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ABSTRACT 

Zulkarnain, Meah Imtiaz, Effect of Deposition Conditions on Properties of Molybdenum Back 

Electrode for Cu(In,Ga)Se2 Solar Cell and Cu(In,Ga)Se2 Performance Analysis through 

Numerical Simulation. Master of Science in Engineering (MSE), August, 2021, 120 pp., 24 

tables, 70 figures, 76 references. 

In the first part of this research, effect of the deposition conditions on properties of 

molybdenum thin-film were investigated to achieve desired characteristics for its application as 

the back electrode of Cu(In,Ga)Se2 solar cell. DC and RF magnetron sputtering modes were 

employed and two sputtering parameters namely, working pressure and sputtering power, were 

varied to determine the sputtering mode and the sputtering conditions best suited for Mo thin-

films having required properties. Sputtered Mo samples were characterized to determine their 

structural and mechanical properties such as preferred growth orientation, crystallinity, grain 

size, dislocation density, adhesion, and micro strain, and electrical property such as sheet 

resistance. DC sputtering mode, lower working pressure and higher sputtering power yielded 

single layer Mo thin-films with better properties in general. The single layer Mo thin-films with 

desired characteristics were then utilized to fabricate bilayer and tri-layer Mo thin-films for 

further simultaneous improvement of properties such as lower sheet resistance and better 

adhesion of the films to the substrate along with other features. The all-DC sputtered bilayer 

andthe DC sputtered single layer Mo thin-film which was deposited under lower working 

pressure exhibited the best of the characteristics required to employ the films as back contact of
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CIGS solar cell. The RF sputtered single layer Mo thin-film deposited under lower working 

pressure remained very close to above two in terms of desired characteristics. The best of the tri-

layer Mo thin-films- all-DC and all-RF sputtered- displayed inferior properties compared to the 

best of the single layer and bilayer Mo thin-film samples. 

           In the second part of this research, numerical simulation and analysis of CIGS solar cell 

were conducted to optimize its performance and compare among the cells using different 

materials for buffer and window layers. The one-dimensional solar cell simulation program 

SCAPS-1D (Solar Cell Capacitance Simulator) was used for simulation and analysis purposes. 

CdS and In2S3 for the buffer layer, and ZnO and SnO2 for the window layer were considered to 

generate different CIGS cell structures. The effects of variation of bandgap, concentration, and 

thickness of these materials along with p-type CIGS absorber layer were investigated. Besides 

the solar cell efficiency, the open-circuit voltage, short-circuit current density, fill factor and 

quantum efficiency of the cell structures were observed from the simulation. The change in cell 

efficiency with variation in temperature was studied, too. A comparison among the different 

CIGS cell structures employing different buffer and window materials was performed. The 

performance of the modeled cell structures was put to comparison against some laboratory 

research cell, too. All simulated CIGS structures showed better performance compared to the 

laboratory cells. In2S3 appeared to increase efficiency and thus posed a great potential for non-

toxic CIGS solar cells. Though the CIGS absorber layer required more thickness for desired 

output, the successful application of thinner SnO2 replacing the ZnO buffer layer can pave the 

way to less thick CIGS thin film solar cells.
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CHAPTER I 

INTRODUCTION 

1.1 Solar Energy and Fossil Fuel 

Fossil fuel has been proved greatly hazardous to the ecosystem and climate. The amount 

of CO2 emission due to fossil fuel use in the earth atmosphere is leading to the global warming at 

an alarming rate [1, 2]. This is why the quest for clean and sustainable energy is now more 

necessary and, consequently, more evident than ever in the history of the humankind. 

Of the renewable energy resources, solar energy holds the maximum theoretical, 

extractable and technical potential [3]. In fact, the energy supplied to the earth in one and a half 

hour by the sun is more than enough to meet the yearly consumption of the whole population of 

the current world [3]. Such a source of energy- clean, long-lasting if not everlasting, sustainable- 

remains largely untapped until this day mainly due to geographical, environmental, and 

technological limitations and complexities. 

1.2 Solar Cells and Their Efficiency 

Solar cells are used to tap the energy of the light particles i.e. the photons and to convert 

it into electricity. From hand-held solar cell energized calculator to stand-alone home system to 

extraterrestrial applications, application of solar cell has found its way to everywhere. The past 

years have seen a great rise in search for materials suitable for different types of solar cells. A
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large variety of fabrication techniques has been employed to fabricate solar cells in order to 

harvest the maximum of solar energy. 

Of the solar cell materials in use, conventional crystalline silicon (C-Si) solar cell is the 

most extensively employed one. This first generation of solar cell materials holds the biggest 

share (92% approximately) of the current world market of the photovoltaics [4, 5]. Though it 

recently has lagged behind one of the second generation solar cell material type in terms of 

commercial solar module efficiency, the laboratory research efficiency of the C-Si solar cell is 

still ahead of other types of solar cells [6]. 

The second generation of the solar cell materials mainly includes the CdTe, the 

chalcopyrite, the kesterite and the amorphous silicon. Of them, the most promising chalcopyrite 

compound, copper indium gallium diselenide (Cu(In,Ga)Se2 or CIGS) solar cell, has now a 

laboratory research cell efficiency of 23.35% [7] close to 26.7% of conventional C-Si solar cell 

[6]. It beats the CdTe compound (19.2% [8] compared to 18.6% for CdTe solar cells [9]) and 

lags the C-Si solar cell (24.4% solar module efficiency [6]) in terms of solar module efficiency. 

Yet, its theoretical efficiency limit of 33.5% surpasses others [10, 11]. The chalcopyrite 

compound outperforms its kesterite counterpart by a huge difference (23.35% compared to 10% 

[12]) in terms of laboratory research efficiency and is pushing the limit at a faster rate to exceed 

that of the conventional C-Si solar cell in near future most probably. 

1.3 CIGS Solar Cell 

Copper indium Gallium Selenide based solar cell is a promising candidate for solar 

power technology because it offers following advantages: The absorption coefficients of CIGS is 

very high. In fact, it has one of the highest known absorption coefficients [13], which makes it a 
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perfect fit for solar cell application. CIGS is a direct band gap material and the bandgap can be 

tuned from 1.04 eV to 1.68 eV by adjusting the Ga/In ratio to match the solar spectrum [14]. Due 

to high absorption co-efficient, CIGS absorber layer is quite thin [1 μm] compared to other types 

of solar cells [13], results in an overall thinner device reducing cost and raw material usage. 

Additionally, given the hazards of cadmium extraction and use, CIGS solar cells offer fewer 

health and environmental concerns than the cadmium telluride solar cells [15]. As illustrated in 

the paragraph above, there are still scopes to improve the performance of the CIGS solar cell. 

With further improvement in performance and reliability, CIGS solar cell is very much likely to 

expand its market share significantly in near future [15]. 

CIGS solar cell consists of a soda lime glass (SLG) substrate, a molybdenum (Mo) back 

contact or back electrode, a CIGS absorber layer, a CdS buffer layer, intrinsic ZnO protective 

layer, Al/Al2O3 doped ZnO window layer, as displayed in Figure 1. Each layer of CIGS has a 

role to play in the working cell and the process of fabrication for each layer will have a direct 

impact on the efficiency of the device. In the past years, a great deal of research effort has been 

made to further the efficiency of the CIGS solar cell. Besides applying different fabrication 

techniques, a range of materials has been employed for every individual layer to maximize the 

output of the solar cell. 
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                                             Figure 1.1: Structure of CIGS Solar Cell. 

