo-conductivity measurements are carried out in similar procedure with dark 

conductivity measurements where under a constant bias voltage, the lateral current 

flow along the sample is measured by using Keithley 2400 sourcemeter in the 

temperature interval of 80-420 K with 10 °C temperature steps. Apart from that, the 

photo-conductivity measurements were done under 5 different illumination 

intensities. Therefore, lamp current was supplied by Keithley 220 programmable 

current source and the illumination intensity of the lamp was arranged by changing 

the current passing through the lamp in the range of 50-90 mA with 10 mA steps. 

When the halogen lamp is placed at the 1 cm above the center of the sample, the 

illumination intensities 20, 35, 55, 80 and 115 mW/cm2 determined by IL Ford 1700 

Radiometer corresponding to the currents applied to the lamp. In this experiment, for 

each temperature step, initial data was taken under dark condition, and then 

measurement was completed with five different light intensities.  

 

3.6.2 Spectral Photo-response Measurements  
 

In these measurements, photo-responsivity spectra for the illumination at different 

wavelengths were measured at room temperature giving initial bias voltage to the 

sample. They were done between the wavelength range of 300 and 1300 nm in order 

to determine the band gap of the samples.  

 

The photo-response measurements of the fabricated devices were done at room 

temperature by using Newport Oriel Apex Monochromator Illuminator coupled to 

Newport Oriel 74125 Monochromator (Fig. 3.9). In this system, the radiated light is 

generated by illuminator with a halogen lamp light source and 4 optional filters. 

Then, this generated light beam is directed into a monochromator equipped with 3 

diffraction gratings with 600 lines/mm whose ranges are 250-1300 nm/600-2500 
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nm/900-2500 nm, respectively. In addition, the input F/number of the 

monochromator is F/3.9 and the resolution is 0.10 nm.  

 

 

Figure 3.9: Photo-response system 

 

In order to obtain the photo-response spectra as a function of wavelength, the sample 

is placed on the exit gate of the monochomator with focusing the light beam on the 

sample. The optical spectra of the samples were obtained under a constant bias 

voltage. The current-voltage measurements were also carried out by using Keithley 

2400 sourcemeter. In this experiment, the bias voltage, illumination time, appropriate 

grating and wavelength interval can be specified and controlled by a Labview 

program. Therefore, the electronic shutter in the Monochromator was also controlled 

for dark and illuminated cases. The net photocurrent was determined as a difference 

between the current measured in dark and in the presence of illumination. In addition 

to this, the spectra of the samples were obtained by correcting the net photocurrent 

values with background elimination caused by the spectral distribution of the light 

source. The experimental data were used to plot photocurrent versus wavelength 

graphs, and from the peaks in this graph, activation energies of the sample were 

calculated. 
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3.7 Device Characterization 

 

3.7.1 Dark Current-Voltage Measurements  

 
For temperature dependent I-V measurements, CTI-Cryogenics Model 22 

refrigerator system combined with Model SC helium compressor provide cooling 

and heating the sample in the working temperature interval (Fig. 3.10). The design of 

the sample holder on the sample station of the system limits the working size of the 

sample as to be at most 2x2 cm2. The temperature dependent process requires an 

adequate vacuum integrity for proper system operations. The temperature of the 

sample was controlled and arranged to the working level by using Lakeshore DRC-

91C controller. In a voltage interval determined in terms of the material 

characteristics, a potential difference was applied between front and back contact of 

the device and corresponding current flow is measured with Keithley 2401 

sourcemeter. This measurement system is controlled by a Labview program where 

the temperature and voltage range can be specified before the experiment.  

 

 

Figure 3.10: I-V and C-V measurement system 

 

3.7.2 Capacitance-Voltage Measurements  
 

The frequency dependent capacitance-voltage (C-V) measurements were performed 

with the computer-controlled measurement set-up and Hewlett Packard 4192A LF 

model impedance analyzer at room temperature (Fig. 3.10). In this measurements, 
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the applied voltage range and voltage step, measuring frequency were determined by 

the help of Labview program, and the all C-V measurements were carried out by 

impedance analyzer. The voltage interval was selected depending on the electrical 

properties of the samples, and the built-in frequency can be chosen within the limits 

of the analyzer which is between 5 Hz and 13 MHz [199]. In addition, the impedance 

analyzer can perform with oscillation level from 5 mV to 1.1 Vrms and the 

oscillation level step for this equipment is 1 mV in 5-100 mV regions and 5 mV in 

100 mV-1.1 V region. The internal dc bias voltage source range is between -35 V to 

+35 V with 10 mV step precision.  
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CHAPTER 4 

 

 RESULTS AND DISCUSSIONS-1 

 (ZnInSe2 THIN FILM LAYER) 

 

 

4.1 Introduction 

 

ZIS structure is a ternary chalcopyrite semiconductor based on the combinations of 

II-III-VI group of elements [12-14]. The defect in this compound arises from the 

percentage vacancies of Zn elements in the structure [14] and it is the main factor on 

the physical characteristics of this film. The crystal structure of this compound 

belongs to tetragonal system with lattice constants a=5.7095 Å and c=11.449 Å [36]. 

There are many research on ZIS thin films about their crystal and film 

characteristics; and also applications in solar cell and optoelectronic device 

applications [10-14, 21, 24, 25, 28-31, 34, 36]. These works demonstrated their 

applicability of buffer layer as a hetero-junction partner for p-type absorber layers 

materials. They have an n-type conductivity behavior [14] and can be used as a 

promising candidate for CdS structure with its environment-friendly characteristics. 

Moreover, earth-abundant Cu-based chalcogenide semiconductors, Cu2-II-IV-VI4 

have been the potential materials for solar cell applications with their low cost, 

abundance in resources and suitable band gap properties [200]. Therefore, ZIS can be 

a best lattice matched n-layer for this type of photovoltaic absorber compounds. In 

this part of the thesis work, the material and device properties of Zn-rich ZIS thin 

films under the effect of post-thermal annealing at different annealing temperatures 

are reported. 
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4.2 Structural Characterization of ZnInSe2 Thin Films 

 

ZIS thin films were deposited by sequential layer growth of Zn, In and Se 

evaporants. The compositions of the films were determined by EDS in order to 

analyze the elemental content in as-grown film structure. Change in the atomic 

percentage of these elements in the structure was also evaluated under the effect of 

post-thermal annealing processes. The atomic ratio of the elements in the as-grown 

and annealed ZIS films is tabulated in Table 4.1. As given in the Table 4.1, all films 

are in the Zn-rich characteristics. As the annealing temperature increases, the atomic 

percentage of Zn increases while that of In and Se decrease. This is usually expected 

due to the different vapor pressures and sticking coefficients between the constituent 

elements. The decrease in the atomic percentage of Se with annealing indicates the 

segregation and/or re-evaporation of Se atoms from the film surface due to the high 

vapor pressure of selenium before making the bond with the other elements [201]. 

 

Table 4.1: EDS results of as-grown and annealed ZIS thin films 

Sample Zn (at %) In (at %) Se (at %) 

As-grown 22.03 20.80 57.17 

Annealed at 300 °C 24.03 19.07 56.90 

Annealed at 400 °C 27.49 18.13 54.38 

Annealed at 500 °C 28.93 17.51 53.56 

 

 

The thicknesses of the films were measured electromechanically by a profilometer 

and the measured film thicknesses were 590, 585, 525 and 505 nm, for the as-grown 

films, and films annealed at 300, 400 and 500 °C, respectively. According to these 

results, although the film thicknesses could be evaluated as the same with annealing 

up to 400 °C, the slight decrease in the thickness values can be taken as the 

indication of the decrease in the amount of some constituent elements in the structure 

of the films. 
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Figure 4.1: The XRD patterns of the as-grown and annealed ZIS thin films at 

different temperatures. 

 

XRD technique was used to investigate the phases and the orientation of crystalline 

structure of ZIS thin films. It can be seen from Fig. 4.1 that the films have a 

tetragonal structure with dominant diffraction peak at (112) direction whose 2θ 

position is about 26.9° [23, 26, 30]. In fact, these types of structures were reported to 

have a zinc-blende structure [18]. The XRD patterns of the films are consistent with 

JCPDS (joint committee on powder diffraction standards) card files 39-0458 [202] 

and 39-1156 [203]. On the other hand, no remarkable change was observed in the 

diffraction peak positions in the XRD patterns of the films with annealing (Fig. 4.1) 

except at the films annealed at 500 °C. In this annealing temperature, ZnSe 

secondary phase formation was detected in this film structure and it was found to be 

matched with JCPDS card file 80-0008 [204] which is the most suitable card for this 

peak. In addition, the peak intensity in the preferred orientation of (112) direction 

increased appreciably with increasing annealing temperature which gave information 

about the degree of crystallinity along this direction. The lattice constants of the 

films were derived by Chekcell software. As a result of the calculations, it was found 

that the deposited crystalline thin films belong to the space group of I-42m and has 

tetragonal lattice structure. Lattice constants were calculated as, a=5.6977 Å and 
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c=11.5095 Å and they are in good agreement with the results given in the literature 

[3]. In addition to the main crystalline orientation direction, there are additional 

diffraction peaks in (200), (204/220), (316) and (424) orientations as reported in the 

previous works [20, 34, 202, 203]. These diffraction peak intensities are very low 

compared to the main peak, however they became observable with annealing at 

500°C. Moreover, the binary ZnSe phase in (101) orientation direction was only 

observed in this film structure. This formation may be due to the decomposition of 

this ternary structure or mobile Zn elements on the film surface may promote the 

probability of the reaction kinetics with Se atoms for the construction of this phase. 

 

The average microcrystalline grain size d was estimated from the XRD pattern using 

the Scherrer’s formula [201, 205] expressed as; 

 

𝑑 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 (4.1) 

 

where k is the shape factor (Scherrer constant) equal to 0.94 [206], λ is the 

wavelength of X-rays, β is defined as the diffraction peak width at half height 

(FWHM), and θ is the diffraction angle. This formula express the relation between 

peak width, β, and crystallite size, d, and it depends on how the constant of 

proportionality, k is determined. Therefore, it can give information about the 

comparison of grain sizes in the as-grown and annealed ZIS films. It was found that 

the FWHM value decreases and as a result of this grain size of the films increases as 

in the order of 6.3, 7.3, 8.5 and 12.6 nm depending on increasing annealing 

temperature. The increase in grain size is a clear indication of improvement in 

crystallinity following to the annealing process [12, 207]. Accordingly, the strain 

values, ε, can be approximated by using the following expression [208], 

 

𝜀 = (
𝜆

𝑑𝑐𝑜𝑠𝜃
− 𝛽)

1

𝑡𝑎𝑛𝜃
 (4.2) 

 

The calculated strain values were found as 6.19, 5.47, 4.70 and 3.14 (x10-2) for the 

as-grown and annealed samples, respectively. This result showed that with increasing 
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size of the grains, the strain value of the ZIS films were decreased under the 

annealing processes. This can be related to increase in lattice parameters due to 

change in the displacement of the atoms with respect to their reference lattice 

positions. [209]. The decreases in ε with increasing annealing temperature may be 

due to the movement of interstitial Zn atoms from inside the crystallites to the grain 

boundary, which leads to reduction in the concentration of lattice imperfections 

[210]. 

 

Figure 4.2: Raman spectra of the as-grown and annealed ZIS thin films at different 

temperatures 

 

Raman analysis was carried out to find out the structure and vibrational modes in the 

samples. Raman spectra of the ZIS samples are shown in Fig. 4.2. According to these 

measurements, the observed Raman peak positions common for the all films were 

242, 136 and 86 cm-1. However, there were two distinct bands at frequencies around 

86 and 242 cm-1, and the other characteristic Raman peak for this structure was rather 

weak compared to these peaks. The broad and strong band was observed in the 

wavenumber range about 242 cm-1 and it became prominent in the films with 

annealing processes. This peak is the characteristic peak of the ZIS structure and 

corresponds to longitudinal optical (LO) phonon mode [15, 35]. In addition, the 

Raman mode in this highest frequency was reported in ordered-vacancy compounds 
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in defect zinc-blende structure with only tetrahedrally coordinated cations (thiogallate 

structure with space group, S4
2) [35, 211, 212]. The presence of LO mode confirms 

that the ZIS films have a crystalline structure [34]. In an agreement with the previous 

works in the literature, there is no additional information about ZIS structures in the 

wavenumber range above 250 cm-1 [35, 213].  On the other hand, as observed in 

XRD analysis of the films, film annealed at 500 °C has an additional peak at 500 cm-

1 corresponding to ZnSe structure [79]. The characteristic Raman mode for ZnSe 

structure observed at about 250 cm-1 is very close to the corresponding peak in ZIS 

structure, and it was also evaluated as a LO phonon mode for ZnSe [79, 214]. In 

ZnSe Raman spectra, the peak at 500 cm-1 corresponds to the LO phonon replica in 

this structure [79]. When the intensity of the peaks were evaluated, as in the XRD 

case, this phase was found to be higher than the secondary phases of ZIS structure in 

the annealed film.  

 

The surface morphology of the ZIS thin films was studied by SEM micrographs 

technique. The SEM micrographs obtained for the as-grown and annealed films at 

different annealing temperatures are shown in Fig. 4.3. As seen from Fig. 4.3 (a), 

before annealing treatment, there are clusters piled up on the surface of the ZIS films 

and they are distributed irregularly over the film surface. According to the 

compositional analysis on these features, they were found to be Zn crystallites. As 

shown in Fig. 4.3 (b), applying first annealing treatment at 300 °C results in increase 

these crystallites on the film surface. With further annealing processes, these features 

are disappeared that is probably due to either the diffusing of Zn atoms from surface 

to bulk or staying under the surface layer consisting of mainly segregated In and Se 

atoms. It is clearly seen from Fig. 4.3 (c) and (d) that the annealing at 400 and 500 

°C cause surface modifications effectively. From corresponding EDS results of these 

films, there is a considerable decrease in Se ratio in the composition of them. 

Together with specific EDS analysis, it is found that the relatively dark regions on 

these film surfaces are the indication of possible segregation of Se atoms and/or re-

evaporation from thin film surface due to the high vapor pressure of Se before 

making the bond to construct the crystalline structure [215]. 
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Figure 4.3: The SEM images of a) the as-grown and annealed ZIS thin films at 

 b) 300, c) 400 and d) 500°C 

 

The topographic properties of the as-grown and annealed ZIS thin films were 

investigated by using AFM measurements. The 3D AFM images of the samples for 

5μmx5μm area are shown in Fig. 4.4. As observed in SEM analysis, Fig. 4.4 also 

shows explicitly the formation of the Zn crystallites on the film surface and the 

surface modification with increasing annealing temperature. Apart from the Zn 

formation, the surface of the films is uniform and nearly smooth although the post-

thermal annealing processes were applied. The obtained root-mean-square (RMS) 

surface roughness value was 1.33 nm for as-grown films. By applying annealing 

process and increasing the annealing temperature, the thin film the surface 

morphology started to change and the RMS peak to peak distance value became 1.57, 

4.69, 3.54 nm for the ZIS films annealed at 300, 400 and 500 °C respectively. By 

annealing process at 300 °C, the grains were become more close-packed, and at 400 

(a) (b) 

(c) (d) 
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°C their size distribution was decreased. With further annealing process at 500 °C, 

the grain formation was collapsed and the surface roughness was decreased. This 

result about the smoothness of the surface could be due to the migration of Se atoms 

towards the film surface as determined from the EDS and SEM results. On the other 

hand, the deposited ZIS films could be a well candidate for further film preparation 

in devices for solar cell with significantly low RMS roughness values [216]. 

 

 

 

Figure 4.4: The AFM images of a) the as-grown and annealed ZIS thin films at  

b) 300, c) 400 and d) 500 °C 

 

The surface and near-surface atomic composition and the present chemical 

environments of the ZIS thin films were analyzed by XPS measurements performed 

on as-grown and annealed samples. The XPS spectra were obtained using the 

constant analyzer-energy (CAE) mode with a pass energy of 48 eV. Surface of the 

films was sputtered two times by using 2 keV Ar+ ions for 5 min duration to reduce 

the amount of the contaminants due to C and O atoms and to analyze the near-surface 

composition of films. The corresponding XPS survey spectra of as-grown and 

annealed films were compared as indicated in Fig. 4.5-4.7. It is clearly observed from 

the XPS analysis of both as-grown and annealed film, all expected constituent 

elements, Zn, In and Se, and additionally C and O were appeared on the XPS survey 

(a) (b) 

(c) (d) 
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composition with corresponding photoelectron lines. As shown in these figures, the 

C 1s and O 1s photoelectron lines were observed in XPS spectrum of the all samples, 

and this indicated the presence of C and O contamination. The film surfaces may be 

contaminated with C and O during the characterization of samples. There is a weak 

increments on background signal on the film surfaces depending on the variations in 

the peak intensity of these elements with increase in annealing temperature. This 

indicates that there were in an argon flow in annealing furnace during annealing, but 

the inert gas was not so pure. Therefore, the samples may be oxidized in these 

processes accidentally. In XPS spectrum of all film surfaces, there was a decrease in 

amount of Zn and Se, and an increase in In peak intensities and also oxygen 

contamination following to post-annealing process. As the annealing temperature 

was increased, the Se peak intensities become smaller. This situation indicates a Se 

segregation and/or re-evaporation from the thin film structure with the annealing 

[216]. In addition to this analysis, high-resolution core level spectra were recorded 

for the In 3d, Zn 2p, Zn 3d and Se 2p regions in order to investigate binding energies 

in peak analysis, and to determine the peak decomposition and chemical shift due to 

a change in the chemical bonding of the elements.  

 

Figure 4.5: The XPS spectra of the as-grown and annealed ZIS thin films  

at different temperatures before sputtering 
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Figure 4.6: The XPS spectra of the as-grown and annealed ZIS thin films  

at different temperatures after first sputtering 

 

 

Figure 4.7: The XPS spectra of the as-grown and annealed ZIS thin films 

 at different temperatures after second sputtering 

 

Fig. 4.8 shows the In 3d core level spectrum which exhibit two peaks 3d5/2 and 3d3/2. 