1.4 Molybdenum as the Back Electrode of CIGS Solar Cell 

The back contact of the CIGS solar cell acts as a barrier to impede diffusion of impurity 

to the absorber layer [16], reflects back light to the absorber [17-19] as well as forms an ohmic 

contact with p-types CIGS absorber material [20].  Other layer of CIGS cells and modules may 

vary in composition and deposition processes, but the use of sputtered molybdenum (Mo) as a 

back contact is almost universal [21].  Mo is ideal back contact for CIGS process because of its 

high conductivity, low resistance contact with the absorber layer, ability of not forming alloy 

with Cu, low susceptibility to corrosion in a selenium atmosphere, good chemical inertness and 

thermal stability during the film growth process as well as matching thermal coefficient of 

expansion with SLG substrate and absorber layers which ensure the device safety while 

fabrication [16, 20-25]. During selenization process, an intermediate MoSe2 layer is created 

within back contact and absorber layer which forms a quasi-ohmic transport system between 
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them and improves adhesion as well [26-30]. Due to wider bandgap of MoSe2 (1.35-1.41 eV), 

more near infrared light can be absorbed [31].  Additionally, Na ions can diffuse through the Mo 

back contact into the absorber layer from the soda lime substrate during CIGS deposition; 

Sodium diffusion helps in formation of a crystalline CIGS film which, in turn has a positive 

effect on the performance of the solar cell [20, 22, 26, 32-34]. The highest conversion efficiency 

for CIGS and CZTS thin film solar cell devices has been achieved using Mo as back contacts 

[19, 35]. 

Desirable properties of Mo back contact for CIGS solar cells are uniformity, low 

resistivity, surface smoothness, stress-free, well-adherent, and crystalline molybdenum (Mo) thin 

films with preferred orientation (110) on substrates [34]. Much of the efficiency of the solar cell 

depends on how Mo back contact is grown on the substrate, as not only the whole solar cell will 

be deposited on it but the diffusion of Na from soda lime substrate and creation of the MoSe2 

between the absorber layer and back contact is also related to the properties of this film [22, 36, 

37]. However, deposition technique (DC or RF) and parameters (sputtering power, working 

pressure, substrate temperature and target to substrate distance) directly control the properties 

(crystal structure, grain size, surface morphology, resistivity, stress, reflection) of the back 

contact; there by altering them, the desired features can be obtained [16, 20, 38, 39]. 

Despite its suitable characteristics and better performance as back contact material, it 

faces the problem of mutual exclusivity of better adhesion to the substrate and higher 

conductivity. To attain both, Mo bilayer might be an excellent option.  
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1.5 Objective 

In the first part of this research, the objective is to explore the effects of sputtering 

pressure and sputtering power on properties of DC- and RF-sputtered Mo thin-films. The aim is 

to find out suitable working pressure and sputtering power to obtain Mo thin-film with desired 

characteristics. For the desired characteristics of the Mo thin-film, the focus will mainly be on 

three parameters of the film namely, well-grown crystal structure, sheet resistance of the film, 

and adhesion of the film to the substrate. The single layer Mo thin-films showing optimized 

characteristics will then be utilized to fabricate Mo bilayer and tri-layer thin-films. The 

properties of the Mo bilayer and tri-layer thin-films will then be investigated.  Finally, the 

properties of Mo single layer, bilayer and tri-layer thin-films will be compared to identify the 

films having the best of the desired characteristics.  

In the second part of this research, the objective is to maximize the performance of the 

CIGS solar cell through optimization of different characteristics of different materials used in 

different layers of the cell structure. For this purpose, different characteristics of p-type CIGS 

material of the absorber layer, n-type CdS and In2S3 materials for the buffer layer, and ZnO and 

SnO2 materials for the window layer were optimized. Finally, the output of the optimized CIGS 

structures will be compared to those of some laboratory-research CIGS solar cell.
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CHAPTER II 

LITERATURE REVIEW 

Earlier works on CIGS solar cell used single layer sputtering technique to form the back 

contact and focused mainly on the effect of changing sputtering power and working pressure on 

this layer as they are the most significant parameters that shape the properties of it. When the 

sputtering power is high, the process gas ions bombard against the target with higher energy, and 

the excited Mo particles from the target gain higher kinetic energy [16, 31]. Whereas at high 

pressure, sputtered species undergo more collisions with process gas ions because of the 

contraction of mean free path, leading to their thermalization and the kinetic energy of the Mo 

particles decrease. In other words, lowering the pressure ensued in very high energetic 

bombardment near the surface. This impact process, known as a “peening effect” [26, 34, 36]. 

2.1 Structural Properties of Sputtered Mo Thin-films 

2.1.1 Crystal Structure 

The crystalline structural properties of the Mo back contact are generally determined by 

X-ray diffraction with common source is reported to be Cu-Kα. The XRD patterns having 

intense peak at 2θ ≈ 40.4o are reported in virtually every works, indicating that the Mo thin films 

crystallize in a body-centered cubic (BCC) crystal structure (ICDD reference No. 004-0809 [20], 

JCPDS Card no. 3-065-7442 [40-43]), which corresponds to space group symbol and space 

group number of Im-3 m and 229, respectively [44]. The XRD patterns reveal a dominant (110)
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crystal plane orientation through an intense peak [40-43], since the (110) plane possesses the 

lowest surface energy per unit area [27, 45, 46]. Additional peaks, much weaker compared to the 

intensity of (110) peak, along (200) crystal plane around 2θ ≈ 58.8° [43], (211) crystal plane 

around 2θ ≈ 73.5° and (220) plane around 2θ ≈ 87.5° [41] have been observed, too. While the 

intensity and shift in the position of the (211) peak follow the same trends as those of Mo (110) 

peak, the intensity of Mo (220) peak increases at 20 mTorr and its position shifts to the higher 

2θ/ the right with increasing pressure [41]. At a pressure greater than 6.6 mTorr, the peak 

corresponding to the (200) crystal plane orientation disappears [43]. 

As reported in various works, the peaks of the diffraction at (110) increase, become 

sharper and more intense with increasing of the sputtering power [20, 31] and full width at half 

maximum (FWHM) of Mo (110) peak decreases [31], which corresponds to the improved 

crystallinity. Similar results have been derived with lowering the working pressure [16, 40-43]. 

The kinetic energy of the sputtered molecules from the target is highly connected with the 

crystalline properties of Mo back contact. Lower working gas pressure (higher gas power) causes 

lesser scattering effect and results in high energetic bombardment of the target atom on the 

substrate surface (atomic peening), which facilitates atomic mobility for the diffusion and micro-

void fill up, thus creating a conducive requirement for better crystallinity [34]. Likewise, higher 

sputtering power energizes the target atoms towards substrate surface and improves crystallinity. 

However, [47] reported that re-sputtering effects and large number of ion-defects occur due to 

intense bombardment when the working pressure in decreased beyond a certain limit which leads 

to poorer crystallinity.    

The Full width at Half Maximum (FWHM) at Mo (110) orientation decreases [48] and 

the grain size increases [48, 49] with decreasing working pressure. This is well proved by [26]. 
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They varied the pressure from 2.5 mTorr to 20 mTorr and saw a gradual decrease a grain size. 

Lattice constant also increase though not gradually with increasing pressure, indicating a less 

dense structure. At lower sputtering working pressure, there are fewer collisions among the 

sputtered Mo particles and the sputtering gas Ar atoms and consequently, less Mo ion scattering. 

The sputtered Mo ions possess higher mean free time between consecutive collisions which 

results in greater mean free flight path for the sputtered Mo particles. As a result, the Mo 

particles arriving on the substrate come with larger kinetic energy [40, 42, 43, 49]. When the Mo 

particles hit the glass substrate, their kinetic energy is converted into thermal energy [43]. The 

higher the kinetic energy possessed by the sputtered Mo ions with decrease in sputtering 

pressure, the more thermal energy is produced. The grain nucleation thus is enhanced due to the 

higher thermal energy and so is the growth of the Mo thin film [26, 43]. At very low pressure (< 

3mTorr), however, though the grain size was bigger, the lattice constant is also greater, which 

suggests that lowering the working pressure a particular limit, a loose microstructure of bigger 

grain size is formed [26]. This is because of the intense bombardment resulting the re-sputtering 

effect and large number of ion defects [47]. On the other hand, the collision frequency between 

the Ar sputtering gas ions and sputtered Mo particles increase with increase in sputtering gas 

pressure. So, the kinetic energy of the ejected Mo ions gets largely reduced upon reaching the 

substrate. Consequently, the surface diffusivity as well as mobility of the sputtered Mo particles 

decrease which, in turn, impedes the crystallization of the deposited Mo film. Subsequently, 

lesser crystallinity is observed for the Mo film deposited at higher working pressure evident 

through the less intense Mo (110) diffracting peaks [43]. Hence, the Mo thin film deposited at 

lower sputtering pressure shows increased crystallinity having sharp (110) peak [40-43], larger 



10 
 

crystallite size [40, 49] with less grain boundaries [40] and compact structure [49]. Zoppi et. al. 

[50] also support these results.  

The crystallite size is found to increase with increasing sputtering power up to a certain 

point and then decrease with further increase in power. The inspection of the grain size is 

elaborately done in [16]. They selected three sets of working pressure (3, 8 13 mTorr), DC power 

(200, 300, 400 W) and temperature (room temperature, 100, 200 oC) inspect the change 

properties of Mo back contact by choosing different combination pressure, power and 

temperature. The lowest grain size was found to be 7.07 nm at 13 mTorr- the highest pressure, 

200 W DC power and room temperature, and the highest of that was found to be 18.05 nm at 3 

mTorr- the lowest pressure, 300 W DC power- the highest power and 300 oC- the highest 

temperature. Primarily, with more molecules with higher kinetic energy arriving at the nucleation 

sites on the substrate surface with increasing power, nucleation rate starts to escalate, but over 

the critical point, the increasing nucleation density saturates up the nucleation sites, preventing 

lateral growth of crystallites resulting in reduction in crystallite size. From the data it can be said 

that the experimented result, somewhat aberrant but ultimately complied with the theory; higher 

power and lower pressure yielded greater grain size and the deviation may be the somehow 

related with the temperature.  

2.1.2 Surface Morphology 

Surface morphology is one of the properties with which the adhesion of the back contact 

is related as well as the optical and electrical properties of the solar cell [38].  The surface 

morphology influences the resistivity of Mo thin film and subsequent growth of chalcogenide 

absorber. The light reflection is also contingent upon surface morphology. With higher working 

power, the atoms emitted from the target gain higher kinetic energy and deposit on the substrate 
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filling up the micro-voids, thus forming densely packed microstructure with less porous surface. 

Expectedly, the grain size also happens to increase with higher working power. Working 

pressure has opposite effect; target molecules will face more atomic inter-collision barging 

through more dense gas layers from target to substrate with the working gas atom with 

increasing working pressure that substantially slow up the kinetic energy of the depositing target 

atoms [51-53]. As a result, the lesser chance for the depositing target atoms to fill up the voids 

over the substrate surface and formation of loosely packed microstructure having smaller grains 

is obvious. Lowering the working pressure, on the other hand, has similar effect as increasing 

working power- densely packed microstructure with larger grains. 

The deposited Mo thin films consist of spindle [49]/ granular-shape [40]/ fish-like [42, 

54]/ flake-like [43] shape nanoparticles with changing feature size with increasing sputtering 

pressure. While some of the works report transformation of the grains to smaller ‘star-like’ 

shaped grains with increase of the working pressure [43, 49], the films have been predicted to 

exhibit semi-sphere shaped surface morphology at a very high sputtering pressure [40]. With 

decreasing pressure, the increasing kinetic energy of sputtered Mo particles accelerate the grain 

growth and migration resulting in larger grain size and decreased defects and voids/microvoids 

and/or vacancies [49]. The distribution of the grains is more uniform at lower working pressures 

[49] and the compactness/ density of the surface microstructure increases with decreasing 

working pressure [40, 42, 49]. At higher sputtering pressure, the deposited Mo films exhibit 

smaller grain size [40, 49] with much more grain boundaries [40]. The grains agglomerate and 

the distribution uniformity of the grains decrease with increasing pressure [49]. Consequently, 

the surface structure is more porous at higher sputtering pressure [40] due to lower kinetic 

energies of Mo particles causing voids and gaps to increase [40, 49].  
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As reported by Liu et. al. [41], the deposited Mo films show a columnar microstructure 

along the direction of the crystal growth. As working pressure goes higher, the microstructure of 

the Mo films exhibit loose, elongated grains with open grain boundaries [41- 42, 54]. It is 

because with high Ar gas pressure, the concentration of Ar+ ion goes up, too. This increases the 

number of collisions between the Ar species and the sputtered Mo particles. The mean free path 

of the scattered Mo particles gets reduced [41] which results in lesser kinetic energy of the 

particles when those strike upon the substrate. The grain nucleation is thus weakened and so is 

the growth of the Mo film [49]. With open grain boundaries, the microstructure shows enlarged 

voids at higher sputtering pressure [41]. Consequently, a rougher surface morphology is 

observed at the higher working gas pressures compared to that at the lower pressures as evident 

from the RMS surface roughness [41, 43, 49]. It has been also reported that a fibrous columnar 

needle-like structure is favorable for CIGS solar cell fabrication as this structure provides more 

active nucleation sites for the growth and improves the adhesion of the absorber/Mo interface 

[36, 55].  

2.1.3 Surface Roughness 

Roughness is the result of micro-voids and porous remaining on the surface after 

sputtering. As previously discussed in surface morphology, high working pressure builds up 

ununiform Mo layer with loosen microstructure with lot of pores and micro-voids [31] whereas 

at lower working pressure, the average roughness was due to large grain size formed under high 

kinetic energy gained by the atoms [34]. So, surface roughness tend to increase with rising 

pressure. Working power on the other hand has opposite effect on surface roughness. High 

working power results in uniform, densely packed Mo layer which is rather smooth. 
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2.2 Electrical Properties of Sputtered Mo Thin-films 

Resistivity of the sputtered Mo is highly co-related with surface morphology and surface 

roughness. Different crystallographic imperfections of the Mo microstructure, as [43, 56] reports, 

including point defects, impurities, grain boundaries, dislocation density, micro-strain etc. may 

cause scattering of conduction electrons which is related to the resistivity of the films. During 

their propagation, the conduction electrons experience scattering due to their interactions with 

the neighboring defects of the Mo crystal structure in the vicinity of their traveling path. These 

scattering processes, according to [57], determine the electrical resistivity of metallic thin film 

quantitatively.  

The films become more conductive when the working pressure is being lowered down 

[16, 26]. As seen in the XRD results in [26], lower electrical resistivity is ascribed to 

enhancements in crystallinity and grain size, which weakens grain boundary scattering and 

increases carrier lifetime. As the kinetic energy of the sputtered Mo particles increase with the 

decrease of working gas pressure, the grain size increases resulting in less grain boundaries [49]. 

The grain boundaries are often regarded as the primary source of dislocation density and the 

dislocation density is proportionate to the average micro-strain [58]. As evident from the 

equation below [59, 60], changes in dislocation density predominantly cause mean squared 

microstrain to vary, yielding a linear proportional relationship between the two: 

ɛ2
hkl = 2πb2M2ChklPdislocation

whereby, 

ɛ2
hkl = mean squared microstrain in along (hkl) plane,  

b = Burgers vector,  

M = Wilkens factor, 
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Chkl = Contrast factor of dislocation, and 

Pdislocation = dislocation density along the same (hkl) plane. 

Under lower working gas pressure, the deposition condition renders sputtered Mo 

particles with higher kinetic energy when these arrive onto the SLG substrates as a result of 

lower frequency of collision of Mo particles with the working gas atoms. Consequently, the 

reorganization of the arriving Mo particles becomes more likely, and the lattice point mismatches 

are decreased [43]. As a result, the microstrain induced by the lattice point mismatches also 

decreases. These lattice point mismatches are basically dislocation cores. Thus, the decrease in 

Ar gas pressure yields decreased dislocation density and average micro-strain in the deposited 

Mo films [43, 49].  