The emissions of photoelectrons from In 3d levels cannot be resolved separately in 

the as-grown and annealed at 300 °C films (Fig. 4.8 (a) and (b)). In as-grown form, 

as seen in Fig. 4.8 (a), the In 3d3/2 peak was decomposed into three contributions 
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under the effect of all possible bonding with In. The change observed in In 

photoelectron line obtained from XPS study after annealing is consisted with 

behavior as found from compositional and morphological studies. The XPS analyses 

of this peak with fitting parameters were summarized in Table 4.2. The In-Se 

bonding observed in 3d3/2 peak analysis for as-grown films is disappeared with 

annealing because this process can trigger the possible Se segregation and re-

evaporation on the film surface [217]. In addition, there is a metallic bonding 

formation between In and Zn in these two films. This peak was decomposed as In-Zn 

bond in terms of their electronegativity values.  Since Se is more electronegative than 

Zn, the positive chemical shift may be occurred with In-Zn bonding. The physical 

fact may be due to the surface characteristics in terms of Zn crystallites. However, 

the XPS signal of In 3d core level are well separated due to spin-orbit coupling into 

3d3/2 and 3d5/2 components in the films annealed at higher temperatures, 400 and 500 

°C. The binding energy values obtained from In 3d5/2 peak are also given in Table 4.3 

and corresponding energy separation between these two components formed by the 

spin-orbit coupling are calculated as 5.1, 7.5, 7.8 and 7.6 for the as-grown film and 

annealed films at 300, 400 and 500°C respectively. These interactions between Zn 

and Se with In, indicates the very low diffusivity of indium in the films. However, 

there is a distinct variation on Zn and Se with annealing. This is in agreement with 

earlier studies of the diffusivity and solubility of indium in ZnSe [218].  

 

Table 4.2: Decomposition parameters of In 3d photoelectron peak with respect to 

3d3/2 line 

Sample Bonding B.E (eV) (Observed) B.E (eV) [Ref] 

 In-Se 448.4  

As-grown In-In 452.1 451.4 [219] 

 In-Zn 455.5  

Annealed at 300 °C 
In-In 450.7 

451.4 [219] 
In-Zn 454.9 

Annealed at 400 °C In-In 452.4 451.4 [219] 

Annealed at 500 °C In-In 451.1 451.4 [219] 
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Table 4.3: Decomposition parameters of In 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 443.3 444.0 [220] 

Annealed at 300 °C 443.2 444.0 [220] 

Annealed at 400 °C 444.6 444.0 [220] 

Annealed at 500 °C 443.5 444.0 [220] 

 

 

 

Figure 4.8: In 3d core level XPS spectrum for a) the as-grown and  

annealed ZIS thin films at b) 300, c) 400 and d) 500°C 

 

The important Zn XPS lines observed in the XPS analysis are 2p and 3d. The 

corresponding 3d core level spectra are shown in Fig. 4.9. In evaluation Zn 3d peak 

of our samples, the splitting is not observed and also there is no any bonding 

contribution to Zn-Zn bond. The binding energy of this peak depending on annealing 

temperature is given in Table 4.4. Using high resolution analysis, there is only one 2p 

peak is detected (Fig.4.10). Therefore, the expected decomposition in this peak was 

(b) (a) 

(d) (c) 
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not occurred in our ZIS samples and the Zn 2p peaks obtained between 1020.2-

1021.7 eV with changing annealing temperature. The corresponding fitting 

parameters are listed in Table 4.5. The reference value is used as 1021.8 eV for Zn 

[221] and this peak was found for ZnSe at 1021.5 eV [218]. 

 

 

Figure 4.9: Zn 3d core level XPS spectrum for a) the as-grown  

and annealed ZIS thin films at b) 300, c) 400 and d) 500°C 

 

 

Table 4.4: Decomposition parameters of Zn 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 9.2 10.2 [221] 

Annealed at 300 °C 9.2 10.2 [221] 

Annealed at 400 °C 10.2 10.2 [221] 

Annealed at 500 °C 16.9 10.2 [221] 

(b) (a) 

(c) (d) 
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Figure 4.10: Zn 2p core level XPS spectrum for a) the as-grown 

and annealed ZIS thin films at b) 300, c) 400 and d) 500°C 

 

Table 4.5: Decomposition parameters of Zn 2p photoelectron peak with respect to 

2p3/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 1020.6 1021.8 [219] 

Annealed at 300 °C 1020.2 1021.8 [219] 

Annealed at 400 °C 1021.7 1021.8 [219] 

Annealed at 500 °C 1021.5 1021.8 [219] 

 

 

According to peak fitting analysis, for the elemental photoelectron line analysis for 

Se, any possible contribution due to bonding with constituent elements are not seen 

within the tolerance of experimental errors. In other words, there is only one 

chemical bonding detected. The formation of Se 3d peak is given in Fig. 4.11.  From 

the XPS spectra for ZIS film surfaces, the binding energy peak of the Se atoms are 

(b) 

(d) 

(a) 

(c) 
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observed between 52.7 and 54.1 eV under the effect of  annealing process (Table 

4.6). Because Zn and In are less electronegative than Se, the experimental results 

showed that there is a slight negative chemical shift from the previous works [222]. 

The change in the surface of the films and also compositional variations depending 

on the annealing temperature might be responsible to the change in Se photoelectron 

peaks.  

 

Figure 4.11: Se 3d core level XPS spectrum for a) the as-grown 

and annealed ZIS thin films at b) 300, c) 400 and d) 500°C 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 4.6: Decomposition parameters of Se 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 53.1 55.5 [222] 

Annealed at 300 °C 52.7 55.5 [222] 

Annealed at 400 °C 54.2 55.5 [222] 

Annealed at 500 °C 54.1 55.5 [222] 

 

4.3 Optical Characterization of ZnInSe2 Thin Films 

 

To describe the physical properties of ZIS thin film structure deposited by PVD 

technique, the description based on the crystalline structure, composition and surface 

characteristics in the material were given in the previous section.  The results of the 

structural characterization of these samples were discussed in detail under the effect 

of annealing temperature.  On the other hand, for the aim of the device applications, 

it is important to get detailed information about their optical properties, such as 

electronic band structure and optical constants.  

 

In this part, the optical properties of ZIS samples were defined as the interaction 

between electromagnetic radiation and these semiconducting materials, including 

transmission, refraction and absorption. The transient nature of the optical properties 

of semiconductors is important to establish because it gives insight to the various 

relaxation processes that occur after optical excitation. Therefore, the 

characterization and optimization the optical properties of the films are important 

part for device applications, such as solar cell fabrication. In order to analyze the 

optical characteristics of the samples, transmittance measurements were carried out 

in between 300-2000 nm at room temperature. The response of the samples in a 

specific region of interest of the electromagnetic spectrum gives an overview of 

optical constants, such as, absorption coefficient, refractive index, band gaps, the 

wavelength dependence of transmittance spectrum was performed. Fig. 4.12 shows 

the spectral behavior of the transmittance values of the ZIS films in wavelength 

region of interest with respect to the annealing process. As mentioned in the previous 
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section, the annealing process was applied by using annealing furnace under the 

nitrogen atmosphere in the temperature range of 300-500 °C for 30 minutes. As seen 

from Fig. 4.12, there are interference fringes in the transmittance spectrum of all 

films with a sharp fall at the band edge in the region 600–2200 nm; whereas the 

interference effects disappear below this region. A similar interference behavior was 

reported previously [23, 27, 36, 223] for different deposition techniques and 

structural formations. Initially, these uniform sequential maxima and minima of the 

fringes at the transparent wavelength region indicate optical flatness and thickness 

uniformity of the deposited films even if the annealing processes were applied [23, 

26, 224]. Uniformity was also checked together with the homogeneity by SEM and 

AFM measurements. The optical transmission values of the films were between 80 

and 90% in the transparent region. Moreover, both as-grown film and the film 

annealed at 300 °C showed similar transmittance behavior, in the further annealing 

process, this optical characteristics was changed and their optical spectra were so 

close to each other. However, there was a wavelength shift in the transmission 

spectrum of all samples and a remarkable change in the transmission of the 400 and 

500 °C annealed films. The transmittance values were approximately in the same 

magnitude, as the annealing temperature increases. As the surface of the samples 

become more reflective due to the morphological changes depending on the 

compositional changes, the decrease in the transmittance was the expected optical 

behavior with annealing process [207, 224]. On the other hand, due to the remarkable 

change in the thickness of the films, this effect can slightly be observed on the 

optical measurements. As expected, the structural and surface modifications on the 

films with annealing could trigger this result in transmittance values.  
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Figure 4.12:  The transmittance spectra of the ZIS samples 

 

Because there are interference patterns in the transmission spectra of the films, the 

envelope model (EM) can be used to determine their refractive indices [223, 225]. 

With taking care of all possibilities on the reflection and transmission events in the 

boundaries due to the local fields, the complex refractive index, Ñ(λ), can be written 

as, 

 

Ñ(λ) = n(λ) − iκ(λ) (4.3) 

 

where the real and imaginary part of Ñ(λ) is defined as n(λ) and κ(λ). Note that, they 

are all real and positive numbers. Moreover, Ñ(λ) itself and its components n and κ 

are wavelength dependent [226]. In this analysis, the imaginary part of the refractive 

index, κ, also called as extinction coefficient or attenuation index, denotes absorption 

of optical energy by the semiconductor material [227] and n is the ordinary refractive 

index. The refractive index for each sample was analyzed in the wavelength region 

800-2000 nm in the weak and medium absorption regions [81]. This model deals 

with the interference effects therefore the strong absorption region where the 

interference fringes are not observed is out of interest for this analysis. In the 

application of this method, at least two interference fringes in their weak absorption 

and transparent spectral regions should be determined in order to construct envelope 
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curves in transmission spectra. [223, 225]. Working on EM, the real part of the 

refractive index, n(λ) can be obtained as [225], 

 

𝑛 = [N + (𝑁2 + 𝑛𝑠
2𝑛0

2)1/2]1/2 (4.4) 

 

where  

 

𝑁 =
𝑛0

2 + 𝑛𝑠
2

2
+ 𝑛𝑠𝑛0

𝑇𝑀 − 𝑇𝑚

𝑇𝑀𝑇𝑚
 

(4.5) 

 

From the Eq. 4.3, n(λ) can be determined by using the maxima TM (λ) and minima Tm 

(λ)  in the transmission spectra; the refractive index of the substrate, ns; and the 

refractive index of the surrounding. medium, n0 at the same wavelength value. In this 

case, n0 is the refractive index of the air and approximately equals to 1, and for our 

soda-lime glass substrate ns is about 1.53 at λ~547 nm [182]. By optical 

measurements ns can also be determined from the substrate’s transmission spectra 

[228] given as; 

 

𝑛𝑠 =
1

𝑇𝑠
+ (

1

𝑇𝑠
2
− 1) (4.6) 

 

where Ts is the maximum transmittance of the substrate in the measured spectra. This 

peak value can be chosen in a region of interest, or at a specific value since there is 

no any interference effect on the spectra of the glass substrate.  
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Figure 4.13: The refractive indices of the ZIS samples calculated by EM method 

(dot) and by three term Cauchy relation (line) 

 

The refractive indices found by EM are shown in Fig. 4.13. As a result of EM, the 

refractive index values were between 1.8 and 2.6 depending on the annealing 

temperature and wavelength region. As observed in other ZIS studies, the calculated 

n values decrease in increasing wavelength [27], and also in increasing annealing 

temperature up to 500 °C [14, 23]. With the annealing process, because of re-

evaporation and/or segregation of the elements from the surface of the films and 

decrease in the thickness of the films, the decrease in the density of the films may be 

the reason of this type of change in the refractive index values. To get a wavelength 

dependent relation, these values can also be evaluated by the Cauchy dispersion 

relation [229]; 

 

𝑛(𝜆) = A +
𝐵

𝜆2⁡
+

𝐶

𝜆4
+ ⋯ (4.7) 

 

 This equation was developed for a substances transparent in visible region and 

Cauchy parameters, A, B, C, … are all constants in fitting process depend on the 

optical characteristics of the film. In our case, three-term Cauchy fitting is sufficient 
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to provide a reasonable fit (Fig. 4.13). The calculated values of the Cauchy 

parameters were given in Table 4.7 for all samples.  

 

Table 4.7: Three term Cauchy parameters of the ZIS samples 

Sample A B (nm2) C (nm4) 

As-grown 2.43 9.96x104 1.57x1010 

300 °C Annealing 2.12 2.28x105 5.46x106 

400 °C Annealing 1.96 4.66x105 -7.88x1010 

500 °C Annealing 1.63 6.64x105 -1.45x106 

 

 

From the refractive indices (n1 and n2) of two adjacent maxima or minima (λ1 and λ2)  

in the measured spectra, the thickness approximation of the samples can be done 

with the following relation [223]; 

 

𝑑 =
𝜆1𝜆2

2(𝜆1𝑛2 − 𝜆2𝑛1)
 (4.8) 

 

Although this equation is not very sensitive and accurate [221], this can be used to 

check the correctness of the applied EM [223, 230].  By using Eq. 4.8, the thickness 

of the films, 𝑑 were calculated as 584, 577, 550 and 520 nm, for as-grown and 

annealed films, respectively. The calculated and measured thicknesses of the films 

were found to be in a good agreement with each other in the corresponding about 10 

nm measurement error interval. Since the thickness values are in the estimating error 

limits with the profilometer, the obtained 𝑛 values by applying EM, can be accepted 

with small deviations.  

 

The other optical constant, κ(λ) can be calculated from the absorption coefficient α(λ) 

as [81]; 

 

α(𝜆) =
4𝜋

𝜆⁡
κ(𝜆) (4.9) 
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where α(λ) is related with the transmission values by means of the relation [33]; 

 

α(λ) =
1

𝑑
ln⁡(

𝐼0
𝐼
) (4.10) 

 

In this relation, I0 is the incident light perpendicular to the surface of the film, I is the 

intensity of transmitted light, 𝑑 is the thickness of the film. In fact, the ratio I⁄I0  is the 

transmittance value of the sample normalized by background signals. The obtained 

κ(λ) values are shown in Fig.4.14, and they were found in decreasing behavior with 

increasing wavelength. Although there is a sharp decrease in κ(λ) values depending 

on wavelength and also an observable difference occurred with applying high 

annealing temperatures (400 and 500 °C), there is no remarkable change in κ(λ) 

values for as-grown and annealed at 300 °C.  

 

Figure 4.14: Calculated extinction coefficients for the ZIS samples 

 

 

The complex refractive index of the material is related to complex dielectric function 

as given below [81, 231]; 

 

𝜀(𝜆) = (Ñ(λ))
2
 (4.11) 
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where ε(λ) is evaluated in terms of its real and imaginary parts as; 

 

𝜀(𝜆) = 𝜀𝑟𝑒(𝜆) + 𝑖𝜀𝑖𝑚(𝜆) (4.12) 

 

Therefore, knowing n(λ) and 𝜅(λ) values, these components of ε(λ) can be obtained 

from the following relations; 

 

𝜀𝑟𝑒(𝜆) = n2(𝜆) − κ2(𝜆) (4.13) 

 

and  

 

𝜀𝑖𝑚(𝜆) = 2n(𝜆)κ(𝜆) (4.14) 

 

The variations of these optical constants εre (λ) and εim (λ) in the wavelength interval 

of 800-2000 nm, can be evaluated in similar behavior with  n(λ) and κ(λ). Note that, 

in this analysis, the calculated κ(λ) values should be very small as compared with 

n(λ) values. Fig. 4.15 illustrates the calculated εre (λ) values in terms of change in 

wavelength.  

 

Figure 4.15: Real part of the dielectric constants for the ZIS samples 
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To get a further knowledge about the refractive index, its dispersion in the 

semiconducting material can be calculated by a semi-empirical single-effective-

oscillator model (SOM) [232, 233]. This model gives reliable results for photon 

energies below the inter-band absorption edge. It is related to the refractive index of 

the sample with the inter-band optical transitions and electronic band structure as; 

 

𝑛(𝐸)2 − 1 =
𝐸𝑝𝐸𝑑

𝐸𝑝
2 − 𝐸𝑑

2 (4.15) 

 

where Ed is a parameter that gives a measure of the the inter-band optical transitions 

strength, Ep relates with the energy gap value and it is also named as the oscillatory 

energy, and E represents the photon energy (hν). By applying this relation, n(hν) 

values can be fitted to get corresponding SOM parameters (Fig. 4.16) and the results 

are also listed in Table 4.8. By the analysis of Ed  values, it was defined that the 

strongest optical transition probability is dominant for the as-grown samples and this 

probability is in decreasing behavior with increasing annealing temperature.  

 

Figure 4.16: Plots of (𝑛2 − 1)−1 vs.  (ℎ𝜈)2 for ZIS samples 

 

Static and high frequency response of the samples can also be estimated from this 

dispersion relationship [104]. By extrapolation of the linear part of the plots given in 

Fig.4.16, the static refractive index n(0) and from the corresponding intercept values, 
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the static dielectric constant ε(0) can be calculated. Moreover, these values can be 

found by n2(0)=1+ Ed ⁄ Ep  and ε(0)=n2(0) [19]. The obtained SOM relations in 

Fig.4.16 gives a linear behavior between 2.1 and 1.4 eV values, these parameters 

were calculated from the fitting process in this region. Apart from these low-

frequency parameters, the high frequency dielectric constant 𝜀∞ can be obtained 

from the εre (λ) values of the films [225]. This relation can be analyzed from the 

Spitzer–Fan model [234, 235] as; 

 

𝜀𝑟𝑒(𝜆) = 𝜀∞ − (
𝑒2𝑁

𝜋𝑐2𝑚∗
) 𝜆2 (4.16) 

 

where N is the number of unit cells per unit volume, m* is the effective mass of the 

material, e is the electronic charge and c is the speed of light. The real part of the 

dielectric function asymptotically approaches to ε(0) below the reststrahlen region, 

and also it is connected to ε∞ in the reststrahlen-near-IR range in the optical spectra 

[81]. These constants are also related to each other with long-wavelength lattice-

optical modes by Lyddane-Sachs-Teller relation [236]. This relation gives the 

information about the amount of the polar characteristics in the chemical bonds of 

these structures [81]. The results for the deposited ZIS films obtained from the 

detailed SOM analysis are given in Table 4.8. From SOM analysis ε∞ was found as 

6.69 for as-grown films which is very close to the value reported by Zeyada et al. 

[14]. Since ε(0)~ε∞, as reported in ZnSe structures [236], the hetero-polar character is 

dominant with respect to homo-polar character in these samples. Moreover, the 

variation of the obtained optical constants with annealing temperature is in a good 

agreement with the work reported by El-Nahass et al. [23].  