On the contrary, the growth of the Mo film is weakened owing to lesser re-arrangement 

of incident Mo atoms onto the substrate during nucleation stage for their lower kinetic energy 

because of higher background gas pressure. As a result, lattice point mismatches get bigger, and 

the dislocation density increases. Subsequently, more microstrain is induced [43]. At High 

working pressure, sputtered Mo is grown with loosen microstructure with many pores and micro-

voids [31]. This, in consequence, not only increase surface roughness but also the resistivity 

since there is now more scopes for impurities such as oxygen to occupy the intermolecular 

spaces [34]. In addition, as the grain size become smaller with increasing pressure, charge carrier 

faces grain boundary potential barrier in shorter time interval, which eventually hamper the 

carrier transportation and henceforth results in higher resistivity.  

Fuchs and Sondheimer proposed surface scattering and isotropic electron scattering to 

explain the connection between the bulk resistivity and film resistivity in their electrical 

conductivity model [61, 62]. Mayadaz and Shatzks hypothesized a simultaneous mechanism 
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where they took grain boundary scattering into account in addition to isotropic electron 

scattering and surface scattering. According to them [63], 

Ρf / Ρo = 1/G(α) 

whereby Ρf = resistivity of thin film, 

Ρo = resistivity of single crystal and 

G(α) = 1 – (3/2)α + 3α2 - 3α3 ln (1 + 1/α)   

α = (λ/d) (r/ (1 - r))  

in which α = a pre-factor, which depends on  

λ = mean free path for electrons,  

d = grain size, and  

r = grain boundary reflection coefficient for electrons.  

The scattering mechanism of conduction electron assumed by Mayadaz and Shatzks is 

more likely to take place in the deposited Mo films as evident from the columnar grain 

boundaries and polycrystalline nature of their microstructures [41, 43, 54]. Since the scattering of 

conduction electrons due to dislocations depends on the local strain fields generated around the 

dislocations cores [64] and the resistivity increases linearly with increase in the dislocation 

density [58]- based on the linear proportional relationship between the mean squared microstrain 

and dislocation density- the increase in the resistivity is linearly related to the mean squared 

microstrain [65]. So the Mo films with greater dislocation density possess higher microstrain and 

in turn, higher resistivity [43, 49], which can be attributed to the decrease in electrical 

conductivity due to various sources of mechanism of conduction electron scattering [43]. 
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Therefore, the decrease in dislocation density and the average micro-strain of the deposited Mo 

films with decrease in sputtering gas pressure causes the resistivity of the Mo films to decrease 

[43, 49], thereby directly increasing the carrier lifetime and Hall mobility [49] as well as carrier 

density [43].     

Higher working power however has opposite effect on the resistivity of the film 

comparing to working pressure, as densely packed micro-structure grown by high power 

provides meager opportunity for foreign atoms to accommodate within inter molecular space and 

larger grain size and improved crystallinity can be responsible for improved carrier mobility 

during electrical, as  the need to cross lesser number of grains with reduced grain boundary 

potential barrier reduce grain boundary scattering and increases carrier lifetime [20, 66, 67].  

Most of the paper reported the change of resistivity of sputtered Mo back contact of 

CIGS solar cell by varying either sputtering power [20, 31] or pressure [26, 36]. [16] made 9 set 

of control factors by varying three influential sputtering parameters: working pressure (3, 8, and 

13 mTorr), DC power (200, 300, and 400 W), and substrate temperature (room temperature, 100, 

200 oC) and inspect the variation of resistivity. An analysis of variance (ANOVA) was 

performed in their work, in order to evaluate the coating parameters that were statistically 

significant. It was found that the contribution of the parameters to the change resistivity of Mo 

back contact is following- pressure 94.77%, power 2.47%, Substrate temperature 1.11% and 

residual error 1.65%. The best result where the resistivity of the DC sputtered Mo film found to 

be minimum was when the pressure was minimum among the set of choice- 3 mTorr, power was 

maximum among the set of choices- 400 W and room temperature was 200 oC.   
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2.3 Optical Properties of Sputtered Mo Thin-films 

Smoother surface with lesser voids and porosity sputtered in low pressure condition has 

higher reflectivity, as expected [34]. Badgujar et. al. [20] reported that the reflectance of the 

sputtered Mo back contact was found to be almost the same for films deposited at various sputter 

power while it was found to decrease with increasing Ar gas flow rate in their experiment. 

Huang et. al. [16] reported the reflectance was found to be maximum (58.87%) when the sputter 

power and substrate temperature was maximum (400 W and 200 oC) while the pressure was 

minimum (3 mtorr) in their choice of selection of 9 set of combination of influential sputtering 

parameters. Also, when the pressure was low (3 mtorr), varying the power (200, 300, and 400 

W) and substrate temperature (room temperature, 100, 200 oC) did not change the reflectance 

much (from 55.40% at 200 W DC sputtering power and substrate at room temperature to 58.87% 

at 400 W power and 400 oC substrate temperature, change is about 3.47%), but when the 

pressure was high (13 mTorr), power and substrate temperature variation alters the reflectance at 

a bigger scale (32.47% at 200 W and 200 oC to 42.97% at 400 W and 100 oC, change is about 

8.50%). Though the contribution of influential sputtering parameters towards reflectance was not 

charted in their work, after scrutinizing the of the experiment of above-mentioned papers, it can 

be concluded that: 

1. The influence of working pressure on the reflectance is the greatest among all the other

parameters of sputtering process which influence that property. 

2. If the pressure is increased after a certain range, the contribution of sputtering power to

reflectance becomes more noticeable. Since more sputtering power constructs smooth densely 

structured surface with lesser porous, micro-voids and better uniformity, the sputtered Mo film 

tends to be more reflective. 
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2.4 Mechanical Properties of Sputtered Mo Thin-films 

2.4.1 Residual Stress 

To ensure reliability of the Mo thin films, mechanical properties such as good adhesion to 

the glass substrate and low residual stress within the film are essential attributes [20]. The 

excessive compressive or the tensile stress can result in the poor adhesion between the Mo film 

and the substrate and may results in delamination of the film [16, 31].   

Not only the amount of residual stress of Mo back contact depends on the sputtering 

pressure, the type of residual stress depends on this parameter also. While primarily slight shift 

of the Mo (110) peak to the higher 2θ/ the right with increase in the working pressure in the 

range of 0.75 mTorr to 15 mTorr has been reported [41-43] prior to its shifting to the lower 2θ 

for higher pressure [41-43], other work has depicted a shift to the lower 2θ of the Mo (110) peak 

for increasing the pressure all way along [40]. According to [68], the position of Mo (110) peak 

at 2θ ≈ 40.5⁰ refers to a Mo film free from stress-strain with an equilibrium lattice parameter of a 

≈ 0.314737 nm. As it has been put in [41], the shift in Mo (110) peak position refers to the 

change in the lattice spacing according to the Bragg’s law. With changing sputtering pressure, 

variation of average lattice spacing in the direction normal to the Mo (110) plane causes changes 

in the distribution of inter-planar spacings which, in turn, results in changes in strain. A shift of 

the Mo (110) peak from the equilibrium position referring to the equilibrium lattice parameter of 

the Mo unit cell to the lower 2θ/ left implies a shortening of the lattice parameter of the unit cell 

[43]. So, in this case, the Mo film goes under compressive stress with compared to that of the Mo 

film under equilibrium condition. On the other hand, Mo films exhibiting a dominant (110) peak 

at a position close to that of 2θ ≈ 40.4⁰ comparatively experience some relaxation, indicating a 
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lengthening of the Mo unit cell lattice parameter. The Mo films deposited at lower pressures are 

more compressive stressed compared to those deposited at higher working pressures [41-43].  

2.4.2 Adhesion 

Single Mo layer has higher chance to have excessive tensile or compressive residual 

stress which may lead to surface cracking and delamination between the Mo film and the 

substrate [34, 69]. High compressive stress causes buckle lines on the films and leads to very 

poor adhesion properties compared with tensile stressed films [16, 70, 71]. Some paper reported 

a certain pressure limit, lowering under which may result in surface cracking. In [36], films 

deposited at 0.5 mTorr and 0.75 mTorr initially adhered well but within few minutes of removal 

from the vacuum chamber a buckling process started from the corners of the sample and spread 

across the wafer; eventually showed severe delamination. These stress relief patterns were 

observed in both ion beam and DC magnetron sputtered films. The observed effect was called 

“wrinkled spots” and “wavy ridges” in [72]. These kinds of micrometer-scale patterns were also 

reported by Wu et. al. using an optical microscope [71]. Although three fourths of the films 

deposited at 1 mTorr survived the adhesion test, films peeled from the sample edges. Single layer 

Mo back contact which is deposited at 2.5 mTorr failed the adhesion test but films deposited up 

and over 5 mTorr adhered well with the SLG substrate in [26].  Reported in [31], none of the Mo 

back contact deposited on 30 cm × 30 cm under 5 mTorr pressure, 30 sccm Ar gas flow rate and 

with 1-3 kW power survived adhesion test, only when the pressure is 7 mTorr and over the 

samples showed satisfying adhesion. All the samples sputtered at 3 mtorr didn’t adhere to the 

SLG substrate, but samples sputtered at 8 mTorr and 13 mTorr working pressure passed the 

adhesion test.
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CHAPTER III 

EFFECT OF PROCESS PARAMETERS ON THE PROPERTIES OF Mo THIN-FILMS 

3.1 Material and Sputtering 

The Mo target was acquired from Himet Materials and had a diameter of 2 inch. and a 

thickness of ¼ inch. The target had a purity of 99.98%. All the Mo thin-films were deposited on 

soda-lime glass (SLG) substrates. Before the deposition, all the soda-lime glass substrates were 

subjected to the following cleaning sequence: first, the substrates were rinsed with deionized 

water; then the substrates were cleaned by acetone and ethanol in sequence; next, the substrates 

were rinsed again with deionized water followed by blow-drying with air. 

Figure 3.1: Molybdenum target having a diameter of 2 inch.
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The magnetron sputtering system employed here to deposit Mo thin-film was of confocal 

configuration. Both DC and RF sputtering power were used for sputtering purpose. In the RF 

sputter mode, the power was delivered at 13.56 MHz. Prior to deposition from the target, the 

sputtering chamber was vacuumed to a pressure of about 10-6 torr. To ensure the surface of the 

molybdenum target does not contain any contaminants, pre-sputtering of the target was 

performed before the deposition of the samples. All the samples were sputtered at room 

temperature and the substrate rotation was kept fixed at 40 rpm. Ar gas flow rate was kept 

constant at 15 sccm. 

To inspect the effect of working gas pressure and sputtering power on the properties of 

Mo thin-film, pressure was varied from 2 to 30 mTorr and power from 100 to 250 W. Five 

representative pressures were selected for this purpose: 2 mTorr, 3 mTorr, 5 mTorr, 20 mTorr, 

and 30 mTorr. The sputtering power was varied keeping the pressure constant at each of the five 

pressures. The power supplied were: 100 W, 150 W, 200 W, and 250 W. Both DC and RF power 

were used to observe and differentiate between the effect of sputtering modes as well. Sputtering 

time for different samples were varied to ensure enough deposition in each case. Naturally, the 

film thickness was also varied from sample to sample. The Table 3.1 below displays the working 

pressure and sputtering power combinations for different samples for both DC- and RF-sputtered 

Mo thin-films. 
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Table 3.1: Pressure and power combinations for depositions of the samples. 

 
Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 100 100 100 100 100 
 

Sample #5 Sample #6 Sample #7 Sample #8 Sample #9 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 150 150 150 150 150 
 

Sample 

#11 
Sample 

#12 
Sample 

#13 
Sample 

#14 
Sample 

#15 
Pressure (mTorr) 2 3 5 20 30 

Power (W) 200 200 200 200 200 
 

Sample 

#16 
Sample 

#17 
Sample 

#18 
Sample 

#19 
Sample 

#20 
Pressure (mTorr) 2 3 5 20 30 

Power (W) 250 250 250 250 250 
 

3.2 Characterization 

Crystallography of the deposited Mo samples was done by obtaining X-ray diffraction 

patterns of the deposited thin-films. A Rigaku Miniflex Cu-Kα diffractometer was employed for 

this purpose. The diffraction was carried out at room temperature. The wavelength of Cu-Kα 

radiation was 1.5406 angstrom. The 2θ record range of the diffraction patterns was from 20° to 

90°. The scanning was done using a step size of 0.1°.  

From the diffraction patterns, the preferred growth orientation of the crystal normal to the 

surface of the thin-film sample were identified. The preferred crystal orientations were 

recognized from the corresponding diffraction peak intensities along with the full width at half 

maximum (FWHM) of the peaks.  
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We employed Scherrer’s formula to obtain the grain size of the deposited thin-film: 

𝐷 = 0.9 λβ cosθ 

where  

𝐷 is the grain size in nm, 

λ is the wavelength of the X-ray equal to 0.15406 nm, 

β is the full width at half maximum of the corresponding diffraction peak in radians (2θ), 

θ is the Bragg X-ray diffraction angle in radians. 

 

The dislocation density of the crystal structure was calculated using the following 

formula: 

𝛿 = n𝐷2 

where 

𝛿 is the dislocation density in nm-2, 

D is the grain size in nm, 

n is a factor which becomes unity when dislocation density becomes minimum. 
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The microstrain induced in the crystal structure was calculated from the following: 

𝜀 = β4 tanθ 

where 

𝜀 is the strain (dimensionless). 

The sheet resistance of the deposited Mo thin-films were measured using a four-point 

sheet resistance meter (R-CHEK 2175). 

 

3.3 Effect of Sputtering Parameters on Properties of  

DC Sputtered Mo Thin Film 

3.3.1 Effect of Pressure and Power on Crystallinity and Structure of DC Sputtered Mo 

Single Layer 

All the Mo thin-films grown with DC sputtering power showed XRD patterns similar to 

the spectrum documented in ICDD reference 004-0809 or JCPDS Card No. 3-065-7442. This 

confirms that the deposited Mo thin-films possessed a body-centered cubic (BCC) crystal 

structure with a preferred growth orientation of the crystal along (110) plane. The preferred 

crystal orientation was obvious from the intense (110) peak observed in the XRD patterns 

obtained for all thin-film samples. As the (110) plane in the Mo BCC crystal structure possesses 

lowest surface energy per unit area, the atoms sputtered from the target tended to occupy the 

plane requiring lowest amount of energy and thus exhibited a preferential growth along the (110) 

plane. 
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In general, the films deposited under lower working pressure at all sputtering powers 

showed the most intense (110) peaks and the lowest full width at half maximum (FWHM) at the 

(110) orientation indicating a highly crystalline growth along the (110) plane. The intensity of 

the (110) peak decreased and the FWHM of the peak increased with increase in working pressure 

as can be observed from Figure 3.2 (a-d) and Figure 3.3. These figures depict the XRD patterns 

and variation of FWHM of (110) peak of the samples deposited under varying pressures at 

different sputtering powers. The sputtered Mo atoms experience more collisions with the process 

gas Ar ions under increasing pressure which makes the Mo atoms lose their kinetic energy more 

when they reach the substrate. The atom mobility and, in turn, their diffusivity through the film 

gets hampered which ultimately results in reduced crystallinity. An exception can be seen in the 

trend for sample 14 (20 mTorr, 200 W) and sample 18 (5 mTorr, 250 W). These two Mo samples 

showed an increase in (110) peak intensity compared to their forerunners deposited under 5 

mTorr, 200 W (Sample 13) and 3 mTorr, 250 W (sample 17), respectively. The FWHM of the 

(110) peak for the sample 18 decreased instead of increasing when the pressure was increased 

from 3 mTorr (sample 17) to 5 mTorr (sample 18), as well. This increase in crystallinity at 

higher working pressure might be attributed to the increase of film thickness [31], which would 

have been very likely to take place due to higher deposition time of the corresponding samples. 
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Figure 3.2(a): Sample 2 was deposited under 3 mTorr, Sample 3 under 5 mTorr, and 

sample 5 under 30 mTorr. Power was kept constant at 100 W. 