 

Table 4.8: SOM parameters of the ZIS samples 

Sample Ep (eV) Ed (eV) n(0) ε(0) ε(∞) 

As-grown 3.796 18.546 2.514 6.319 6.701 

300 °C Annealing 2.649 9.361 2.293 5.256 5.332 

400 °C Annealing 2.140 6.581 2.285 5.219 5.138 

500 °C Annealing 1.796 3.622 2.084 4.345 4.292 



114 

 

In the visible and near-visible region, the absorption coefficient of the as-grown and 

annealed samples was found to be between 103 and 104, and there is no significant 

difference in these values in terms of thermal annealing. The wavelength range 400–

700 nm determines the transparent region in the optical spectra and this region can be 

used to evaluate the type of optical transition and the corresponding value of energy 

gap.  Basically two types of optical transition, direct and indirect, can occur at the 

fundamental edge of crystalline semiconductors. The absorption coefficient α(λ) at 

the optical absorption edge varies with the photon energy (ℎ𝜈) according to the 

expression [227, 237]; 

 

(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑚

 (4.17) 

 

where A is an energy-independent constant, but it depends on the transition 

probability, and Eg is the energy gap value. In this relation, the power m is related to 

the band gap characteristics of the structure; it can be m=1/2 or m=2 for direct and 

indirect transition in the band gap respectively. Then, the plot of the optical 

absorption coefficient (αhν) versus photon energy⁡(hν)m for different m values 

showed principle regions as in the work of Wood and Tauc [237, 238]. In the spectral 

region where absorption is strongly effective, the absorption coefficient can be 

analyzed related to the band gap energy. Therefore, the band-gap values of the 

samples were calculated from transmission data using absorption coefficient and the 

band gap relation given in Eq. 4.17 above. The data obtained from the absorption 

analysis of the films showed the existence of allowed direct transitions. In this 

structure, two absorption mechanisms, direct and indirect transitions, are possibly 

expected for this material [12, 14, 21, 23, 28, 239]. Based on the band gap analysis, 

the corresponding figures for direct band gap transition, (αhν)2 versus hν curves, are 

shown in Fig. 4.17 (a-d). This type of semiconductors is the structural analogs of II-

VI compounds, and therefore direct band gap can be expected in the visible region of 

the spectrum [240, 241]. In addition, the case of Zn-rich may be accepted as the 

reason of this type of transition in the deposited film structure [242]. In general, there 

are contradictions on the nature of the optical absorption in this material. The 

difference between the reported works was evaluated due to the difficulty in 
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determination of band gap by optical spectroscopy [242], deposition techniques and 

variations in the elemental composition [28]. Since there are three linear 

contributions in the direct band gap transition curves, the effect of spin-orbit and 

crystal-field perturbations were taken into consideration in the analysis of ZIS 

structures [230]. However, there is no other work considering the splitting on valence 

band. The calculated optical band gap values were assigned as the band splitting 

correspondence of the energy levels. The crystal-field splitting (CF) and the spin-

orbit splitting values were determined by the following quasicubic relation [94]. 

 

𝐸1,2 = −
1

2
(∆𝐶𝐹 + ∆𝑆𝑂) ±

1

2
((∆𝐶𝐹 + ∆𝑆𝑂)2 −

8

3
(∆𝐶𝐹∆𝑆𝑂))

1/2

 (4.18) 

 

where 𝐸1,2 energy differences between the direct transitions obtained from band gap 

analysis. The results obtained from this absorption process observed in the optical 

spectra of these films at room temperature are listed in Table 4.9. The band gap 

values revealed that the energy gap values for all transition levels decreases under the 

effect of increasing annealing temperature. This may be attributed to the decrease the 

increase in the crystalline part and decrease in the absorption edge [23].  
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Figure 4.17: The variation of (𝛼ℎ𝜈)2 with the photon energy for ZIS samples 

 

The optical absorption coefficient just below the absorption edge was found to vary 

exponentially with photon energy and this relation is referred as Urbach’s tail [243, 

244]. In this low energy region, the exponential tail of the absorption coefficient can 

be written as [81, 243]: 

 

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜈 − 𝐸𝑔

𝐸𝑈
) (4.19) 

 

where EU is the energy correspondence of Urbach’s tail, Eg is an energy close to the 

band gap energy and α0 is a characteristic parameter for this relation. Urbach energy 

EU is an indication of the structural perfection of the materials and it is observed due 

to the localized states produced by disordered and amorphous structures in band gap 

region [245]. By using Eq. 4.19, these energy values were calculated from ln(α) 

versus hν plots given in Fig. 4.18. Applying linear fitting analysis, the obtained 
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values were listed in Table 4.9. EU values were found in decreasing behavior with 

increasing annealing temperature that may be related to the improvement in the 

structure.  

 

Figure 4.18: Plots of ln(α) versus hν for ZIS samples 

 

Table 4.9: Band gap and Urbach tail values of the ZIS samples (in terms of eV) 

Sample Ed,1 Ed,2 Ed,3 ΔCF –ΔSO EU 

As-grown 2.00 2.29 2.52 0.315 0.185 0.261 

300 °C Annealing 1.98 2.26 2.46 0.295 0.388 0.172 

400 °C Annealing 1.95 2.14 2.45 0.329 0.365 0.110 

500 °C Annealing 1.85 2.09 2.26 0.207 0.163 0.109 

 

 

4.4. Electrical and Photo-Electrical Characterization of ZnInSe2 

Thin Films 

 

The electrical properties of the ZIS thin films were measured by carrying out 

temperature dependent dark- conductivity and photo-conductivity; and room 

temperature Hall Effect and photo-response measurements. For this purpose, the 

samples were prepared in a cloverleaf (Maltese-Cross) contact geometry [183, 184]. 

Then, the dark-conductivity values were measured by using van der Pauw method 

[192, 193]. It is a standard technique for investigating the electrical conductivity 
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characterization of thin film materials using four point contacts formed on the 

circumference of the sample arbitrarily. This method is widely used since it 

decreases the measurement errors which arise in classic characterization techniques 

due to the possibility of contact resistance and also it gives opportunity to apply it for 

samples of any shape [194].  In this measurement technique, resistance value of the 

sample can be determined by the ratio of potential difference between two contacts 

and applied current as  R=∆V⁄I, and then the resistivity value can be evaluated as 

[195]: 

 

𝜌 = 𝑓 (𝜋𝑑
ln⁡(2)⁄ ) (

𝑅𝑎 + 𝑅𝑏 + 𝑅𝑐 + 𝑅𝑑
4⁄ ) (4.20) 

 

where d is the film thickness, f is the correction factor,⁡Ra-d are the resistance values 

for each combinations of four contacts. Then, from the average of all contact 

measurements, conductivity values, σ=1⁄ρ, can easily be determined from this 

method. In addition, ZIS structures are in a good ohmic behavior with In contacts 

[26], therefore the electrical contacts were prepared by thermal deposition of pure In 

on the films. Fig.4.19 gives the dark-conductivity of the samples, in as-grown form 

and also annealed at different annealing temperatures, as a function of sample 

temperature. Since the deposited film was in polycrystalline form with annealing, it 

conserved this structural characteristic; grain formations and their boundaries are the 

most effective factor in the electrical conduction processes. In these regions, a 

reasonably high concentration of active trapping sites exists and they cause capturing 

of charge carriers at the grain boundaries.  In the polycrystalline thin films, they are 

the most dominant and the least controllable structural formations [246]. As seen in 

Fig. 4.19, the conductivity values were in increasing behavior with annealing 

process. This result describes the increase in conductivity with an increase amount of 

lattice perfections [197].  For as-grown and annealed at 300 ºC films, there was a 

considerable change in the conductivity behavior with temperature. However, as 

annealing temperature increases above 300ºC, the conductivity of the sample shows 

semi-metallic, namely degenerate, behavior. This situation generally explained by 

segregation and/or re-evaporation of constituent elements from the surface and the 

compositional change in the film structure [207, 247]. The dark-conductivity values 
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show an approximately various linear dependences on temperature change in the 

intervals of studied temperatures. Therefore, the conduction characteristics of these 

films were analyzed in three different temperature regions by applying all possible 

conductivity mechanism models. Under this aim, the slope of the straight line regions 

in conductivity versus temperature plot were calculated and compared with the 

maximum correlation coefficient (R2) of the best fits [248]. The samples show 

similar conduction behaviors in each other except their magnitudes.  

 

Figure 4.19: Temperature dependent electrical conductivity of as-grown and 

annealed ZIS films 

 

As seen in Fig.4.19, the conductivity of all samples are in Arrhenius behavior in the 

high temperature region, above room temperature, and the most possible conduction 

mechanism in this temperature region is thermionic emission mechanism [133]. This 

increase is mainly based on the thermal excitation of carriers, from the defect state 

formations due to the imperfections or across the band gap between top of the 

valence band and bottom of the conduction band [28]. This conductivity model can 

be evaluated as; 

 

𝜎𝑇𝐸 = 𝜎0𝑇𝐸𝑇
1/2𝑒𝑥𝑝 (−

𝐸𝑎
𝑘𝐵𝑇⁄ ) (4.21) 
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where σ0TE is the pre-exponential term, T is the ambient temperature, kB is the 

Boltzmann’s constant and Ea is the activation energy for this conduction mechanism. 

This mechanism is also related to the development of grain boundary potential well 

inside the structure and therefore increasing in crystalline structure with 

improvement in grain formations [247]. For this temperature region (see Fig. 4.20), 

the necessary fitting procedure was applied to the experimental data by using Eq. 

4.21 to determine the thermal activation energies. These energy values obtained from 

this model are 175.4 and 200.2 meV for as-grown and 300 °C annealed samples, 

respectively. The calculated energy values increases with increasing annealing 

temperature. This result can be evaluated in the same manner that there was an 

improvement in the crystallinity of the samples and single valance state formation 

observed in XPS analysis.  

 

Figure 4.20: Plots of ln(σT 1/2)) versus T -1  in the high-temperature region for the ZIS 

film in as-grown form and annealed at 300 °C. Solid lines are the best fit lines 

according to Eq. 4.21 

 

At lower temperatures, the hopping carrier transitions between localized states 

became dominant in the charge transport. Similar observations have been reported 

previously for ZIS films [14, 28]. In general, the hopping transport mechanism 

determines the electrical conduction in polycrystalline semiconductors in low 

temperature regions below the room temperature [142, 249, 250]. In this case, charge 
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carriers cannot pass over the grain boundary potential well due to the lack of enough 

thermal activation energy, and then conduction can occur by hopping between 

localized states near the Fermi energy [142]. In the low temperature region, the 

conduction mainly occurs by the variable range hopping (VRH). Different from the 

reported works on this structure [14, 28], the deposited films shows two different 

linear regions that can be defined by different VRH mechanisms.  

 

The low temperature conductivity data for ZIS samples between 200 and 290 K 

obeys Mott’s relation for the disordered materials [142].  In this region, best fitting 

parameters were obtained for the conductivity values by this model expressed as 

[152]: 

 

𝜎𝑀 =
𝜎0𝑀

𝑇1/2⁄ 𝑒𝑥𝑝 ((−
𝑇0𝑀

𝑇⁄ )
1/4

) (4.22) 

 

where σ0M is the pre-exponential parameter and T0M is the characteristic temperature 

coefficient. These characteristic values for the samples were estimated from the 

straight-line nature of ln(σM T -1/2) versus T -1/4 plot (Fig. 4.21) by Mott’s equation 

(Eq. 4.22). Moreover, σ0M and T0M can be defined as the following relations: 

 

𝜎0𝑀 = 𝑒2𝑎ℎ
2𝜈𝑝ℎ𝑁(𝐸𝐹) (4.23) 

 

and 

 

𝑇0𝑀 = 𝜆𝛼3

𝑘𝐵𝑁(𝐸𝐹)
⁄  (4.24) 

 

where 𝑒 is the electronic charge, αh is the variable hopping distance, νph is the phonon 

frequency, N(EF) is the density of localized states around Fermi energy level (EF), λ 

is the dimensionless constant, α is the localization radius for the wave functions of 

the localized states around the Fermi level. In this VRH model, T0M is also related to 

the degree of disorder, T0M ⁄T, in the structure [251]. In addition, νph is generally 

taken ~1013 Hz [252]. Although the lower limit of 𝜆 was reported as to be 16 [207], 
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its common usage is about 18.1 [252]. The other important parameters in this model 

is average hopping distance, RM, 

 

𝑅𝑀 = (9 8𝜋𝛼𝑘𝐵𝑇𝑁(𝐸𝐹)
⁄ )

1/4

 (4.25) 

 

and average hopping energy, WM; 

 

𝑊𝑀 = 3
4𝜋𝑅𝑀

3 𝑁(𝐸𝐹)
⁄  (4.26) 

 

For as-grown and annealed (at 300 °C) samples, the Mott's parameters calculated 

through the linear fitting of the conductivity values (Fig. 4.21) are tabulated in Table 

4.10. Results in Table 4.10 show that T0M values representing the disorder in the 

structure decreases with annealing. This is also confirmed by the structural analysis 

of the samples. The calculated N(EF) values indicate the trap states near the Fermi 

level decreases with annealing temperature. These results are found to be in the same 

order with the work reported by Zeyada et. al [14]. These values for the density of 

states at the Fermi level and in the band tails are high in the as-grown sample. α 

decreases and RM increases by the effect of annealing process, and as a result of this, 

localization decreases with the annealing process. In addition, a decreasing behavior 

in the hopping energy values was observed in these samples in this work. In fact, the 

maximum correlation coefficient of the best fit is not enough for the validity of this 

model. These parameters can be acceptable within the Mott’s requirements of the 

localized-state model as αRM≫1, which is related to the degree of localization, and 

WM≫kBT. As given in Table 4.10, all samples are found to satisfy these requirements 

for the VRH model.  
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Figure 4.21: Plots of ln(σT 1/2) versus T -1/4 in the low-temperature region for the ZIS 

film in as-grown form and annealed at 300 °C. Solid lines are the best fit lines 

according to Eq. 4.22. 

 

Table 4.10: Calculated parameters of Mott VRH model 

Sample T0M (K) 0M (K
1/2/cm) α (1/cm) N(EF)(1/eVcm) 

As-grown 2.88x106 2.22 3.20x106 3.20x1018 

Anl-300 5.16x105 1.56 1.05x106 4.70x1017 

 

Sample RM (cm) WM (meV) R2 αRM WM/kBT 

As-grown 1.16x10-6 47.3 0.97 4.12 2.74 

Anl-300 2.55x10-6 30.8 0.97 2.68 1.78 

 

In the temperature range of 100–200 K, the validity of the Mott’s model was not 

observed due to the limited temperature range of fit. In this region, Efros-Shklovskii 

VRH model [156] where Coulomb effect serves as a barrier to the conduction 

process was the well suited to the electrical conductivity values. As the temperature 

further decreased, Coulomb effect became important in the conduction mechanism 
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[253]. In this model, Mott’s conduction behavior changes to the following 

temperature dependence under the effect of Coulomb interaction [153]: 

 

𝜎𝐸𝑆 =
𝜎0𝐸𝑆

𝑇⁄ 𝑒𝑥𝑝 ((−
𝑇0𝐸𝑆

𝑇⁄ )
1/2

) (4.27) 

 

where again σ0ES is the pre-exponential term and T0ES is the characteristic temperature 

for this model. Fig.4.22 shows ln (σEST) versus T-1/2 plot and the linear fitting on the 

conductivity values in the low temperature region, in the interval of 100–200 K. The 

characteristic temperature in Efros-Shklovskii VRH model becomes, 

 

𝑇0𝐸𝑆 =
𝛽𝛼𝑒2

4𝜋𝑘𝐵𝜀𝜀0
⁄  (4.28) 

 

where β is a numerical coefficient, 𝛼 is exponential decay constant defined in Mott’s 

model, ε is the dielectric constant of the material and ε0 is the free space permittivity. 

According to Shklovskii, et. al [153], β can be taken as about 2.8. For the Efros-

Shklovskii type of conduction, the most probable hopping distance can be defined as: 

 

𝑅𝐸𝑆 = 1
4𝛼⁄ (

𝑇0𝐸𝑆
𝑇⁄ )

1/2

 (4.29) 

 

and also average hopping energy can be calculated from the following relation: 

 

𝑊𝐸𝑆 = 1
2⁄ 𝑘𝐵𝑇 (

𝑇0𝐸𝑆
𝑇⁄ )

1/2

 (4.30) 

 

According to this model, electron-electron interaction reduces the density of states at 

the Fermi level and therefore creates Coulomb gap. This gap width, in 3D case, can 

be expressed as [157]: 

 

∆𝐸𝑆=
𝑒3𝑁(𝐸𝐹)

1/2

(4𝜋𝜀𝜀0)3/2⁄  (4.31) 
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In this phenomena, the occupied states are separated from empty states by the gap 

equal to ∆ES [157]. The all hopping parameters related to this conduction model are 

listed in Table 4.11. Similar to the Mott VRH model, the hopping parameters in 

Efros-Shklovskii type of VRH conduction model should satisfy the hopping 

requirement, WES≫kBT. This observation supports the possibility of a crossover in 

VRH mechanism from the Mott type to the Efros-Shklovskii type [249]. 

 

Figure 4.22: Plots of ln(σT) versus T-1/2 in the high-temperature region for the ZIS 

film in as-grown form and annealed at 300 °C. Solid lines are the best fit lines 

according to Eq. 4.27 

 

Table 4.11: Calculated parameters of Efros-Shklovskii VRH model 

Sample T0ES (K) 0ES (K/cm) RES (cm) 

As-grown 2.96x103 2.77x10-2 3.51x10-7 

Anl-300 1.11x103 1.96x10-1 7.24x10-7 

 

 

 

 

 

 

 

Sample WES (meV) Δ (meV) R2 WES/kBT 

As-grown 25.7 32.0 0.98 2.48 

Anl-300 15.7 21.9 0.98 1.52 
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As a result of the dark-conductivity analysis as a function of ambient temperature, 

the total conductivity of the samples can be expressed as a combination of thermionic 

emission and VRH conduction mechanisms as: 

 

𝜎𝑑𝑎𝑟𝑘 = 𝜎𝑇𝐸 + 𝜎𝑀 + 𝜎𝐸𝑆 (4.32) 

  

 
 

Figure 4.23: The variation of the photo-conductivity with temperature and 

illumination intensity for ZIS films (a) as-grown, (b) annealed at 300 °C, (c) 

annealed at 400 °C, (d) annealed at 500 °C. 

 

 

In order to investigate illumination effect on the electrical behavior of the samples 

and to characterize the traps in the film structures, the photo-conductivity 

measurements were carried out under 5 different illumination intensities at the 

temperature interval between 100 and 420 K.  In fact, the annealed films at 400 and 

500 °C are shown insensitive to light as compared to as-grown and annealed film at 

(a) (b) 

(c) (d) 
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300 °C because of the low resistivity and semi-metallic surface behavior. The 

variation of the photo-conductivity with the input light intensity is shown in Fig. 