 

 

 

 

 

 

 

Figure 3.2(b): Sample 6 to sample 10 were prepared under working pressure of 2, 3, 5, 

20, and 30 mTorr, respectively. Power was kept constant at 150 W. 
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Figure 3.2(c): Sample 11 to sample 15 were prepared under working pressure of 2, 3, 5, 

20, and 30 mTorr, respectively. Power was kept constant at 200 W. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2(d): Sample 16 to sample 20 were prepared under working pressure of 2, 3, 5, 

20, and 30 mTorr, respectively. Power was kept constant at 250 W. 
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Figure 3.3: Variation of FWHM with variation of working pressures at different 

sputtering powers. 

Similar to the working pressure, sputtering power also had a pronounced effect on the 

crystallinity of the deposited Mo thin-films. The (110) peak intensity of the samples increased 

and its FWHM decreased with increase of power from 100 W to 200 W as can be observed from 

Figure 3.4 (a-e) and Figure 3.5. Apparently, the increase of the sputtering power had the same 

effect as the decrease of the working pressure had on the crystallinity. When the working gas 

pressure remains the same, the Ar gas ions bombard the sputtering target with higher kinetic 

energy at the increased sputtering power. These ions impart more energy to the released target 

atoms. With the fixed process gas pressure, the Mo atoms with higher kinetic energy experience 

less scattering events with the process gas ions and higher mean free flight path toward the 

substrate. The sputtered Mo atoms thus arrive on the substrate with higher kinetic energy 

resulting in better atom mobility and diffusivity through the film. Consequently, the crystallinity 

of the films got better with increase in sputtering power unless reached a certain point. With 



29 
 

further increase of power to 250 W, both the intensity and FWHM of (110) peak decreased 

compared to those observed mostly at 200 W, and sometimes the one at 150 W, too. This is 

because that the increase of sputtering power beyond 200 W probably triggered re-sputtering 

[47] of the already-deposited Mo atoms on the substrate. The highly energetic Mo species can 

impact on the substrate ballistically and cause re-emission of the Mo atoms already deposited. As 

a result, the thin-film sputtered at 250 W showed decreased crystallinity through a less intense 

and sharp peak along (110) plane. 

 

 

 

 

 

 

 

 

 

Figure 3.4(a): Sample 6 to sample 16 were prepared under 150, 200 and 250 W, 

respectively. Pressure was kept constant at 2 mTorr. 
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Figure 3.4(b): Sample 2 to sample 17 were prepared under 100, 150, 200 and 250 W, 

respectively. Pressure was kept constant at 3 mTorr. 

 

 

 

 

 

 

 

 

 

Figure 3.4(c): Sample 3 to sample 18 were prepared under 100, 150, 200 and 250 W, 

respectively. Pressure was kept constant at 5 mTorr. 
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Figure 3.4(d): Sample 9 to sample 19 were prepared under 150, 200 and 250 W, 

respectively. Pressure was kept constant at 20 mTorr. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4(e): Sample 5 to sample 20 were prepared under 100, 150, 200 and 250 W, 

respectively. Pressure was kept constant at 30 mTorr. 
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Figure 3.5: Variation of FWHM with variation of sputtering power at different working 

pressures. 

From the discussion of the effect of working pressure and sputtering power on 

crystallinity of the Mo thin-film, it is obvious that the low process gas pressure and higher 

working power helped increase the crystallinity of the deposited samples. Though sample 14 

displayed the most intense diffraction due to (110) growth orientation among the samples, the 

FWHM of the peak was 1.265- exceeding those of the samples deposited under lower working 

pressure by a big margin. The lowest FWHM (0.644) of the (110) peak was observed for sample 

11 (deposited under 2 mTorr, 200 W) which also possessed the second most intense (110) peak 

among all the samples. Both the (110) peak FWHM (0.645) and its intensity of sample 12 

(sputtered under 3 mTorr, 200 W) were very close to those of sample 11. 
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3.3.2 Effect of Working Pressure on Grain Size, Dislocation Density and Strain of DC 

Sputtered Mo Samples 

The Table 3.2 below shows the variation of grain size, dislocation density, and strain at 

fixed sputtering powers with the change of sputtering pressure. At all sputtering powers, grain 

size of the samples decreases with increase of working pressure. At lower sputtering pressure, 

the sputtered Mo atoms face less collision events with process gas ions and hence become less 

scattered. Upon arrival on the substrate, the sputtered target atoms thus possess greater kinetic 

energy which is then converted into thermal energy. The higher the thermal energy produced at 

lower process gas pressure, the higher the grain nucleation and migration become. In turn, the 

grain size tends to increase at lower working gas pressure. For powers of 100 W, 150 W, and 200 

W, the highest grain size was obtained when the samples were deposited at the lowest sputtering 

pressure, 2 mTorr. The only exception occurred when the sample sputtered at 5 mTorr possessed 

the maximum grain size among those deposited at 250 W. However, this sample (sample 18) and 

the sample 16 (deposited under 2 mTorr and 250 W) had almost similar grain size- 10.52 nm and 

10.48 nm, respectively. Except sample 18, all other samples followed the same trend for the 

change of grain size with variation in sputtering pressure. The samples prepared at the highest 

sputtering pressure of 30 mTorr at all sputtering power had the lowest grain size. The Figure 3.6 

below shows the change of the Grain size of the Mo samples sputtered at different DC powers 

with variation in working pressure. 
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Table 3.2: Variation of grain size, dislocation density and strain with change in working 

pressures at different powers. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Variation of grain size with variation of sputtering pressure at different 

working powers. 

Sample 

No. 

Sputtering 

Pressure 

Sputtering 

Power 

Grain 

Size (nm) 

Dislocation Density              

(× 10-3) (nm-2) 

Strain            

(× 10-3) 

2 3 100 9.9893632 10.0213076 10.105613 
3 5 100 9.5938357 10.864643 10.570794 
5 30 100 4.9836607 40.262716 20.323719 
6 2 150 12.794974 6.10831168 7.8885652 
7 3 150 12.507585 6.39224013 8.0627129 
8 5 150 9.5663497 10.9271648 10.560768 
9 20 150 5.5533683 32.4255276 18.313213 
10 30 150 5.122949 38.10307 19.890966 
11 2 200 13.134971 5.79617842 7.6984694 
12 3 200 13.124497 5.80543358 7.6790597 
13 5 200 10.31678 9.395325 9.762407 
14 20 200 6.6808624 22.4044837 15.190573 
15 30 200 6.3297228 24.9591973 15.972443 
16 2 250 10.480273 9.10447317 9.6742262 
17 3 250 9.7057274 10.6155824 10.431022 
18 5 250 10.516795 9.04134753 9.5742486 
19 20 250 6.3384958 24.8901544 15.990062 
20 30 250 6.0575133 27.2528078 16.744276 
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Dislocation densities and strain were the lowest for the samples deposited at the working 

pressure of 2 mTorr, as could be expected from the data of grain size. As the target atoms 

sputtered at lower working pressure hit the substrate surface with higher kinetic energy, the 

higher thermal energy produced causes to accelerate grain growth and migration. The Mo atoms 

arriving on the substrate surface thus tend to reorganize more and ensue in less lattice point 

mismatches which effectively act as dislocation cores. As a result, both dislocation density and 

lattice point mismatch induced strain get reduced at lower sputtering pressure. The linear 

proportional relationship between dislocation density and microstrain- as we have already 

outlined in the literature review- becomes more obvious from our experimental observation. 