4.23. In general, the conductivity increases with the illumination [126] and the 

conductivity under illumination, σlight, is given as, 

 

𝜎𝑙𝑖𝑔ℎ𝑡 = 𝜎𝑑𝑎𝑟𝑘 + ∆𝜎 (4.33) 

where ∆σ is the photo-conductivity contribution to the intrinsic conductivity of the 

sample. As seen in Fig. 4.23, the photo-conductivity values of the samples were 

found to be greater than the dark conductivity values, because of the contribution of 

the photo-carriers to the conduction. Moreover, when the illumination intensity 

increases, the conductivity of the samples increases. For the possibility of 

photoexcitation under illumination, both charge carrier density and the carrier 

mobility may change. Since the change in the concentration is related to the direct 

generation (recombination) rate and lifetime of the charge carriers, ∆σ varies as ϕn. In 

this relation, the lifetime is assumed to be a function of ϕ where n, is a distinctive 

indicator of the non-equilibrium carriers. Therefore, the photocurrent can be related 

to the photoexcitation intensity as [254]; 

 

𝐼𝑝𝑐 ∝ 𝜙Ɣ (4.34) 

 

where Ɣ is a power exponent. By using this relation, the possible recombination 

centers were evaluated by illumination intensity effect on change in conductivity 

values as shown in Fig. 4.24. This characterization was done by the exponent 

behavior as given in Eq. 4.34. As shown in Fig.4.24, under illumination, the change 

in the conductivity values increases with the increasing temperature until a critical 

temperature. The possible recombination and trap centers in the structure can limit 

lifetime of the carriers. In this case, the number of carriers in the conduction band 

can be limited by the recombination processes and therefore, thermal quenching may 

become dominant factor [126]. In the moderate and low temperature regions, the 

results indicate that for deposited ZIS films, photocurrent depends on illumination 

intensity with an order in the range of 0.88-1.78 for as-grown and annealed films. 

According to relation between photo-conductivity and excitation rate, if Ɣ is lower 
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than 1, Ɣ<1, the lifetime decreases with increasing illumination intensity. In this 

case, it is classified as a sublinear behavior [126].  Otherwise, in the case of Ɣ>1, the 

lifetime increases with increasing light intensity; and this behavior is said to be 

supralinear characteristic [126]. Increasing exponent n values with increasing 

temperature confirms the longer life-time for free carriers and stronger 

recombination process at the film surface. Although the values of this exponent, 

between 0.5 and 1, indicates the one recombination center, the results dominantly 

gives the supralinear characteristic which can be explained by the two-center 

recombination model having two trap levels dominant at both low and high 

temperature regions. 

 

 

 

Figure 4.24: The variation of the photocurrent as a function of illumination intensity 

for ZIS films  (a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) 

annealed at 500 °C. 

 

(a) (b) 

(c) (d) 
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In the study of the conduction processes, Hall Effect contributes to the detailed 

analysis on the electrical characteristics of the semiconductors [158]. It is an 

important experimental technique to determine free carrier density, carrier type, and 

the mobility of a semiconducting material. In this method, under constant magnetic 

field, contribution of the charge carriers, affected from the Lorentz force, to the 

current flow through the sample can be determined. In general, the applicability of 

this method is taken into consideration when the sample resistance is the range of 

103-109 ohms [136]. For less resistive materials, Hall Effect analysis can be done 

with the current-voltage measurement from the parallel contacts. On the other hand, 

if the semiconductor is high resistive material, it is more appropriate to measure 

across different pairs of contacts. From these measurements, the Hall coefficient RH 

can be found using the calculated resistance values with or without magnetic field 

effect. The sign of RH determines the type of the material whether electrons or holes 

predominate in the conduction process [197]. The conductivity type of all ZIS thin 

films was determined as n-type by calculation of by RH and also by the hot probe 

technique [196]. Then, the carrier concentration can be determined by the relation in 

Eq. 3.5 [198]. From the calculated n value, Hall mobility μ can be determined as in 

Eq. 3.6. Then, the room temperature Hall mobilities were 3.89, 7.31, 5.97 and 2.77 

cm2/V.s and electron concentrations were 1.69x1013, 1.32x1014, 3.01x1016 and 

8.65x1016 cm−3 for as-grown and annealed films, respectively. 
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Figure 4.25: The normalized photocurrent response of ZIS films  

(a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) annealed at 500 °C. 

 

Spectral dependence of the photocurrent measurements were carried out in order to 

investigate the energy levels in the film structures [255].  In this characterization 

step, the photocurrent values are measured as a function of illumination wavelength 

at room temperature. Fig. 4.25 shows the dependence of the photocurrent in the 

wavelength range of 300-1100 nm under a fixed incident photon flux. The current 

rises with wavelength until 620-670 nm for ZIS samples, after it drops abruptly. The 

other peaks for these samples were observed at 550-600 and 490-540 nm wavelength 

regions. The main photocurrent peak for as-grown sample corresponds to 2.0 eV at 

620 nm, however there are two shoulders at about 490 and 540 nm.  The shoulder in 

the spectral photo-conductivity measurements was correlated with the other possible 

transitions observed in the optical spectra analysis. These energy levels of as-grown 

ZIS film were determined from photo-response spectra at about 2.30 and 2.54 eV. 
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Moreover, the spectral responsivity curve of the annealed films exhibits the main 

peaks at 1.96, 1.93 and 1.85 eV for ZIS films annealed at 300, 400 and 500 °C, 

respectively. The other photocurrent maxima for the annealed films were 2.24, 2.15, 

2.09 and 2.48, 2.43, 2.25 eV, respectively. It can be seen that the value obtained from 

photo-response measurements is close to the results of the optical analysis.  

 

4.5. Device Characterization of ZnInSe2 Thin Films 

 

Under this work, the hetero-junction was fabricated by depositing ZIS n-type thin 

film layer on the p-type Si wafer substrate.  The commercial p-type Si wafers were 

used as a p-type layer to construct this p-n junction. They are about 600 μm thick, 

one-sided polished, in mono-crystalline phase with (111) orientation and their 

resistivity values are around 1-3 (Ω.cm) On the other hand, ZIS thin film deposited 

by using PVD system. Therefore, the basic properties of this structure were analyzed. 
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Figure 4.26: (a) Linear and (b) semi-logarithmic I-V plots of n-ZIS/p-Si hetero-

junction at different ambient temperatures. 

 

In order to evaluate the device parameters of the fabricated Si based hetero-junction, 

the temperature dependent dark current-voltage (I-V) characteristics were measured. 

The typical I–V characteristic of In/n-ZIS/p-Si/Al sandwich structure is shown in 

Fig. 4.26 (a) and corresponding semi-logarithmic plot of these measurements are 

given in Fig.4.26 (b). As seen from figure, the rectifying behavior of the deposited 

hetero-junction structure was observed. [163]. Rectification factor (RF) IF/IR, (ratio 

of forward and reverse currents), was calculated for all voltage and temperature 

(a) 

(b) 
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variations and the maximum RF value was observed on the order of 4 at about 220 K 

and 0.9 bias voltage. The effect of the sample temperature and bias voltage on the 

rectification factor was shown in Fig. 4.27. As seen from this figure, the RF values 

increases with increasing voltage at constant temperature. On the other hand, at each 

voltage steps, the RF values decreases with increasing ambient temperature. The 

reaction of RF with temperature and bias voltage variations observed in Fig. 4.27 

may be related to the trap levels localized at the interface and inhomogeneous trap 

distribution in the bulk of hetero-structure [256, 257].  

 

Figure 4.27: Plots of rectification factor (RF) versus V  

at different ambient temperatures. 

 

Parasitic series and parallel (shunt) resistances are in a significant role in 

semiconductor devices. These resistance effects manipulate the experimental I-V 

characteristics of the diode causing saturation effects at the high forward and reverse 

bias regions.  The series resistance (RS) relates to the resistance effects of both diode 

structure and contact regions [185]. On the other hand, shunt resistance (RSh) arises 

from surface leakage along the edges of the device, defects in crystalline structure 

[258] and device and the surface inhomogeneities [259]. In Fig. 4.26 (b), from the 

deviation regions at high forward and reverse voltages, RS and RSh values were 

calculated from the parasitic resistance in the forward and reverse voltage range of 

1.5-3.0 V, respectively, and the obtained values were given in Table 4.12. As 
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observed from the table, the magnitude of both resistance decreases under the effect 

of increasing temperature. This situation may be related to the increase in the density 

of the free charge carriers by bond breaking and/or de-trapping mechanism [260, 

261]. 

 

Table 4.12: The device parameters of the n-ZIS/p-Si hetero-junction by using the 

parasitic resistance and Schottky diode equations. 

T (K) RS () RSh () n I0 (A) qΦb (eV) 

220 3.95x101 1.08x107 2.73 2.41x10-10 0.62 

240 3.54x101 4.60x106 2.65 5.88x10-10 0.66 

260 3.29x101 1.92x106 2.56 1.61x10-9 0.69 

280 3.03x101 8.27x105 2.48 4.25x10-9 0.73 

300 2.73x101 3.35x105 2.45 1.18x10-9 0.76 

320 2.35x101 1.12x105 2.43 4.17x10-8 0.78 

340 2.10x101 5.04x104 2.41 1.03x10-7 0.81 

360 1.94x101 2.45x104 2.40 2.37x10-7 0.84 

 

As shown in Fig. 4.26 (b), at lower voltage region lower than 0.5 V, the forward 

current follows the applied voltage as in the case of the Schottky barrier diodes. In 

this part of the I-V plots, forward current changes with applied voltage exponentially 

and as a result of this, the data were studied under the consideration of the standard 

diode equation as, 

 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] (4.35) 

 

where q is the electron charge, k is the Boltzmann constant, n is a dimensionless 

factor representing the diode ideality factor, V is the applied voltage and I0 is the 

saturation current given by the expression, 

 

𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Φ𝑏

𝑘𝑇
) (4.36) 
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In this equation, Φb is the potential barrier, A is the effective diode area of 1.5x10-2 

cm2, A* is Richardson constant [113]. The ideality factor and the barrier height were 

calculated from the semi-logarithmic plot of current-voltage characteristic of the 

diode. The ideality factor values of the diode at studied temperature region were 

evaluated from the slope of the Fig. 4.26 (b) by using the relation,  

 

1

𝑛
=

𝑘𝑇

𝑞

𝑑(ln(𝐼))

𝑑𝑉
 (4.37) 

 

The obtained ideality factor and the barrier height values are tabulated in Table 4.12 

and showed in Fig. 4.28. In order to determine the dominant current transport 

mechanism in the junction, the ideality factor n can be used. The n values were found 

greater than unity, therefore it reveals that thermal excitation over the barrier is not 

the dominant transport mechanism. Usually, n is expected to be in the range between 

1 and 2, however, the calculated n values are higher than 2 and it is the indication of 

the possible transport mechanisms in the conduction [163]. Investigation of transport 

mechanism on the fabricated diode in studied temperature range was made by 

assuming that tunneling, interface recombination, recombination-generation in 

depletion region,  and space charge limited current (SCLC) could be a possible 

conduction mechanisms. Moreover, the activation energy for each transport 

mechanisms was determined by analyzing the slope of the characteristic I-V relations 

[262]. 

 

Figure 4.28: The variation of (a) the ideality factor (n) and  

(b) the barrier height (Φb) with the sample temperature. 

(b) (a) 
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Initially, thermionic emission (TE) mechanism was discussed. In addition to n=1, 

ln(I0/T
2) versus 1/T plot should be linear to satisfy the validity if  thermally activated 

current transport mechanism [263], and the linearity is observed in Fig. 4.29. 

However, with the 0.29 eV activation energy, the conduction mechanism is not 

affected from this mechanism. The decrease in Φb and increase in the n with 

decreasing temperatures indicated that tunneling, thermionic field emission (TFE) 

and/or field emission (FE), may be dominant current transport mechanism [264]. 

Under these analyses, tunneling may be possible mechanism for the charge carriers 

having lower energies than the top of the barrier. However, only high concentration 

about 1018-1019 cm-3 can provide tunneling in the current flow, and as a result the 

tunneling become the dominant factor in the junction [264]. Consequently, tunneling 

may not be the most effective mechanism in this device structure. The requirement 

for interface recombination (IR) transport mechanism, the activation energy of ln(I0) 

versus 1/T (Fig. 4.30) should be approximately equal to band gap of ZIS [265]. From 

the corresponding graphical relation, the activation energy for interface 

recombination was found about 0.33 eV, and it cannot satisfy the requirement of this 

transport mechanism model. In order to analyze the suitability of the model based on 

recombination-generation (RG) in depletion region, the ln(I0/T
-5/2) versus 1/T is 

plotted in Fig. 4.31. By this model, the ideality factor value is equal to 2 [163], so 

that activation energy found from the slope of ln(I0 T
-5/2) versus 1/T plot (0.40 eV) 

should be close to half of the band gap of ZIS [262, 266]. According to these results, 

there was insufficient evidence for these models to satisfy the dominant transport 

mechanism. 
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Figure 4.29: Plot of ln(I0T
-2) versus 1000/T for the n-ZIS/p-Si device. 

 

Figure 4.30: Plot of ln(I0) versus 1000/T for the n-ZIS/p-Si device. 
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Figure 4.31: Plot of ln(I0T
-5/2) versus 1000/T for the n-ZIS/p-Si device. 

 

Figure 4.32: Plot of nkT/q versus kT/q for the n-ZIS/p-Si device. 

 

Although, the ideal TE model requires that n should be equal to 1, in the plot of 

nkT/q as a function of kT/q (Fig. 4.32), there is a linear behavior with the slope closer 

to unity. Deviation of the T0 effect is usually accomplished by this type of plot and it 

indicates that there can be a modified thermionic emission transport model [267]. It 

shows that the ideality factor is temperature dependent and the observed values need 

to be modified over the TE. This modification can be expressed as 
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𝑛 = (1 +
𝑇0

𝑇
) (4.38) 

 

where T0 is a constant independent of temperature, however dependent of the applied 

bias voltage [268]. This model is the modification of TE with T0, and this anomaly is 

related to the interfacial disorder at or near the junction. From the Fig. 4.33, the 

relation between n and inverse temperature gives T0 as 211.5 K. This observation 

further indicates that the conduction mechanism operating in the junction seems most 

likely T0 affected current transport mechanism across the junction for this sample in 

the whole temperature region.  

 

Figure 4.33: Plot of n versus 1/T for the n-ZIS/p-Si device. 

 

However, the predominant current transport mechanism is found to be depend on the 

other control mechanism. At higher voltages in the range of 0.6 - 0.9 V, current is 

observed as being proportional to the exponential power of voltage (Fig. 4.34). 

Therefore, works on SCLC mechanism were concentrated on this region. According 

to the typical SCLC characteristic, current I is proportional to V with the following 

equation,  

 

𝐼 =
𝑞𝐴𝜇𝑁𝐶

𝑑2𝑙+1
(

𝜀𝜀0

𝑞𝑁0𝑘𝑇𝑇
)
𝑙

𝑉𝑙+1 (4.39) 
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where ε is the dielectric constant, ε0 is the free space permittivity, μ is the mobility of 

charge carriers, NC is the effective density of states in the electronic band edge, d is 

the sample thickness, N0 is the trap density per unit energy range at the conduction 

band, l is a power of V given by l=m-1=TT/T. The figure clearly shows that the 

applied voltage causes an exponential change in the slopes of curves as expected for 

exponential distribution of traps by the Eq. 4.39 [269]. According to this equation, 

calculated m, l and TT values as a function of temperature are listed in Table 4.13.  

 

Figure 4.34: Plots of ln(I) versus ln(V) for the n-ZIS/p-Si device. 

 

By using the Fig. 4.34, the order of voltage relation was found to be greater than 2 

that is related to the energy distribution of traps instead of discrete levels (see Table 

4.13). This indicates the existence of the SCLCs with the exponential trap 

distribution [263, 270]. TT is a parameter depending on temperature and affects the 

exponential distribution of traps. It can be written as,  

 

𝑁(𝐸) = 𝑁0𝑒𝑥𝑝 (−
𝐸

𝑘𝑇𝑇
) (4.40) 

 

where N(E) is the trap density per unit energy range at an energy E lower than the 

conduction band edge. The SCLC measurements can present reliable results on the 
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locations of trapping states and the density of them in the energy gap of the 

semiconducting materials. The total concentration of traps NT is given as [271, 272],   

 

𝑁𝑇 = 𝑁0𝑘𝑇𝑇 (4.41) 

 

In order to determine both NT and N0, ln(I) versus 1/T at different bias voltages was 

plotted in Fig. 4.35. The slope of the figure can be analyzed according to the 

equation [271] 

 

𝑑(𝑙𝑛(𝐼))

𝑑(1 𝑇⁄ )
= 𝑇𝑇𝑙𝑛 (

𝜀𝜀0𝑉

𝑞𝑑2𝑁𝑇
) (4.42) 

 

At high voltage region, the traps are saturated and as a result of this, the current 

become space charge limited. Therefore, the injected carries directly contribute to the 

current conduction process and this charge carrier contribution increases the current 

flow. As given in Table 4.14, the values of NT and N0 increases with increasing 

applied voltage which can due to thermally generated more charges [259]. On the 

other hand, TT values show generally decreasing behavior with increasing 

temperature, which means that the entire distribution of traps lie narrower energy 

interval in the band gap with increasing temperature.  

 

Table 4.13: The SCLC analysis results of the n-ZIS/p-Si hetero-junction diode.  

T (K) m l TT (K) 

220 10.67 9.67 2127.84 

240 9.48 8.48 2043.50 

260 8.47 7.47 1942.23 

280 7.54 6.54 1831.34 

300 6.63 5.63 1689.81 

320 5.63 4.63 1480.80 

340 4.96 3.96 1347.73 

360 4.36 3.36 1211.36 
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Figure 4.35: Plots of ln(I) versus 1000/T for the n-ZIS/p-Si devices of  

different bias voltage 

 

Table 4.14: The NT and N0 values obtained by using the SCLC analysis with different 

voltage values in the high bias region at examined temperatures. 

T (K) 
NT (x1016  m-3) N0 (x1036  m-3) 

V=0.5 V V=0.6 V V=0.7 V V=0.8 V V=0.9 V V=0.10 V 

220 6.65 6.23 4.63 3.03 2.08 2.12 

240 6.92 6.48 4.92 3.30 2.31 2.31 

260 7.20 6.73 5.23 3.59 2.56 2.51 

280 7.55 7.04 5.62 3.97 2.90 2.78 

300 8.02 7.47 6.17 4.52 3.40 3.20 

320 8.77 8.14 7.08 5.47 4.30 3.98 

340 9.38 8.59 7.21 6.17 4.99 4.62 

360 9.83 9.09 8.45 6.99 5.81 5.43 

 

 

The I-V plot for the reverse voltage region can be observed in Fig. 4.27. Current 

transport characteristic of the diode in the reverse voltage region cannot well 

described by usual diode characteristic. There is an increasing behavior in the reverse 

current on temperature as given in ln(IR) vs. T plot (Fig. 4.36) and this result can be 
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taken as the indication of tunneling mechanism and modeled as presented in [273]. 

According to this multistep tunneling model, the I-V relation for the reverse bias 

region can be expressed as [274], 

 

𝐼𝑅
𝑉

𝑒𝑥𝑝(𝛾(𝛷𝑏 − 𝑉)−1 2⁄ ) = 𝑎𝑒2
𝑁𝑡

ℎ
 (4.43) 

 

where a is the lattice constant and Nt is the traps concentration for tunneling process.  

Moreover, for the tunneling characteristic, the temperature dependence of I0 is 

implicit in Φb in this expression [275]. As multi-step tunneling is considered, the 

number of tunneling steps was found in the order of 102 and the trap concentration 

about 106, and these values decreases with increasing sample temperature (Fig.4.36).  

 

Figure 4.36: Plot of ln(IR/V) versus (Φb-V)-1/2 for the n-ZIS/p-Si device. 

 

The results of the C-V measurements at room temperature with respect to the 

variation of the frequency for the n-ZIS/p-Si diode are given in Fig. 4.37. This graph 

shows that there is no remarkable change in the capacitance values at all voltage 

region, whereas low capacitance dispersion at high positive voltage region is 

observed. This is the case that the minority carrier concentration cannot follow the 

frequency change at the any applied voltage value. Therefore, it may be resulted 

from the possible traps in the surface and also bulk region [15]. 
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Figure 4.37: Room temperature C-V plots of n-ZIS/p-Si hetero-junction  

under different frequencies 

 

From the C-V analysis, reverse bias C-2 plots of this diode under different 

frequencies are shown in Fig. 4.38. As seen in this figure, there is an almost linear 

variation of the C-2 values with V. This linear behavior observed in this plot can be 

attributed to the uniformity in the carrier concentration and also abrupt nature of the 

junction [6, 276]. Moreover, the p-type Si  wafer used in this junction formation has 

very low resistivity value with compared to the  deposited n-ZIS thin film layer, this 

junction can be assumed acting as one sided abrupt junction, so C–V characteristic 

can be evaluated as a Schottky diode [276, 277] 

 

𝐶−2 = 2 [
(𝑉𝑏𝑖 − 𝑉 − 𝑘𝑇

𝑞⁄ )

𝑞𝐴2𝜀𝜀0𝑁𝑑
] (4.44) 

 

where Vbi is the built-in potential, A is the effective area of the diode and Nd is the 

donor density of n-ZIS layer. Starting from this relation, the slope of the Fig. 4.38 

can be expressed [276] as  
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𝑑𝐶−2

𝑑𝑉
=

2

𝑞𝐴2𝜀𝜀0𝑁𝑑
 (4.45) 

 

which is used to determine the charge density Nd, and the intercept V0 of this figure at 

the voltage axis can be attributed to Vbi as,  

 

𝑉0 = 𝑉𝑏𝑖 − 𝑘𝑇
𝑞⁄  (4.46) 

 

Then, the barrier height of the device can be obtained from this intercept value as 

 

Φb = 𝑞𝑉0 + 𝑘𝑇 + ∅ (4.47) 

 

where ∅ is the penetration of the Fermi level in the gap of the semiconductor [278]. 

From this relation, the calculated barrier height values are in a good agreement with 

the results of the dark I-V analysis. However, these values are around 0.80 eV at the 

lower frequencies whereas they decrease to about 0.65 eV with increasing the 

frequency value. In this case, the calculated donor density values are approximately 

equal to each other with a very small variations and the average value of them is 

found as 2.78x1013 cm-3. This value is also in a good match with the Hall Effect 

results of the as-grown ZIS film sample.  
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Figure 4.38: The variation of C-2 with voltage for the n-ZIS/p-Si device 

under different frequencies  

 

At low frequencies in the C-V measurements, the measured capacitance values are 

regarded as being with the effect of states in the depletion and interface regions. On 

the other hand, the high frequency capacitance values can be resulted only from the 

states in the depletion region. Under this consideration, capacitance values were 

plotted with respect to frequency values at zero bias case (Fig. 4.39). Then, the 

frequency dependence of zero biased capacitance values was observed as being 

strong at low frequencies compared to the values at high frequencies. Therefore, this 

indicated that there were some high interface states generating higher capacitance in 

the junction [278].  Thus, this expression roughly gave the number of total interface 

states, Nss, by using the equation [278, 279],  

 

𝑁𝑠𝑠 =
(𝐶0,𝑙𝑜𝑤 − 𝐶0,ℎ𝑖𝑔ℎ)

𝑞
 (4.48) 

 

where C0,low and C0,high are the low and high capacitance values, respectively. At zero 

bias and room temperature, the number of interface states was calculated from the 

high and low capacitance values to be 6.87x108 cm-2V-1 [279, 280]. 
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Figure 4.39: The variation of capacitance at zero bias with frequency  

in the n-ZIS/p-Si device 

 

After these I-V and C-V analysis, the band diagram of the fabricated n-ZIS/p-Si 

heterojunction was constructed on the basis of Anderson’s model (Fig. 4.40) [281]. 

In this diagram, the electron affinity value was estimated from the ZnSe band 

structure [282] and also from the results of the optical analysis of ZIS samples; the 

fundamental band gap value of the as-grown film was used. Then, with the calculated 

room temperature barrier value, this band diagram was approximated for the ZIS 

type of structures. In addition, the electron affinity and the band gap of the p-type Si-

wafer was accepted as 4.01 eV and 1.1 eV [283].  In this band diagram, as a result of 

being an abrupt heterojunction, between the conduction and also valence bands of the 

layers, band offsets were observed. Thus, the conduction and valence band offset 

values were approximated as to be about 0.86 and 1.73 eV, respectively.  
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Figure 4.40: The band diagram of the n-ZIS/p-Si device. 

 

The spectral photo-response measurements are based on measuring the photocurrent 

as a function of the illumination wavelength. In order to determine photo-spectral 

working range of the junction the wavelength dependent I-V measurements were 

carried out in the spectral range of 400-1300 nm. This measurement was also 

performed in order to see the effects and contributions of p-Si and n-ZIS on this 

device structure. According to the photo-response measurement, the band edges were 

found to be at 620 nm and 1180 nm (Fig. 4.41).  From the ZIS thin film layer, the 

main photo-current peak corresponds to 2.0 eV.  The other peak is originated from 

the band gap of the Si substrate, which is around 1.1 eV. 
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Figure 4.41: Photo-current versus wavelength plot of the n-ZIS/p-Si device. 
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CHAPTER 5 

 

 RESULTS AND DISCUSSIONS-2  

(Cu0.5Ag0.5InSe2 THIN FILM LAYER) 

 

 

5.1 Introduction 

 

Polycrystalline thin film solar cells based on CIS and AIS ternary chalcopyrite 

semiconductor compounds belong to a group of I-III-VI2 compounds are popular in 

solar cell applications [2] and non-linear optical devices due to being stable and 

efficient absorber material [40]. Family of these ternary chalcogenides is 

isoelectronic with the zincblende II-VI compound semiconductors. By substituting 

two cations instead of one in a regular zinc-blende type lattice, alternative series of 

bonds can be obtained which results in differences with respect to the structural, 

electronic and optical properties. These chalcopyrite semiconductors within the same 

family have direct band gap, and high absorption coefficients, which make them 

popular in the device applications [41]. Recently, the quaternary structures have been 

preferentially studied by different research groups due to the advantage of tailoring 

suitable values of lattice parameters and energy band gap via the proper choice of 

composition to reduce the disability of the constituent elements [49]. On this 

purpose, the maximum solar cell efficiency obtained from the Cu(In,Ga)Se2 

quaternary alloy system that achieved through group III isoelectronic substitution of 

In by Ga. Therefore, the research on group I substitution is based on the similar 

benefit of these works and Ag is of great interest as a substitute for Cu [56]. 

 

Studies on the quaternary compound, CuxAg1-xInSe2 (similarly Cu1-xAgxInSe2) films 

as an absorber material for hetero-junction solar cells are a subject of interest since 
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by changing the composition of the constituent elements in the quaternary alloys, it 

enables to the tuning of the material properties. Therefore, this quaternary alloy, 

which is the combination of the ternary chalcopyrite compounds CIS and AIS, can 

give opportunity to change the structural, optical and electrical characteristics of the 

material for the requirements on usage. The optical band gap of these compounds for 

x=0.5 is lying in the range of 1.05 eV - 1.24 eV [42, 43]. As it is known, very little 

work has been reported on the growth and characterization of CAIS thin film 

structures. Most of the works are related to structural [42, 48, 49], electrical [45, 49], 

optical properties [43-46, 49, 52, 53, 56], and device behaviors [47, 50] of CAIS thin 

film deposited by different deposition methods. 

 

5.2 Structural Characterization of Cu0.5Ag0.5InSe2 Thin Films 

 

The compositions of the films were determined by EDS in order to study the 

stoichiometric compositions of the deposited thin films. The atomic ratios of the 

elements relative to each other in the CAIS thin films were tabulated in Table 5.1 

with respect to the annealing temperatures. 

 

Table 5.1: EDS results of as-grown and annealed CAIS thin films 

Sample Name Cu (at %) Ag (at %) In (at %) Se (at %) 

As-grown 12.11 9.98 24.32 53.60 

Anl-300 12.57 10.28 24.33 52.82 

Anl-400 12.67 10.98 26.23 50.11 

Anl-500 12.87 11.04 26.47 49.61 

 

The films formed at the substrate temperature of 200 °C were found to be nearly 

stoichiometric. Although there were slight changes in elemental composition of the 

films with the annealing processes, the films kept its stoichiometric characteristic. In 

the EDS analysis, all films were found to be deficient in Se and this deficiency was 

increased by increasing the annealing temperature due to the re-evaporation of 

weakly bounded Se from the substrate surface during the annealing process because 

Se is more volatile than the other elements. Since the EDS quantitative analysis is 
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based on the relative abundance of the constituent elements in the composition, 

decrease in the Se ratio may result in increase in the ratio of the other elements. 

However, except Se content in the structure, the deviation of the ratio of constituent 

elements from as-grown film to annealed film at 500 °C was below the detection 

limit (∼2%) of the measuring system.  

 

The thicknesses of the films were measured electromechanically by a profilometer 

and they were found about 540, 530, 520 and 500 nm, for the as-grown films, and 

films annealed at 300, 400 and 500 °C, respectively. According to these thickness 

measurements, the film thickness of the all films could be accepted as in the same 

order of magnitude around 500 nm. However, the slight decrease in the thickness 

values with increasing the annealing temperature can be taken as the indication of the 

decrease in the amount of some constituent elements in the structure of the films. 

 

XRD analysis was performed to investigate the phase formation and to compare the 

crystalline size under the effect of annealing temperatures. Besides, these analyses 

help to observe the possible changes in the film structures depending on the 

compositional differences and annealing temperatures. The characteristic 2θ values 

and intensity values of the diffraction peaks corresponding to as-grown and annealed 

thin films for each deposition were compared with each other with the appropriate 

XRD data sets from ICDD data base. According to the XRD results, the as-grown 

CAIS films reveal single phase and polycrystalline nature. In the XRD measurements 

of the thin films, the high intensity reflection was obtained at the major peak 2θ≅27° 

which indicates the preferred orientation of CAIS films. It is reported as in the (112) 

phase orientation and giving tetragonal crystalline structure [42]. Actually, the 

growth CIS usually leads to films with preferred (112) faceting [284] and the same 

has been found true for the other ternary constituent structure, AIS films [285]. As 

shown in Fig. 5.1, the peak intensity of the (112) reflection of the CAIS phase 

dominated all XRD spectra. By increasing annealing temperature, the peak of the 

preferential orientation (112) becomes more intense; however there is no noticeably 

change in peak positions of samples annealed at different temperatures. Moreover, 

the additional phases were observed at 2θ positions of about 36, 43, 54 and 81° with 
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the corresponding (211), (220/204), (312/116) and (424/228) crystalline orientations, 

respectively [48]. These XRD profiles are in a good match with the previous works 

[42, 48, 49, 55, 286, 287].  In addition, there are no any extra diffraction peaks in the 

XRD pattern of CAIS films from the formation of additional mixture of crystalline 

phases different than the quaternary structure. 

 

 

Figure 5.1: The XRD patterns of the as-grown and annealed CAIS thin films at 

different temperatures 

 

The crystalline sizes in the CAIS thin films were estimated and compared by using 

Scherer formula [288] where k was taken as 0.94 derived from the simple cubic 

crystals [289]. The results of this calculation is not related with the strain or 

composition variations in the structure as a source of peak broadening, so that the 

grain size values can be underestimated [290]. From this analysis, the grain sizes of 

the as-grown and annealed films were calculated in the order of 6.5, 7.1, 8.6 and 12.9 

nm, respectively. This result can be related to the improvement in the crystalline 

structure under the annealing process. Ternary analogs, CIS and AIS structures, 

belongs to the tetragonal crystal system where c~2a [291]. The lattice constants of 

the CIS and AIS structure were reported as about 5.876 Å [292] and 6.106 Å [293], 

respectively. Therefore, the lattice constant of this quaternary alloy is expected to be 

between these values as in increasing behavior from 5.876 Å to 6.106 Å following 
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Vegard’s Law [294]. The structural parameters for the CAIS thin films with the same 

diffraction spectra were reported as a=0.5937 nm and c=1.1633 nm according to the 

peak positions of the diffraction phases [42]. Therefore, the tetragonal distortion for 

these chalcopyrite materials was found approximately as 0.040. From the XRD 

results of the films and by using Eq. 4.2, the strain values were found as 4.12, 3.79, 

3.09 and 2.07 (x10-2) for the as-grown and annealed samples, respectively. This 

result showed that with increasing in grain size, the strain value of the CAIS films 

decreased with applying thermal annealing and increasing annealing temperature.  

 

This alloy is the quaternary analog of the ternary CIS and AIS semiconductors. 

Because of the lack of the reported work on Raman spectra of CAIS structure, simple 

structural relations between these ternary and quaternary compounds were discussed 

in order to investigate the lattice dynamics of the deposited films. Fig. 5.2 shows the 

Raman data including three observed peaks. The most intense Raman peak was 

identified at about 175 cm-1 which was positioned between the CIS Raman A1 mode 

177 cm-1 and AIS Raman A1 mode 172 cm-1 [295]. In fact, A1 mode which is the 

strongest mode generally observed in the Raman spectra of I-III-VI2 chalcopyrite 

compounds [296]. Therefore, these peaks could indicate the A1 Raman mode of this 

type of quaternary semiconductor structure. A1 mode appears for all samples in as-

grown form and annealed at different temperatures and it was reported that intensity 

of A1 peak is directly proportional to crystallinity of the sample [297]. This result 

also verifies the XRD results of the samples. In the Raman spectra of CAIS films, 

there were two very weak peaks with respect to intensity of the main peak. The peak 

at 213 cm-1 can be attributed to the B2/E1 (LO) mode which corresponds to the 215 

and 216 cm-1 for CIS and AIS, respectively [295]. The other Raman frequency at 230 

cm-1 can be assigned to the B2 (LO) mode as observed in CIS structure [295, 298]. 

These modes reflect the vibration of In–Se atoms in antiphase [296]. In fact, the 

Raman peaks in B2 and E modes are attributed to the excitation for light polarized 

parallel and perpendicular to the optic axis, respectively. There is no signal related to 

any secondary phases or contamination. Since the spectra of CAIS films seem to be 

reliable and complete with the reported data for CIS and AIS compounds, their 

structures could be confirmed as to be chalcopyrite. This analysis was based on the 
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comparison between ternary and quaternary compounds; therefore, further studies 

are necessary for this compound.  

 

 

Figure 5.2: Raman spectra of the as-grown and annealed CAIS thin films at different 

temperatures 

 

In order to study the surface morphology of the samples, SEM measurements were 

performed and the SEM images of the as-grown and annealed CAIS samples are 

shown in Fig. 5.3. In general, SEM micrographs clearly show the structure 

homogeneities and surface uniformity of the films with grain sizes in about tens of 

nm. As seen in Fig.5.3 (a), surface of the as-grown sample has a smooth, compact, 

and densely packed morphology. Although the crystal structure of the CAIS samples 

was considerably improved by annealing, segregation effect was observed on the 

surface of the annealed samples. According to the EDS analysis of these films, 

considerably decrease in Se ratio was observed with the effect of annealing. Together 

with specific EDS analysis, the segregated regions on the surface of the films was 

found that the relatively dark regions on these film surfaces are the indication of 

possible segregation of Se atoms and/or re-evaporation from thin film surface due to 

the high vapor pressure of Se [299]. In addition, there are no any pinholes and voids 

observed on the plane-view SEM images of films. 
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Figure 5.3: The SEM images of a) the as-grown and annealed CAIS thin films at 

b) 300, c) 400 and d) 500 °C 

 

In addition to the SEM analysis, AFM measurements were carried out to obtain the 

topography of the films since it is extremely sensitive to surface conditions than 

SEM imaging. Fig. 5.4 shows the 3D topographic images of the CAIS samples. 

Although surface morphology of the all CAIS samples seems similar to each other as 

a result of SEM analysis, the AFM measurements revealed that the formation of 

crystallites on the as-grown film surface. These bright grains can be evaluated as Se 

crystallites according to the previous studies [286]. As reported in this work, with 

annealing process under the nitrogen atmosphere, these Se spots disappeared. This 

may indicate the possible re-evaporation of Se from the surface of the films by 

annealing process. The surface morphology from AFM studies shows that the as-

grown film samples are smooth with the root-mean-square (RMS) surface roughness 

of about 10-15 nm except the Se crystallites piled up irregularly on the surface. The 

roughness values detected from this analysis for the annealed films were 15.5, 6.5, 

and 8.3 nm, respectively. As a result of this, the surface of the film is observed as 

(a) (b) 

(c) (d) 
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being more close-packed by applying the annealing process at 300 and 400 °C. On 

the other hand, the further annealing process at 500 °C showed that the grain 

formation on the surface of the film was collapsed and the surface roughness was 

decreased. Therefore, this result indicated that the annealing processes with different 

temperature significantly affected the morphology of the films.  