With increase of pressure, both dislocation densities and strain increased at all sputtering powers. 

As observed for the grain size, the only exception to the variation trend of dislocation density 

and strain took place for the sample 18. Despite pressure higher than 2 mTorr and 3 mTorr, this 

sample had a larger grain size, so lower dislocation density and strain as well. Both dislocation 

density (9.04 × 10-3 nm-2) and strain (9.57 × 10-3) of sample 18 were very close to those of 

sample 16 (9.01 × 10-3 nm-2 and 9.67 × 10-3). The Figure 3.7 and Figure 3.8 show the variation of 

dislocation density and strain, respectively, of the samples deposited at different working powers 

with change in sputtering pressure. 
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Figure 3.7: Variation of dislocation density with variation of sputtering pressure at 

different working powers. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Variation of strain with variation of sputtering pressure at different working 

powers. 
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 In Table 3.3 below, we have tabulated the grain sizes, dislocation densities and strain at 

the pressures of 2 mTorr and 3 mTorr at different deposition powers. The same has been done in 

the Table 3.4 for the working pressures 20 mTorr and 30 mTorr. If carefully inspected, an 

interesting behavior can easily be detected from both tables. That is, both at very low pressures 

(2 mTorr and 3 mTorr) and high pressures (20 mTorr and 30 mTorr) at all sputtering power, the 

change of pressure such as from 2 mTorr to 3 mTorr and from 20 mTorr to 30 mTorr does not 

have a much distinct effect on grain size, dislocation density, and strain. Of course, the 

differences are discernible but not much as is the usual case when the pressure changes, for 

instance, from 3 mTorr to 5 mTorr and from 5 mTorr to 20 mTorr. When the pressure changed 

from 3 mTorr to 5 mTorr at, say, 150 W, it can be seen from Table 3.2 that grain size fell sharply 

from 12.51 nm to 9.57 nm, and dislocation density as well as strain went up fast- from 6.39 × 10-

3 nm-2 to 10.93 × 10-3 nm-2 and from 8.06 × 10-3 to 10.56 × 10-3, respectively. Likewise, when the 

pressure again rose from 5 mTorr to 20 mTorr at, say, 250 W, we can see the same trend- huge 

difference between grain sizes (10.52 nm and 6.34 nm, respectively), between dislocation 

densities (9.04 × 10-3 nm-2 and 24.89 × 10-3 nm-2, respectively), and between strain (9.57 × 10-3 

and 15.99 × 10-3, respectively). 

Table 3.3: Variation of grain size, dislocation density and strain at 2 mTorr and 3 mTorr 

at different powers. 

 

Sample 

No. 

Sputtering 

Pressure 

Sputtering 

Power 

Grain 

Size (nm) 

Dislocation Density              

(× 10-3) (nm-2) 

Strain            

(× 10-3) 

6 2 150 12.794974 6.10831168 7.8885652 
7 3 150 12.507585 6.39224013 8.0627129 
11 2 200 13.134971 5.79617842 7.6984694 
12 3 200 13.124497 5.80543358 7.6790597 
16 2 250 10.480273 9.10447317 9.6742262 
17 3 250 9.7057274 10.6155824 10.431022 
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Table 3.4: Variation of grain size, dislocation density and strain at 20 mTorr and 30 

mTorr at different powers. 

 

If we consider sample 11 and sample 12 which were deposited under 2 mTorr and 3 

mTorr, respectively, and a power of 200 W, we see from Table 3.3 above that both have almost 

identical grain size (13.13 nm and 13.12 nm, respectively), dislocation density (5.796 × 10-3 nm-2 

and 5.805 × 10-3 nm-2, respectively), and strain (7.698 × 10-3 and 7.679 × 10-3, respectively). 

Same behavior can be observed from sample 14 and sample 15 where the pressure was changed 

from 20 mTorr (sample 14) to 30 mTorr (sample 15) with power fixed at 200 W (Table 3.4). 

Again, the grain sizes (6.68 nm and 6.33 nm, respectively), dislocation densities (22.404 × 10-3 

nm-2 and 24.959 × 10-3 nm-2, respectively), and strain (15.19 × 10-3 and 15.97 × 10-3, 

respectively) were very close. Figure 3.9, Figure 3.10, and Figure 3.11 depict the changes of the 

Mo thin-film characteristics as described above at pressures 2 mTorr, 3 mTorr, 20 mTorr, and 30 

mTorr. 

 

 

 

 

 

Sample 

No. 

Sputtering 

Pressure 

Sputtering 

Power 

Grain 

Size (nm) 

Dislocation Density              

(× 10-3) (nm-2) 

Strain            

(× 10-3) 

9 20 150 5.5533683 32.4255276 18.313213 
10 30 150 5.122949 38.10307 19.890966 
14 20 200 6.6808624 22.4044837 15.190573 
15 30 200 6.3297228 24.9591973 15.972443 
19 20 250 6.3384958 24.8901544 15.990062 
20 30 250 6.0575133 27.2528078 16.744276 
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Figure 3.9: Variation of grain size at 2, 3, 20, and 30 mTorr at different powers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Variation of dislocation density at 2, 3, 20, and 30 mTorr at different 

powers. 
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Figure 3.11: Variation of strain at 2, 3, 20, and 30 mTorr at different powers. 

 

3.3.3 Effect of Sputtering Power on Grain Size, Dislocation Density and Strain of DC 

Sputtered Mo Samples 

The grain size of the samples increases with increase in sputtering power up to 200 W. In 

Table 3.5 below, five different batches of samples can be seen where the samples have been 

grouped according to their pressure and varying power.  
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Table 3.5:  Variation of grain size, dislocation density and strain with change in 

sputtering power at different working pressures. 

 

When the sputtering power is increased from 100 W to 200 W, the grain size increases. 

With further increase of power i.e. at 250 W, the grain size decreased. Initially with increasing 

power, higher number of sputtered Mo atoms with higher kinetic energy arriving at the 

nucleation sites on the substrate surface intensify the grain nucleation and growth of the thin-

film, yielding larger grain up to a certain power- in this case, 200 W. At higher sputtering power 

of 250 W, the nucleation sites become saturated with increasing nucleation density effectively 

putting an end to further lateral growth of the grains. Some exceptions- although very little- can 

be observed for the samples deposited under 5 mTorr. The grain size remains almost the same 

when the working power is increased from 100 W to 150 W- 9.59 nm and 9.57 nm, respectively. 

Sample 

No. 

Sputtering 

Pressure 

Sputtering 

Power 

Grain Size     

(nm) 

Dislocation Density                 

(× 10-3) (nm-2) 

Strain            

(× 10-3) 

6 2 150 12.7949739 6.10831168 7.88856524 
11 2 200 13.1349713 5.79617842 7.69846941 
16 2 250 10.4802729 9.10447317 9.67422616 
2 3 100 9.98936319 10.0213076 10.1056126 
7 3 150 12.5075849 6.39224013 8.06271286 
12 3 200 13.1244971 5.80543358 7.67905973 
17 3 250 9.7057274 10.6155824 10.4310217 
3 5 100 9.59383568 10.864643 10.5707941 
8 5 150 9.5663497 10.9271648 10.5607678 
13 5 200 10.31678 9.395325 9.762407 
18 5 250 10.5167952 9.04134753 9.57424864 
9 20 150 5.55336827 32.4255276 18.3132126 
14 20 200 6.68086244 22.4044837 15.1905729 
19 20 250 6.33849577 24.8901544 15.9900618 
5 30 100 4.98366069 40.262716 20.323719 
10 30 150 5.122949 38.10307 19.8909662 
15 30 200 6.32972282 24.9591973 15.9724432 
20 30 250 6.05751326 27.2528078 16.744276 
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Another exception was for sample 18- deposited under 5 mTorr and 250 W. The grain size 

increased for sample 18 compared to sample 13, which was deposited under 5 mTorr working 

pressure and 200 W. The increment in the grain size of sample 18 was very small though- 10.52 

nm compared to 10.32 nm of sample 13. Figure 3.12 below shows the effect of varying 

sputtering power on the grain size of the samples deposited under different working pressure. 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Variation of grain size with variation of sputtering power at different 

working pressures. 