 

 

 

Figure 5.4: The AFM images of a) the as-grown and annealed CAIS thin films at 

b) 300, c) 400 and d) 500 °C 

 

The detailed XPS peak shape analysis of the core level spectra of the films was 

carried out to determine the chemical bonding nature of surface and near-surface 

region of the CAIS samples. Besides, in order to carry out XPS depth profiling, the 

surface atomic layers were sputtered by using 2 keV Ar+ ions for 5 min in a well-

controlled manner. XPS spectra of the CAIS films in as-grown form and annealed at 

different temperatures before and after sputtering were illustrated in Fig. 5.5 and 5.6, 

respectively. The existence of C peak in these spectra may be due to the 

contamination effect of the substrate, evaporation source, deposition system and 

characterization instruments. In addition, there is O 1s photoelectron peak in the XPS 

(a) (b) 

(c) 
(d) 
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spectra of the films before sputtering process. The reason of this background signal 

even it was in the as-grown form indicates the experimental contamination as it was 

expected for the existence of C peak. This contamination on the surfaces of the films 

also increased with increasing in annealing temperature. This indicated that although 

there were in an argon flow in annealing furnace during annealing, the samples may 

be oxidized in these processes accidentally. The given XPS spectra of the as-grown 

and annealed CAIS thin films at different temperatures included all constituent 

elements; Cu, Ag, In and Se. Then, the XPS analysis was done for the identification 

of the dominant photoelectron peaks of these elements observed in the spectra. 

Therefore, In 3d, Cu 2p, Ag 3d and Se 3d peaks were analyzed near the surface and 

local chemical environment by Gaussian fitting analysis. 

 

 

Figure 5.5: The XPS spectra of the as-grown and annealed CAIS thin films 

at different temperatures before sputtering 
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Figure 5.6: The XPS spectra of the as-grown and annealed CAIS thin films 

at different temperatures after sputtering 

 

Fig. 5.7 shows the valance band electronic structure of In in as-grown and annealed 

CAIS thin films. From this figure, the corresponding photoelectron peaks were 

observed as a well-defined spin–orbit doublet with an obvious separation between 

the 3/2 and 5/2 sublevels. The XPS analysis of In 3d3/2  peak with fitting parameters 

were summarized in Table 5.2.The binding energy values obtained from In 3d5/2 peak 

are also given in Table 5.3 and corresponding energy separation between these two 

components formed by the spin-orbit coupling are calculated as 7.8, 7.9, 7.7 and 7.5 

for the as-grown film and annealed films at 300, 400 and 500 °C respectively. 

Although these peak positions are very close to each other, an increase observed in 

the binding energies may be due to the increase in the oxidation state which causes a 

decrease in the screening of the bound electron from the ion core [300]. Moreover, 

local chemical environment on the surface of the films may also cause small shifts in 

XPS peak positions with respect to the each other.  
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Figure 5.7: In 3d core level XPS spectrum for a) the as-grown and 

annealed CAIS thin films at b) 300, c) 400 and d) 500 °C 

 

Table 5.2: Decomposition parameters of In 3d photoelectron peak with respect to 

3d3/2 line 

Sample Bonding B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown In-In 450.9 451.4 [219] 

Annealed at 300 °C In-In 451.8 451.4 [219] 

Annealed at 400 °C In-In 451.2 451.4 [219] 

Annealed at 500 °C In-In 451.5 451.4 [219] 

 

 

 

 

 

 

 

 

 

(b) (a) 

(d) (c) 
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Table 5.3: Decomposition parameters of In 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 443.1 444.0 [220] 

Annealed at 300 °C 443.8 444.0 [220] 

Annealed at 400 °C 443.6 444.0 [220] 

Annealed at 500 °C 443.5 444.0 [220] 

 

The core-level spectra of the Cu 2p region are illustrated in Fig. 5.8 for the CAIS 

films. The corresponding peak intensity increased with annealing temperature which 

is consisted with behavior as found from compositional analysis. From these 

photoelectron lines, the spin-orbit doublet of the Cu 2p core level transition at 

binding energies of about 931 and 951 eV were observed and the corresponding 

fitting parameters are listed in Table 5.4 and 5.5. In addition, for the as-grown CAIS 

sample, there is a strong Cu2+ satellite positioned at around 942 eV [301]. This 

satellite feature was related to shake-up transitions by ligand-to-metal 3d charge 

transfer [302, 303]. However, the spin-orbit splitting seems to be approximately 

constant for as-grown and annealed CAIS films.  
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Figure 5.8: Cu 2p core level XPS spectrum for a) the as-grown 

and annealed CAIS thin films at b) 300, c) 400 and d) 500 °C 

 

Table 5.4: Decomposition parameters of Cu 2p photoelectron peak with respect to 

2p3/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 951.1 951.6 [304] 

Annealed at 300 °C 951.5 951.6 [304] 

Annealed at 400 °C 951.2 951.6 [304] 

Annealed at 500 °C 950.8 951.6 [304] 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 5.5: Decomposition parameters of Cu 2p photoelectron peak with respect to 

2p3/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 931.1 932.7 [305] 

Annealed at 300 °C 931.7 932.7 [305] 

Annealed at 400 °C 931.6 932.7 [305] 

Annealed at 500 °C 931.3 932.7 [305] 

 

 

Similar to the XPS analysis of In, the intensity of the elemental photoelectron line of 

Ag 3d core level increased with annealing processes. Then, the detailed peak analysis 

was illustrated in Fig. 5.9. Due to spin-orbital splitting of Ag 3d core levels, Ag 3d5/2 

and Ag 3d3/2 sublevels were observed in all XPS spectra of the CAIS films. The 

Gaussian fitting results were summarized in Table 5.6 and 5.7. Although position of 

orbitals in atom is sensitive to chemical environment of atom, the peak positions and 

splitting energies are very close to each other.  
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Figure 5.9: Ag 3d5/2 core level XPS spectrum for a) the as-grown 

and annealed CAIS thin films at b) 300, c) 400 and d) 500°C 

 

Table 5.6: Decomposition parameters of Ag 3d photoelectron peak with respect to 

3d3/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 372.9 373.4 [306] 

Annealed at 300 °C 373.7 373.4 [306] 

Annealed at 400 °C 373.0 373.4 [306] 

Annealed at 500 °C 373.4 373.4 [306] 

 

 

 

 

 

 

(b) (a) 

(d) (c) 
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Table 5.7: Decomposition parameters of Ag 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 366.8 368.1 [307] 

Annealed at 300 °C 367.6 368.1 [307] 

Annealed at 400 °C 366.9 368.1 [307] 

Annealed at 500 °C 367.3 368.1 [307] 

 

 

Fig. 5.10 shows the XPS spectra of Se 3p core level for as-grown and thin films 

annealed in the temperature range of 300-500 °C. As seen in this figure, there was no 

any contribution to the Se 3d peak formation and also the effect of the spin–orbit 

splitting associated to a 3d core level. The experimental curve fitting results for the 

Se 3d photoelectron peaks are given in Table 5.8. A low chemical shift in the binding 

energy may be due to the relative effect of the atomic composition in the film 

surfaces.  
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Figure 5.10: Se 3d core level XPS spectrum for a) the as-grown 

and annealed CAIS thin films at b) 300, c) 400 and d) 500 °C 

 

Table 5.8: Decomposition parameters of Se 3d photoelectron peak with respect to 

3d5/2 line 

Sample B.E (eV) (Observed) B.E (eV) [Ref] 

As-grown 53.9 55.5 [308] 

Annealed at 300 °C 53.9 55.5 [308] 

Annealed at 400 °C 53.2 55.5 [308] 

Annealed at 500 °C 53.8 55.5 [308] 

 

5.3 Optical Characterization of Cu0.5Ag0.5InSe2 Thin Films 

 

The analysis of optical spectra is one of the most useful tools for understanding 

electronic structure of the semiconductors [81]. The optical properties of the CAIS 

films was evaluated by transmittance measurements in the wavelength interval from 

(a) (b) 

(d) (c) 
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325 to 1100 nm at room temperature. As seen in Fig. 5.11, an enhancement in the 

transparency when CAIS thin films were subjected to annealing between 300-500 °C 

was observed in the optical transmission values of the films with a 40% maximum 

value. This variation in transmission spectroscopy of the materials might depend on 

the structural transformations and possible re-ordering on the surface of the thin film 

with annealing process [286]. In addition, as indicated in EDS analysis, the re-

evaporation or segregation of the some constituent elements form the surface of the 

films may change surface characteristics of the films to metallic behavior. 

 

 

 

Figure 5.11: The transmittance spectra of the CAIS samples 

 

The absorption coefficient (α) of the samples were calculated using the transmission 

values by means of the relations given in Eq. 2.9 and Eq. 4.10. where T(λ) is the 

normalized transmittance and 𝑑 thickness of the thin films. The absorption 

coefficient of the films was calculated in the visible region and they were found in 

between 8.5x104 and 7.0x105 cm-1 depending on both the corresponding wavelength 

value and structural variations with annealing process. The poor transmittance of the 

films can also be inferred from the high absorption characteristics of the films, since 

they are evaluated as the absorber layer in device applications [309]. 
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Fig. 5.12 depicts the relation between absorption coefficient and photon energy for 

the CAIS thin films in the high absorption region reported by Tauc [310] and Davis 

and Mott [311] from which the optical band gap was determined. As shown from this 

figure, there is only one direct optical transition that gives band gap energies for the 

as-grown and annealed films as 1.51, 1.50, 1.48 and 1.44 eV, respectively. Although 

the calculated bang gap values are different than the results reported by other CAIS 

works [43, 52-54], they are in a good agreement with results reported by several 

researchers [311-316]. The differences with the results of the other reported works 

may be due to the possible morphological variations and also deposition conditions 

for the films. However, the variation in the band gap values with the annealing 

processes and temperatures were higher than the substrate temperature so it can be 

attributed to the observed structural modifications. This change is also evaluated in 

terms of the increase in the band tailing in the structure under the effect annealing 

[316]. Therefore, by increasing the annealing temperature, the width of localized 

states tails may increase and so that it can be explained by increasing of surface 

dangling bonds around the crystallites [314] and increase in the density of tail states 

adjacent to the band edge [315]. Although the spin orbit and crystal field splitting 

behaviors were reported in the literature for this film structure [14, 21, 22, 27], 

valance band splitting was not observed in the measured optical spectra of the films. 

Since it is not a general expectation for the chalcopyrite films [207, 317-319], the 

nature of the single optical transition in both as-grown and annealed CAIS thin films 

can be related with the strain values in the structures. On the other hand, the 

variations in the fundamental band gap values between this experimental work and 

the previous studies on CAIS structure may be due to this non-cubic crystalline field 

effect [320]. 



170 

 

 

Figure 5.12: The variation of (αhν)2 with the photon energy for CAIS samples 

 

5.4 Electrical Characterization of Cu0.5Ag0.5InSe2 Thin Films 

 

The electrical and photo-electrical analysis of the CAIS films were based on 

temperature dependent conductivity under dark and illuminated situations, Hall 

Effect measurements at room temperature and wavelength dependent photo-response 

measurements. These measurements were carried out by the van der Pauw method. 

Therefore, under this aim, the films deposited with Maltese-Cross geometry. In order 

to determine the general behavior of the conductivity and the existent current 

transport mechanisms, the dark conductivity analysis were done against the ambient 

temperature and the experimental data was illustrated in Fig. 5.13. As shown in this 

figure, the conductivity of the samples is in an increasing behavior with increasing 

sample temperature. The variation of dark conductivity as a function of temperature 

shows different linear regions for samples except film annealed at 500 °C, which can 

be taken as the indication of existence of different conduction mechanism 

dominating in a different temperature region with different activation energies. These 

energies also imply the existence of various defect levels in the forbidden band gap 

region [312]. On the other hand, at the last annealing step, the variation of the 

conductivity values was almost temperature insensitive. The semiconductor 

properties of the film annealed at 500 °C transformed into a degenerate form with the 
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effect of segregation and/or re-evaporation of Se atoms in the surface structure. As 

seen from Fig. 5.13, there are three distinct slopes in the curve, two different regions 

at the low temperature and one at high temperature regions and more than one slope 

in the conductivity graph indicates different energy levels. Therefore, the expression 

of the dark conductivity of the samples was determined by considering the all 

possible conduction mechanism. At first, for the high temperature region where the 

rate of the electron emission was excessively affected by the change in the 

temperature, thermionic emission over the barrier was analyzed as a predominant 

conduction type. Above the room temperature, the calculated activation energies 

were 264.2, 201.8 and 72.9 eV for as-grown, 300 and 400 °C annealed samples with 

a good agreement with correlation coefficient, R2 with a value of 0.99 (Fig. 5.14). 

Since the conductivity for the sample annealed at 500 °C was almost temperature 

insensitive, the corresponding activation energy calculated in terms of thermionic 

emission model in the specific temperature region was found as 28.2 eV.  

 

 

Figure 5.13: Temperature-dependent electrical conductivity of as-grown  

and annealed CAIS films 

 



172 

 

 

Figure 5.14 Plots of ln(σT1/2) versus T-1 in the high-temperature region  

for the CAIS film in as-grown form and annealed at 300 and 400 °C.  

Solid lines are the best fit lines according to Eq. 4.21 

 

In the low temperature region, 170-270 K, the conductivity increases slowly with 

temperature which indicates the temperature dependence of the electrical 

conductivity obeying variable range hopping model. According to this model, the 

possibility of passing over the grain boundary potential barrier is not taken into 

consideration for charge carriers because of insufficient thermal activation energy. 

Therefore, hopping can be agreed as a conduction mechanism between the localized 

states near the Fermi level [142, 154]. As shown in Fig. 5.15, the conductivity of the 

films at this specific temperature region obeys 3D Mott VRH model and the 

parameters related to the Mott-VRH are listed in Table 5.9. In general, annealing 

process lowers the conductivity by some order of magnitude [252]. In the 

polycrystalline materials, the value of T0M is a measure of degree of disorder in the 

structure [321], and it showed the decreasing behavior with increasing annealing 

temperature. In addition, the VRH results indicated that the calculated density of 

localized states near the Fermi level decreased with annealing temperature and it may 

be due to the effects of annealing process on the chemical bonds re-arrangements in 

the films [322]. Besides, decrease in the conductivity can result in the diminishing 

hopping states in the structure. The expected value of α and N(EF) are about 108 cm-1 

and 1020 cm-3.eV-1, respectively [152, 323, 324] and these parameters listed in Table 
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5.9 are in a good agreement with these works. The fitting and calculated parameters 

were reasonable within Mott’s requirements of the localized state model as W>kBT 

and αR>1.  In fact, the value of αR indicates the degree of localization of carriers in 

the trap states [321].  

 

 

Figure 5.15: Plots of ln(σT1/2) versus T-1/4 in the low-temperature region  

for the CAIS film in as-grown form and annealed at 300 and 400 °C.  

Solid lines are the best fit lines according to Eq. 4.22 

 

Table 5.9: Calculated parameters of Mott VRH model 

Sample 
T0M 

(K) 

0M 

(K1/2/cm) 

α 

(1/cm) 

N(EF) 

(1/eVcm) 

As-grown 8.36x106 3.57x102 3.32x108 9.16x1023 

Anl-300 8.01x105 9.73x101 2.37x107 5.74x1021 

Anl-400 1.67x105 1.23x101 1.62x106 5.29x1018 

 

Sample RM (cm) WM (meV) R2 αRM WM/kBT 

As-grown 1.56x10-8 68.5 0.98 5.19 3.46 

Anl-300 1.03x10-7 38.2 0.98 2.89 1.92 

Anl-400 1.21x10-6 25.8 0.99 1.95 1.30 
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In the low temperature region, 100-170 K, Efros-Shklovskii T−1/2 VRH model, where 

Coulomb effect serves as a barrier to the conduction process, fits the experimental 

data with the regression coefficient, R2 with a value of 0.99 (Fig. 5.16). The obtained 

values of the VRH parameters were given in Table 5.10. According to these results, 

there is a good relation between this model and the experimental conductivity values 

at this temperature interval, and also the calculated values indicated that the gap 

width Δ is comparable to the hopping energy WES due to Coulomb effect. The 

characteristic Efros–Shklovskii parameters varied in a same order as in the Mott 

parameters. Calculated average hopping distance and average hopping energy values 

for Efros–Shklovskii model were lower than those for Mott model as observed in 

[325, 326]. This observation supported the possibility of a crossover in VRH 

mechanism from the Mott type to the Efros-Shklovskii type [249].  

 

 

Figure 5.16: Plots of ln(σT) versus T-1/2 in the high-temperature region  

for the CAIS film in as-grown form and annealed at 300 and 400 °C. 

Solid lines are the best fit lines according to Eq. 4.27 
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Table 5.10: Calculated parameters of Efros-Shklovskii VRH model 

Sample 
T0ES 

(K) 

0ES 

(K/cm) 

RES 

(cm) 

WES 

(meV) 

Δ 

(meV) 
R2 WES/kBT 

As-grown 7.06x103 7.05x10-2 5.77x10-9 39.7 48.8 0.99 3.84 

Anl-300 5.76x102 9.54x10-1 1.95x10-8 11.4 6.1 0.99 1.10 

Anl-400 5.58x102 1.61x101 3.33x10-7 11.2 5.7 0.99 1.08 

 

The photo-conductivity characteristics of the samples were also investigated with 

conductivity measurements under five different illumination intensities. Fig. 5.17 

shows the temperature dependence of dark current (Idark) and photocurrent (Iph) in 

between 100 and 420 K. The graph also shows that conductivity values in all 

temperature increased with increasing illumination intensity. 

 

 

Figure 5.17: The variation of the photo-conductivity with temperature and 

illumination intensity for CAIS films (a) as-grown, (b) annealed at 300 °C, (c) 

annealed at 400 °C, (d) annealed at 500 °C. 

(b) (a) 

(d) (c) 



176 

 

As seen in Fig. 5.17, the photo-conductivity values are greater than the dark 

conductivity values, and it can be taken as the contribution of the photo-carriers to 

the conduction. Moreover, the conductivity of the samples increases with increasing 

the illumination intensity. The variation of the photo-conductivity values was 

investigated by photosensitivity calculations in which it was used as a basic 

parameter for photo-conductive materials [327, 328]. The values of photosensitivity 

were calculated from total current measured under illumination effect under the 

reference value out dark current. Then, the photosensitivity analysis of these CAIS 

films illustrated that there was a decreasing behavior with increasing annealing 

temperature. On the other hand, the change in the ratio of dark and illuminated 

currents with the applied voltage increased with the increasing illumination intensity 

for all samples. In order to study the carrier recombination characteristics in the 

CAIS films, the relation between the photocurrent and photoexcitation intensity was 

analyzed. The power exponent coefficient of proportionality for each film at different 

ambient temperature was calculated. The corresponding analysis for all CAIS films 

at the absolute temperatures between 100 and 400 K with 50 K increments are shown 

in Fig. 5.18. The variation with the illumination intensities has the characteristic of 

Ipc α Φɣ where the exponent, ɣ, is a distinctive indicator of the non-equilibrium 

carriers and determines the type of the recombination mechanism [329]. The photo-

conductivity dependence of light intensity and temperature was calculated in two-

center model [126]. At low temperatures this coefficient was below 0.5 for as-grown 

films, and around 1.0 for the films annealed at 300 and 400 °C, and it was almost 0.5 

for the films annealed at 500°C. Then, the ɣ values increased up to 1.0 for as-grown 

and to 1.2 for the films annealed at 300 °C. In addition, it reached to about 2.0 for the 

films annealed at 400 and 500 °C with increasing sample temperature. According to 

the two-center recombination model; as-grown and 500 °C annealed CAIS thin films 

change its behavior from sublinear to supralinear with the variation in the sample 

temperature; however, the other annealed films were found in the supralinear photo-

conductivity behavior at all temperatures. This increasing behavior of the exponent ɣ 

values with increasing ambient temperature confirmed the longer lifetimes for free 

carriers and stronger recombination process at the film surface [319]. 
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Figure 5.18: The variation of the photocurrent as a function of illumination intensity 

for CAIS films (a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) 

annealed at 500 °C. 

 

The standard Hall Effect measurements were performed for all CAIS samples under 

the constant magnetic field strength of 0.96 T at room temperature. From these 

measurements, the sign of Hall-voltage showed that all the samples are p-type and 

their conductivity behaviors were also confirmed by hot probe method. Moreover, 

the room temperature carrier concentration values of the as-grown film and films 

annealed at 300, 400 and 500 °C were calculated as, 1.89x1016, 3.47x1017, 1.18x1018 

and 3.56x1018 cm-3; and the Hall mobility values were found as 0.33, 0.75, 1.42 and 

3.58 cm2/V.s, respectively.  

(b) (a) 

(d) (c) 
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Figure 5.19: The normalized photocurrent response of CAIS films  

(a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) annealed at 500 °C. 

 

The spectral photo-response measurements of the CAIS films were carried out to 

determine the band gap energy of these structures. As illustrated in Fig. 5.19, there 

was a single peak on each of the spectra that corresponds to only one optical 

transition in these samples. Calculated energy values of optical transitions from the 

spectra of the films were very close to the results obtained from the transmission 

measurements as 1.49, 1.50, 1.52 and 1.54 eV, respectively. These results also 

indicated the absence of valence band splitting for the deposited CAIS films.  

 

5.5. Device Characterization 

 

In order to determine the device parameters of In/p-CAIS/n-Si/Ag heterojunction, I-

V characteristics of the diode at the temperature range of 220-360 K were measured 
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and plotted in Fig. 5.20. It shows that the rectifying behavior of the deposited 

heterojunction structure indicated a typical p-n junction diode [163]. The rectification 

factors, which are formulated as IF /IR forward and reverse currents, respectively, 

were calculated about 102 magnitude and the maximum rectification factor (RF) was 

observed when the temperature was 220 K. 

 

Figure 5.20: (a) Linear and (b) semi-logarithmic I-V plots of p-CAIS/n-Si hetero-

junction at different ambient temperatures. 

 

 

(a) 

(b) 
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The voltage dependence of rectification factor for studied temperatures was shown in 

Fig. 5.21. As seen from Fig. 5.21, the RF values increased with increasing voltage at 

constant temperature. This variation is a natural behavior of a p-n junction. On the 

other hand, when the voltage was constant, the RF values decreased with increasing 

ambient temperature. 

 

 

Figure 5.21: Plots of rectification factor (RF) versus V at different ambient 

temperatures. 

 

In Fig. 5.20, at the forward and reverse bias voltage higher than 0.5 V in magnitude, 

the currents were linear with bias voltage because of the series and shunt resistances 

effects [163, 330]. In this study, RS and RSh values were calculated from the parasitic 

resistance (𝑅𝑝 =
𝑑𝑉

𝑑𝐼
) in the forward and reverse bias, respectively, and the obtained 

values were given in Table 5.11. It was found that the magnitude of both resistances 

decreased with increasing temperature. 

 

The I-V analysis of In/p-CAIS/n-Si/Al heterojunction diode was analyzed by the 

diode equation expressed in Eq. 4.35 where, I0 is the reverse saturation current, V is 

the bias voltage, n is the ideality factor and k is the Boltzmann constant [113]. The 

reverse saturation current is given by the following relation Eq. 4.36. In this 

equation, Φb is the potential barrier, A is the device area (A≅15x10-3 cm2), A* is 

Richardson constant as A*=4πqm*k2/h3=120(m*/m) (A/(cm2K2) [113]. The ideality 
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factor values of the diode at studied temperature were calculated from the slope of 

the Fig. 5.20 (b) by using the relation, Eq. 4.37. 

 

Other diode parameters I0 and Φb values were determined by the Eq. 4.35 and Eq. 

4.36. The obtained parameters were given in Table 5.11. According to these results, 

Φb values increased with increasing temperature (Fig. 5.22 (a)). The ideality factor n 

can be used to obtain information about transport properties of the junction. 

Calculated n values were higher than unity (Fig. 5.22 (b)) and it indicated that there 

can be other transport mechanisms different from the pure thermionic emission 

mechanism in which n=1 [163].  Therefore, the possible transport mechanisms 

including thermionic emission, interface recombination, recombination-generation 

and tunneling were discussed to determine the dominant mechanism in the prepared 

diode structure [262]. Moreover, the activation energy for each transport mechanisms 

was determined by analyzing the slope of the characteristic I-V relations.  

 

Table 5.11: The device parameters of the p-CAIS/n-Si hetero-junction by using the 

parasitic resistance and Schottky diode equations. 

T (K) RS () RSh () n I0 (A) qΦb (eV) 

220 6.11x103 1.56x106 2.78 3.56x10-7 0.48 

240 5.64x103 1.03x106 2.61 5.98x10-7 0.52 

260 2.39x103 4.31x105 2.34 8.10x10-7 0.56 

280 8.82x102 
1.58x105 2.12 1.27x10-6 0.60 

300 3.22x102 5.30x104 2.03 2.23x10-6 0.63 

320 1.37x102 1.73x104 1.83 3.58x10-6 0.66 

340 8.97x101 
7.02x103 1.80 6.60x10-6 0.59 

360 7.83x101 3.38x103 1.65 9.60x10-6 0.72 
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Figure 5.22: The variation of (a) the ideality factor (n) and  

(b) the barrier height (Φb) with different sample temperature. 

 

For the thermionic emission (TE) model, the ideality factor values should be unity 

and also the ln(I0/T
2) versus 1/T plot should be linear [258], and the linearity is 

observed in Fig. 5.23. If interface recombination (IR) is dominant transport 

mechanism, the activation energy of ln(I0) versus 1/T (Fig. 5.24) should be 

approximately equal to band gap of CAIS [163]. To analyze the suitability of the 

model based on recombination-generation (RG) in depletion region, the ln(I0/T
-5/2) 

versus 1/T was plotted in Fig. 5.25. By this model the ideality factor value is equal to 

2 [163], so that the activation energy of ln(I0 T-5/2) versus 1/T graph should be 

approximately half of the band gap [266]. The calculated activation energies for 

these models were about 114.2, 161.1 and 101.1 meV, respectively. According to 

these results, there was insufficient evidence for these models that they were 

dominant transport mechanism. In addition to these mechanisms, the I-V relation of 

this junction cannot provide the requirements of the SCLC mechanism where the 

order of voltage relation was found to be lower than 2 for all voltage regions.  

 

(b) (a) 
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Figure 5.23: Plots of ln(I0T
-2) versus 1000/T for the p-CAIS/n-Si device. 

 

 

Figure 5.24: Plots of ln(I0) versus 1000/T for the p-CAIS/n-Si device. 
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Figure 5.25: Plots of ln(I0T
-5/2) versus 1000/T for the p-CAIS/n-Si device. 

 

The decrease in Φb and increase in the n with decreasing temperatures pointed to the 

tunneling current mechanisms such as thermionic field emission (TFE) or field 

emission (FE). If the current transport is controlled by the TFE or FE theory, the 

relationship between the current and voltage can be expressed as [331] 

 

𝐼 = 𝐼𝑡𝑢𝑛 [𝑒𝑥𝑝 (
𝑞𝑉 − 𝐼𝑅𝑠

𝐸0
) − 1] (5.1) 

 

with  

 

𝑛𝑡𝑢𝑛 =
𝐸00

𝑘𝑇
𝑐𝑜𝑡ℎ (

𝐸00

𝑘𝑇
) =

𝐸0

𝑘𝑇
 (5.2) 

 

where E00 is the characteristic tunneling energy that is related to the tunnel effect 

transmission probability 

 

𝐸00 =
ℎ

4𝜋
(

𝑁𝐴

𝑚∗𝜀𝑠
)
1/2

 (5.3) 

 

where m* is tunneling effective mass. Under this analysis, ideality factor was further 

analyzed by plotting nkT/q against kT/q in Fig. 5.26. According to Fig. 5.26, it was 
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observed that the slope was relatively temperature independent. Therefore, the main 

current transport mechanism of this heterojunction was found tunneling-like 

transport of the dark diode current with E00 =52.4 meV. 

 

 

Figure 5.26: Plot of nkT/q versus kT/q for the p-CAIS/n-Si device. 

 

Figure 5.27: Plot of ln(IR/V) versus (Фb-V)-1/2 for the p-CAIS/n-Si device. 

 

In addition to the forward bias characteristics, the current mechanism in the reverse 

bias region was investigated to complete the I-V analysis of the p-CAIS/n-Si device. 

Therefore, the reverse current values were analyzed in terms of the requirements of 

the possible transport mechanisms. However, as observed in the forward transport 

behavior, the leakage current characteristics of the junction were found to be 

approximated by the tunneling mechanism. In fact, the reverse current values showed 
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an exponential behavior with the voltage variations [332]. Then, the relation between 

the reverse current and applied voltage was analyzed by using the Eq. 4.42 and the 

result is shown in Fig. 5.27. The temperature dependence at reverse bias indicates 

that there were in between 101 to 102 number of tunneling step and about 105 traps 

act role in the reverse current mechanism across the barrier.  

  

In order to obtain more information about the p-CAIS/n-Si device, C-V 

measurements were carried out at room temperature under dark condition. The 

results of the C-V measurements are shown in Fig. 5.28 and also corresponding C-2 

variations with the voltage values is given in Fig. 5.29. Then, Fig. 5.28 shows that in 

the forward bias region, the capacitance values decreases with increasing frequencies 

and also there is a small decreasing behavior with increasing the voltage values when 

considering on each frequency case. In the reverse bias region, the capacitance 

values were almost constant value and this can be attributed to the electrical 

characteristics of the films [328]. In addition, in all voltage regions the C-V 

dependence was weak at high frequency values.  

 

Figure 5.28: Room temperature C-V plots of the p-CAIS/n-Si structure 

at different frequencies 
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Figure 5.29: The variation of C-2 with voltage for the p-CAIS/n-Si device under 

different frequencies  

 

As seen in Fig. 5.29, there is no remarkable change in the barrier height of the device 

depending on the variation in the applied frequency values. Therefore, these values 

are found around 0.70 eV from the intercept values at voltage axis. In addition, in 

Fig. 5.30 the zero biased capacitance values of the device with respect to the 

frequency are illustrated and by using these values of capacitance values at low and 

high frequency, the number of interface states was estimated as in the order of 

4.8x1010 cm-2V-1.  

 

Figure 5.30: The variation of capacitance at zero bias with frequency  

in the p-CAIS/n-Si device 
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From these results, the energy band diagram of the p-CAIS/n-Si heterojunction is 

estimated mainly by Aderson’s model in Fig. 5.31 [167]. On the basis of this model, 

the diagram was constructed with the band gap value found in optical analysis and 

also barrier height from I-V and C-V measurements. Then, the other values were 

used from the literature works [94]. On the other hand, the electronegativity of the 

CAIS structure is approximated from the reported CIS and AIS works [94]. As seen 

in Fig. 5.31, the discontinuities in the conduction and valence bands were calculated 

as 0.38 and 0.25 eV, respectively.  

 

 

Figure 5.31: The band diagram of the p-CAIS/n-Si device 

 

The spectral photo-response measurement of the p-CAIS/n-Si device was carried out 

to observe the working range of this structure and also contributions of the layers on 

this structure. As seen in Fig. 5.32, the photocurrent peak values were found in 

around 820 and 1050 nm which correspond approximately to 1.50 and 1.18 eV, 

respectively. The calculated peak values are also found in a good agreement with the 

results of the optical measurements on the CAIS thin film layer. In addition, 

according to Fig. 5.32, it can be implied that p-CAIS/n-Si device can cover the 

optical spectra of 400-1200 nm.  
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Figure 5.32: Photo-current versus wavelength plot of the p-CAIS/n-Si device 
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CHAPTER 6 

 

 RESULTS AND DISCUSSIONS-3  

(ZnInSe2/Cu0.5Ag0.5InSe2 HETEROJUNCTION 

 

 

6.1 Introduction 

 

Within the scope of the material characterization of the ZIS and CAIS thin films, and 

also device characterization of these layers from the junction fabricated with the Si-

wafer, their thin film heterojunction structure deposited on the ITO substrate was 

detailed in this section. Although thin film photovoltaic researches are mostly 

focused CIGS and CIS based solar cells, this work is concentrated on CAIS 

structures as an absorber layer under the aim of investigation of its tailoring 

advantages on the CIS structure. In addition, based on the works on the replacement 

of use of Cd in the n-type layer formation, ZIS structure was discussed as a candidate 

for the alternative layer. To overcome the resistivity problems and also 

environmental concerns on the choice of Cd-based structures, as a Cd-free device 

structure were investigated. As a practical viewpoint, this semiconductor compound 

contains In and Se elements in the composition which are also present in the absorber 

layer.  

 

6.2. Device Characterization under Dark 

In the temperature range of 220-360 K, Fig. 6.1 (a) and (b) show the current-voltage 

(I-V) characteristics of the fabricated thin film heterojunction device. As seen in Fig. 

6.1, the forward current shows an exponential increase with the applied voltage at 

low forward bias region, whereas at high forward bias it has a linear behavior. As 
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shown in Fig. 6.1 (b), the junction exhibits rectifying behavior with approximately 2 

rectification factor at 0.8 V, for all sample temperatures. From this dark I-V 

measurement, RF values at constant bias were found approximately as in the order of 

103. As given in Fig. 6.2, this calculated value is in decreasing behavior with 

increasing ambient temperature that may be due to the localized trap levels at the 

interface and inhomogeneous trap distribution in the structure [333, 334]. 

 

 
Figure 6.1: (a) Linear and (b) semi-logarithmic I-V plots of n-ZIS/p-CAIS hetero-

junction at different ambient temperatures. 

 

(a) 

(b) 
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The linear behavior in the high forward and reverse bias regions indicates the serial 

and shunt resistance effects on the junction, respectively. Therefore, the 

corresponding resistance values were calculated by using the parasitic resistance 

relation in these applied voltage regions. In addition, since the heterojunctions show 

the rectifying behavior similar to a typical p–n junction diode, the I-V relation of this 

junction was described by the standard diode equation. Therefore, the calculated I-V 

parameters of this diode structure according to the Schottky diode equation are listed 

in Table 6.1.  

 

 

 Figure 6.2: Plots of rectification factor (RF) versus V at different ambient 

temperatures. 
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Table 6.1: The device parameters of the n-ZIS/p-CAIS hetero-junction by using the 

parasitic resistance and Schottky diode equation. 

T (K) RS () RSh () n I0 (A) qΦb (eV) 

220 5.68x103 7.84x104 2.29 1.87x10-8 0.64 

240 5.47x103 6.59x104 2.24 4.06x10-8 0.68 

260 4.06x103 4.51x104 2.19 1.36x10-7 0.70 

280 2.41x103 3.43x104 2.17 6.27x10-7 0.71 

300 9.54x102 1.23x104 2.16 2.18x10-6 0.72 

320 5.96102 7.03x103 2.13 5.88x10-6 0.75 

340 3.89x102 6.80x103 2.12 1.63x10-6 0.76 

360 2.36x102 4.51x103 2.10 5.11x10-5 0.78 

 

 

 
Figure 6.3: The variation of (a) the ideality factor (n) and  

(b) the barrier height (Φb) with different sample temperature. 

 

 

As given in Table 6.1 and also seen in Fig. 6.3 (a), the ideality factor of this device is 

found greater than unity at every working temperature, so that it can be the indication 

of the alternative mechanisms instead of thermal excitation over the barrier. In this 

case, several transport mechanisms may be operative at the interface of the hetero-

junction. Therefore, the requirements of the main models that are the ideal thermal 

emission, recombination-generation, recombination through interface states at the 

junction, tunneling were considered in order to determine the possible conduction 

mechanisms in this diode structure.  

 

(b) (a) 
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ln(I0/T
2) versus the 1/T plot (Fig. 6.4) shows a linear behavior as in the case of 

thermionic emission, from its characteristic plot, the activation energy is obtained as 

0.35 eV which does not match with the requirement of this mechanism. Then, the 

analysis of interface recombination and recombination-generation in the depletion 

region were given in Fig. 6.5 and 6.6, respectively. From these corresponding 

graphical representations, the activation energies were calculated as 0.39 and 0.46 

eV, respectively. Therefore, these results are found quite different from the expected 

values.   

 

 
 

Figure 6.4: Plot of ln(I0T
-2) versus 1000/T for the n-ZIS/p-CAIS device. 

 

 

 
Figure 6.5: Plot of ln(I0) versus 1000/T for the n-ZIS/p-CAIS device. 
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Figure 6.6: Plot of ln(I0T
-5/2) versus 1000/T for the n-ZIS/p-CAIS device. 

 

As in the case of n-ZIS/p-Si junction, causing from the disorders in the interfacial or 

near the junction, the T0 affected current transport mechanism was found to be 

dominate in n-ZIS/p-CAIS device. As seen in Fig. 6.7, the n values change with 

temperature under the effect of a constant, T0, mentioned in Eq. 4.38 [335]. From this 

modified model analysis, T0 was calculated as about 102.7 K (Fig. 6.8).  

 

Figure 6.7: Plot of nkT/q versus kT/q for the n-ZIS/p-CAIS device. 
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Figure 6.8: Plot of n versus 1000/T for the n-ZIS/p-CAIS device. 

 

In the high voltage region (>0.7 V) the current flow in this n-ZIS/p-CAIS device was 

observed that there was a power dependence on voltage and this relation could be 

identified as I∝Vm⁡dependence (Fig. 6.9) [336]. With the further analysis, the integer 

m is obtained in the value higher than 2 (Table 6.2). Therefore, with the linearity of 

the Fig.6.8 and the characteristics of the calculated m values, this power dependence 

revealed that the SCLC mechanism was dominant in this diode structure with the 

exponential trap distribution [337].  

 

 

Figure 6.9: Plots of ln(I) versus ln(V) for the n-ZIS/p-CAIS device. 
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For the SCLC analysis, the I-V behavior of the device was evaluated using the Eq. 

4.39 and the related parameters was deduced from this expression of the exponential 

trap distribution were tabulated in Table 6.2. In addition, trap density at the 

conduction band, NT and the total trap concentration N0 were calculated from the 

relation in Fig.6.10.  

 

Table 6.2: The SCLC analysis results of the n-ZIS/p-CAIS hetero-junction diode.  

T (K) m l TT 

220 8.69 7.69 1681.69 

240 6.30 5.30 1272.14 

260 5.06 4.06 1055.83 

280 4.14 3.14 878.30 

300 3.21 2.21 663.51 

320 2.75 1.75 561.06 

340 2.33 1.33 451.66 

360 2.04 1.04 375.19 

 

 

 

Figure 6.10: Plots of ln(I) versus 1000/T for the n-ZIS/p-CAIS devices of different 

bias voltage 
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Table 6.3: The NT and N0 values obtained by using the SCLC analysis with different 

voltage values in the high bias region at the studied temperatures. 

 

T (K) 

NT 

 (1017 m-3) 
 

N0  

(1037 m-3) 

V=0.78 V V=0.82 V V=0.86 V V=0.90 V V=0.94 V V=0.98 V V=0.78 V 

220 0.71 0.62 0.53 0.49 0.39 0.32 0.31 

240 0.93 0.85 0.71 0.70 0.63 0.58 0.53 

260 1.06 0.99 0.87 0.85 0.79 0.74 0.73 

280 1.19 1.14 1.02 1.01 0.96 0.91 0.98 

300 1.36 1.33 1.26 1.25 1.21 1.17 1.49 

320 1.45 1.44 1.38 1.37 1.35 1.32 1.88 

340 1.57 1.56 1.53 1.50 1.45 1.40 2.50 

360 1.68 1.65 1.64 1.62 1.57 1.54 3.16 

 

 

In order to investigate the reverse current, IR, in the n-ZIS/p-CAIS device, the I-V 

behavior in the reverse bias region was analyzed under the possibility of the transport 

mechanisms. Then, in the low reverse bias region, the reverse current was found to 

flow under the effect of tunneling mechanism. As discussed in Eq. 4.42, the reverse 

current was analyzed by the exponential relation with the applied voltage, and this 

behavior was evaluated in Fig. 6.11. From the consideration of this mechanism, the 

number of tunneling step effective in the carrier transport was found in the order of 

102 and the trap concentration involved in this tunneling process was calculated as 

about 106 cm-3.  
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Figure 6.11: Plots of ln(IR/V) versus (Фb-V)-1/2 for the n-ZIS/p-CAIS device. 

 

In addition, in the high reverse voltage region, Poole-Frenkel emission model was 

considered as a dominant mechanism where the corresponding plot given in Fig. 6.12 

shows a good linearity as a presence of this type of model [338, 339]. In this case, 

the reverse current can be expressed as 

 

𝐼𝑅 ∝ 𝐸𝑒𝑥𝑝(
𝑞

𝑛𝑘𝑇
√

𝑞𝐸

𝜋𝜀
) (6.1) 

 

where E is the electric field affecting on the device (V/cm) and ε is the relative 

dielectric permittivity [340]. Furthermore, the coefficient n is the distinction between 

the Schottky and Poole-Frenkel thermionic emission related from the linear curve of 

the corresponding plots. Then, the slope of the reverse current plot shown in Fig. 

6.12 is found to be close to unity which indicates Poole-Frenkel effect. Although it is 

a thermionic emission model, it refers to the emission from the trap states [340].  
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Figure 6.12: Plot of ln(IR/V) versus (V)1/2 for the n-ZIS/p-CAIS device. 

 

The C-V characteristics of n-ZIS/p-CAIS heterojunction device were investigated in 

order to get information on the barrier height of the junction. As seen Fig. 6.13, the 

capacitance changes with the applied voltage, whereas the frequency dependence of 

the capacitance is not clearly observed. That is, the capacitance values remains 

almost constant under the effect of frequency changes. As shown in Fig. 6.14, the 

linear behavior of the C-2 with respect to the change in voltage reveals the abrupt 

junction characteristics in this device structure [341]. In addition, the C-2-V plot 

indicates that the barrier height values vary in between 0.51 and 0.66 eV with respect 

to the increase in measurement frequency. This variation can be evaluated by the 

effect of the interface states [278], so that the variation in capacitance is analyzed 

depending on the applied frequency at zero bias region to compute the number of 

these states at the interface of the junction. Then, from the relation between zero bias 

capacitance and applied frequency given in Fig. 6.15, the number of interface states 

was found to be in the order of 1.6x1010 cm-2V-1.  

 



202 

 

 

Figure 6.13: Room temperature C-V plots of the n-ZIS/p-CAIS device 

at different frequencies 

 

Figure 6.14: The variation of C-2 with voltage for the n-ZIS/p-CAIS device at 

different frequencies  
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Figure 6.15: The variation of capacitance at zero bias with frequency  

in the n-ZIS/p-CAIS device 

 

The energy-band diagrams for p-CAIS and n-ZIS layers were constructed by using 

their device structures. Based on these analyses, in Fig. 6.16 below, the energy-band 

profile of two semiconductor layers that creates the p-CAIS/n-ZIS heterojunction are 

shown in the isolated cases. In the band diagram of these layers, energy band gaps 

(Eg) and dielectric constants (𝜀) were used from the results of the corresponding 

material analysis, however work functions (∅) and electron affinities (χ) were 

assumed from the values reported for their binary and ternary analogies in the 

literature. In the individual band gap profiles, the conduction and valence band edges 

are illustrated in horizontal direction with considering the space-charge neutrality. 

The energy difference in the conduction band and valence band edges in these two 

materials is represented by ∆EC and ∆EV, respectively. Then, after the junction is 

created, by using the Anderson [167] model for the heterojunction, the resulting band 

profile is constructed as shown in Fig. 6.17.  
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Figure 6.16: Energy-band diagram for two isolated semiconductor layer 

 

The band gap in Fig. 6.17 shows discontinuities in conduction and valence bands of 

the layers that are found to be 0.41 eV and 0.90 eV, respectively. In addition, the 

barrier height of the junction is calculated as about 0.62 eV.  

 

 

Figure 6.17: The band diagram of the n-ZIS/p-CAIS device 

 

As an optical characterization step, the spectral photo-response measurements were 

carried out in the spectral range of 300-1300 nm in order to determine the photo-

spectral working range of the n-ZIS/p-CAIS junction. This measurement was also 

performed in order to see the effects and contributions of the each layer on this diode 
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structure. From the spectral response curve of this device given in Fig. 6.18, the 

photo-response spectra is found to be quite good agreement with their optical 

characteristics. In other words, the peak values observed in this spectrum are 

observed as related to the band gap values of the corresponding thin film layer where 

they are about 2.10 and 1.53 eV, for ZIS and CAIS layer, respectively. In addition, 

this spectrum covers a wide wavelength region that can provide a good performance 

in solar cell applications. 

  

Figure 6.18: Photo-current versus wavelength plot of the n-ZIS/p-CAIS device. 

 

6.3. Device Characterization under Illumination 

 

In addition to the dark condition, I-V measurements were employed in order to get 

information on the response of this structure under the effect of the different 

illumination intensities between 20 and 115 mW/cm2 (Fig. 6.19). Moreover, this 

measurement was carried out under solar simulator AM 1.5 condition with 

illumination intensity of 100 mW/cm2 (Fig. 6.20). Under the description of the 

photovoltaic characteristics of the n-ZIS/p-CAIS hetero-junction, this I-V behavior 

was characterized in terms of the short circuit current, ISC, the open circuit voltage, 

VOC, the fill factor, FF, and the conversion efficiency, η. These parameters were 

determined with respect to I–V curve obtained at a given intensity and the results 

were tabulated in Table 6.4. 
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Figure 6.19: I-V characteristic of the n-ZIS/p-CAIS device  

illuminated under different intensities 

 

 
Figure 6.20: I-V characteristic of the n-ZIS/p-CAIS device under AM 1.5 

illumination 

 

As seen in Fig. 6.19 and 6.20, there is a high series resistance effects which can be 

originated from the bulk layer or the contact resistance [6]. In fact, the high behavior 

of series resistance cause an increase in the photo-generated carriers recombination 

process which can results in reduction of the carrier collection by the contacts and 

also affect the solar cell efficiency and fill factor negatively. As given in Table 6.4, 

the values of the cell parameters, increases with increasing illumination intensity 

[342, 343] and the efficiency ranges from 0.52 to 0.97% with the intensity chance 

from 20 to 115 mW/cm2. They are also found in the AM 1.5 condition as 0.048 mA, 

0.36 V, 27.7 and 0.95% corresponds to ISC, VOC, FF, and η, respectively.  
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Table 6.4: Solar cell parameters of the n-ZIS/p-CAIS device under different illumination 

intensities 

Illumination intensity (mW/cm2) ISC (mA) VOC (V) FF η (%) 

20 0.013 0.23 17.4 0.52 

35 0.017 0.27 20.8 0.54 

55 0.032 0.28 21.3 0.70 

80 0.044 0.31 22.3 0.75 

115 0.058 0.33 29.2 0.97 
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CHAPTER 7 

 

 CONCLUSION 

 

 

The aim of this study was to investigate the material characterization of ZIS and 

CAIS thin films under the effect of annealing process, and also to analyze their 

device properties with Si-wafer and with each other. In fact, the starting idea for this 

work was on the research of the alternative junction strategies [344, 345]. According 

to these works, there were some works on the use of ZIS layer to fabricate a layer 

alternative to CdS. Additionally, ZIS can offer a large direct band gap in the order of 

2.0 eV appropriate to use in the solar cell applications. Under the aim of material 

characterization, both of these thin film samples were deposited on chemically 

cleaned soda lime glass substrates by PVD technique. On the contrary to the reported 

single crystal sources, the ZIS samples were deposited by the sequentially stacked 

layer deposition technique. During the deposition process, the substrate temperature 

was kept at about 200 °C, to eliminate the re-evaporation of the evaporation agents, 

the sources were heated at different temperatures and the corresponding deposition 

rates were optimized for the evaporation cycles.  

 

The ZIS thin film samples were deposited by the layer by layer growth process using 

In2Se3, Zn and Se evaporation sources. According to the EDS analysis, they were 

found to be Zn rich in as-grown form and by annealing process, while the samples 

preserved this characteristic, Se re-evaporation from the film surface were observed.  

 

In addition, the compositional analysis and the surface analysis of the films were 

obtained by means of SEM and AFM images. On the as-grown ZIS sample, there 

were some Zn agglomerations observed on the surface and they were found to be 
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distributed irregularly on the surface. However, with increasing the annealing 

temperature, their size distribution was decreased due to either possible diffusion of 

these atoms from the surface to the bulk or segregation of the other atoms on the 

surface of the film.  

 

The XPS analyses were mainly concentrated on the decomposition of the core level 

peaks of the constituent elements. As a remarkable result of this analysis, the 

photoelectron peak of In core level was decomposed to the peaks corresponding to 

the In bonding with all constituent elements. After annealing process at 400 °C, the 

existence of the In-Se and In-Zn was disappeared. All of the samples were found to 

be in polycrystalline behavior with (112) main crystalline orientation direction 

without and with annealing process.  

 

The crystallinity of the samples was also checked by Raman measurements. 

Although there was an improvement in the crystal structure of the samples by 

applying annealing process, ZnSe secondary phase formation was detected in the 

(101) orientation direction in the sample annealed at 500 °C.  

 

In the transmission measurements, the interference fringes observed in the optical 

transmission spectra of the ZIS films were analyzed by EM in order to determine the 

optical parameters of the samples. These results were also detailed by using the 

Cauchy dispersion relation. From the Tauc plots, ZIS samples were found to have 

three distinct direct optical transitions depending on the crystal-field and spin-orbit 

splitting in the valence band of the structure. The fundamental band gap values were 

calculated in between 2.00 and 1.85 eV with the increase in the annealing 

temperature. These values were also observed in the photo-spectral measurements. 

The analyses of temperature dependent dark conductivity measurements showed that 

at low temperature region VRH and at high temperature region thermionic emission 

mechanisms were found to be pre-dominant in the conduction of the carriers. By the 

photo-conductivity measurements, the samples in as-grown form and annealed at 300 

°C showed more response as compared to the annealed films at 400 and 500 °C. The 

photo-conductivity characteristics of the films were found to be fitted with two-
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center recombination model and in the supra-linear conductivity behavior. The 

results of the room temperature Hall Effect measurements showed that Hall mobility 

and electron concentration of the ZIS films varied from 3.89 to 2.77 cm2/V.s and 

from 1.69x1013 to 8.65x1016 cm−3 for as-grown and annealed films, respectively. 

Moreover, as a result of both Hall Effect and hot probe measurements, the 

conductivity types of the samples were determined as n-type in ZIS samples.  

 

Similarly, Cu, Ag, In2Se3 and Se evaporation sources were deposited sequentially on 

the soda lime glass substrate to fabricate the CAIS thin film samples. EDS works 

showed that the as-grown samples were nearly stoichiometric as in the case of the 

ZIS structure, there was a decrease in Se atomic ratios in the composition of the films 

with increasing annealing temperature due to the high vapor pressure of this element. 

Based on the SEM and AFM measurements, the surface of the as-grown film was 

found to have localized Se crystallites on the surface; however by applying post-

thermal heating process, they disappeared. Under the XPS analysis, again the 

chemical bonding natures of surface and near-surface region of the films were 

investigated. Although the photoelectron peak characteristics of the core level of the 

elements with annealing temperature were in consisted with behavior as found from 

compositional analysis, the notable result is the strong Cu2+ satellite feature observed 

in the as-grown CAIS structure. In the XRD measurements of these thin films, the 

main diffraction was obtained at the major peak 2θ ≅ 27° which revealed the (112) 

preferred orientation of CAIS films. While increasing annealing temperature, the 

intensity of the main peak increased, the additional phases became more intense. The 

studies on the optical characteristics of the films revealed that the transmission 

values of the all films were around 40% and the absorption coefficient of these films 

were obtained in the order of 105 cm-1. In the band structure analysis, the band gap 

energies were found for the as-grown and annealed films as 1.51, 1.50, 1.48 and 1.44 

eV, respectively. The band gap values obtained from the photo-response spectra of 

the films were very close to these results. The temperature dependent dark 

conductivity measurements exhibited that the electrical properties of the films were 

dependent on the same conduction mechanisms even if annealing process was 

applied. At low temperature region, VRH was found to be main conduction 
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mechanism; however thermal emission was dominant conduction above the room 

temperature. Then, by applying five different illumination intensities on the sample, 

the photo-conductivity characteristics were investigated. With further analysis, 

photo-conductivity behavior of the films was in a good agreement with the two-

center recombination model and so that the supra-linear photo-conductivity was 

obtained from the relation between the photocurrent and the illumination intensity. 

From the Hall Effect and hot probe measurements, all of the samples revealed p-type 

conductivity behavior. As a result of the room temperature Hall Effect 

measurements, Hall mobility values of the as-grown film and films annealed at 300, 

400 and 500 °C were calculated in between 0.33 and 3.58 cm2/V.s and hole 

concentration values in the range of 1.89 x 1016 – 3.56 x 1018 cm-3, respectively.  

 

For the device characterization of n-ZIS/p-Si hetero-structure, had been studied and 

about 5 order rectification factor was achieved around 0.9 V. With the temperature 

dependent dark I-V measurements and rectifying behavior of this heterojunction 

were analyzed. The diode ideality factor was obtained as higher than 2 in all 

temperature regions. The series resistance values were calculated around 101 Ω, 

however the shunt resistance values revealed strong variations by changing sample 

temperature in the interval of 104 - 107 Ω. As a result of the temperature dependent I-

V measurements on the n-ZIS/p-Si heterojunction, current transport in this junction 

was determined as being dominated by the combination of thermionic emission and 

SCLC mechanisms. In addition, the multi-step tunneling was observed as a main 

transport mechanism in the reverse bias region. From both of the I-V and C-V 

analysis, the barrier height of the junction was calculated as 0.76 eV at room 

temperature. As in the case of the p-CAIS/n-Si heterojunction, from the I-V 

measurements carried out at different temperature regions, the diode quality factor 

were found to be higher than the unity; and  the series and shunt resistance values 

were obtained in the order of 102  and 104 Ω, respectively. The barrier height of this 

junction at room temperature was calculated as 0.63 eV. In addition, the main current 

transport mechanism of p-CAIS/n-Si structure was tunneling with 52.4 meV 

activation energy. In the reverse bias region, the tunneling process also found as a 

dominant transport mechanism in the structure.  
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n-ZIS/p-CAIS hetero-structure produced by using these two layers gave about 2 

rectification order at 0.8 V.  At low bias region, the most effective transport 

mechanism in this heterojunction diode was fitted to the T0 affected current transport 

mechanism causing from the disorders in the interfacial or near the junction. On the 

other hand, in the high voltage region (>0.7 V), SCLC mechanism became dominant. 

Moreover, in the reverse bias region of this structure, the crossover from the Poole-

Frenkel emission to the tunneling mechanism was observed by increasing reverse 

bias voltage. The device analysis of the n-ZIS/p-CAIS structure exhibited about 0.62 

eV barrier height obtained from band structure study. The photovoltaic 

characteristics of this junction were analyzed by I-V measurements under different 

illumination intensities obtained from halogen lamp and solar simulator. The device 

parameters were found in the AM 1.5 condition as 0.048 mA, 0.36 V, 27.7 and 

0.95% corresponds to 𝐼𝑆𝐶, 𝑉𝑂𝐶, 𝐹𝐹, and 𝜂, respectively. As a result of the 

measurements by using halogen lamp, the efficiency values were found in the range 

of 0.52-0.97% with the change in the light source intensity from 20 to 115 mW/cm2. 
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