As the grain size increases with increase in power from 100 W to 200 W, both dislocation 

density and strain decrease up to 200 W keeping in line with the theory. The lower sputtering 

power develops the same effect as the higher working gas pressure on the dislocation density and 

microstrain. The lower kinetic energy- due to lower sputtering power- of the Mo atoms incident 

onto substrate surface deters reorganization of the sputtered particles at the time of nucleation, 

causing bigger and more lattice mismatches to take place and subsequently, increasing 
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dislocation density. Hence, more strain is produced at lower sputtering power. At 100 W, the 

samples showed the highest dislocation density and strain, and at 200 W, the lowest dislocation 

density and strain. As already discussed above, sample 8 and sample 18 demonstrated exception 

to this trend, as these did in case of the grain size, too. Sample 8 showed increased dislocation 

density from sample 3- both of which are deposited under 5 mTorr, and 150 W and 100 W, 

respectively. Despite the little increment, dislocation density (10.93 × 10-3 nm-2 and 10.86 × 10-3 

nm-2) for either samples are very close. On the other hand, both dislocation density and strain 

continued to decrease from sample 13 to sample 18. As the sample 18 had a very-close-yet-larger 

grain size compared to sample 13, it had a lower dislocation density and strain. Yet, these remain 

very close to those of sample 13. Figure 3.13 and Figure 3.14 show the change of dislocation 

density and strain of the samples deposited under various working pressure with change in 

sputtering power. 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Variation of dislocation density with variation of sputtering power at 

different working pressures. 
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Figure 3.14: Variation of strain with variation of sputtering power at different working 

pressures. 

We can say from the discussion above that the effect of working pressure and sputtering 

power on grain size, dislocation density and strain of DC-sputtered Mo thin-film well conforms 

to the theory. Lower working process gas pressure and higher sputtering power were key to 

larger grain and less dislocation density as well as microstrain. The maximum grain size (13.13 

nm) with minimum dislocation density (5.796 × 10-3 nm-2) and strain (7.698 × 10-3) were 

obtained from the sample 11 deposited under 2 mTorr and 200 W. In terms of all these film 

characteristics, sample 12 was very close to sample 11 having a grain size of 13.12 nm, 

dislocation density of 5.805 × 10-3 nm-2, and strain of 7.679 × 10-3. 

Higher working pressure yielded Mo films with smaller grain size and greater dislocation 

density as well as strain. Sample 5 deposited under 30 mTorr pressure and 100 W power 

produced Mo film having smallest grain size (4.98 nm) and maximum dislocation density (40.26 

× 10-3 nm-2) and strain (20.32 × 10-3). At higher sputtering pressures (20 mTorr and 30 mTorr), 
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the situation only slightly improved with increase of sputtering power as can be observed from 

Table 3.4 and Figures 3.9, 3.10, and 3.11. That improvement too lasted only up to 200 W; with 

further rise of power to 250 W, the film characteristics showed a tendency to deteriorate again- 

however little maybe- due to re-sputtering effect usually encountered at high sputtering power. 

We can see from Table 3.5 that the Mo film deposited under a high pressure of 20 mTorr and a 

high power of 200 W showed the best film characteristics (grain size 6.68 nm, dislocation 

density 22.40 × 10-3 nm-2 and strain 15.19 × 10-3) among those deposited at pressures of 20 

mTorr and 30 mTorr. Further increase or decrease of power and increase of pressure produced 

film with smaller grain and induced much more dislocation density and strain in the films. 

3.3.4 Effect of Working Pressure and Sputtering Power on Sheet Resistance of DC 

Sputtered Mo Thin-films 

Table 3.6 below shows the variation of sheet resistance of the DC-sputtered Mo films 

with change of working pressures at different sputtering powers. The sheet resistance of the films 

continued to increase with increase in working pressure. This could easily be attributed to the 

way the grain size and dislocation density as well as strain of the films changed with change in 

pressure. The films had larger grain at lower working pressure which ensued in less grain 

boundaries and consequently, in lesser dislocation density and microstrain. The conduction 

electrons had a greater mean free flight time and path for they had to face less grain boundary 

scattering events with reduced boundary potential. As a result, the sheet resistance of the film 

decreased at lower sputtering pressures. Figure 3.15 illustrates the change of sheet resistance of 

the films with variation in sputtering pressures at different powers. 
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Table 3.6: Variation of sheet resistance with change in working gas pressure at different 

sputtering powers. 

Sample 

No. 

Sputtering 

Pressure 

(mTorr) 

Sputtering 

Power 

(W) 

Sheet 

Resistance 

(Ω/□) 
1 2 100 30 
3 5 100 68 
5 30 100 800 
6 2 150 6 
7 3 150 6 
8 5 150 12 
9 20 150 252 
10 30 150 483 
11 2 200 3 
12 3 200 4 
13 5 200 6 
14 20 200 62 
15 30 200 155 
16 2 250 4 
17 3 250 7 
18 5 250 7 
20 30 250 144 

 

 

 

 

 

 

Figure 3.15: Variation of sheet resistance with variation of sputtering pressure at different 

working power. 
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It is interesting to note that the variation of sheet resistance of the films deposited at 2, 3 

and 5 mTorr at higher deposition powers is very little. If we consider the films deposited at 200 

W, the films deposited at 2, 3 and 5 mTorr had sheet resistance of 3, 4 and 6 Ω/□, respectively. 

Although the resistance increased with increase in pressure, the increment was not that 

significant as it was when the pressure was increased from 5 mTorr to 20 mTorr and from 20 

mTorr to 30 mTorr. If the same batch of the samples were considered, when the pressure was 

changed to 20 mTorr, the film resistance increased from 6 Ω/□ (sample 13) to 62 Ω/□ (sample 

14). Further increase of pressure to 30 mTorr caused the sheet resistance to increase more- from 

62 Ω/□ to 155 Ω/□ (sample 15)- owing to smaller grain size and corresponding grater dislocation 

density as well as strain. Figure 3.16 depicts this little to no-change in sheet resistance of the 

deposited Mo films at lower working pressures. 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Variation of sheet resistance at pressures of 2, 3, and 5 mTorr at higher 

sputtering powers. 
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Sputtering power had a pronounced effect the change of sheet resistance of the Mo films 

as can be observed from the Table 3.7. The sheet resistance decreased with increase in sputtering 

power. Increasing sputtering power rendered the sputtered Mo atoms with higher kinetic energy 

which helped form larger grain with increased grain nucleation and mobility. The grain boundary 

thus got reduced and resulted in less dislocation density which, in turn, produced less strain in 

the film. As a result, the resistivity linearly proportional to average microstrain caused the sheet 

resistance to go down with increasing sputtering power. If we consider, for instance, the samples 

deposited under 30 mTorr at different sputtering powers, the distinctive effect of power could 

easily be recognized. The sheet resistance went from 800 Ω/□ at 100 W (sample 5) down to 144 

Ω/□ at 250 W (sample 20). It is obvious from Table 3.7 that at 100 W, the sheet resistances of 

the films deposited at different pressures were much larger compared to those deposited at the 

same pressures but increased powers. Figure 3.17 demonstrates the change in sheet resistance of 

Mo films with change in sputtering powers at different pressures. 
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Table 3.7: Variation of sheet resistance with change in sputtering power at different 

working gas pressures. 

Sample 

No. 

Sputtering 

Pressure 

(mTorr) 

Sputtering 

Power 

(W) 

Sheet 

Resistance 

(Ω/□) 
1 2 100 30 
6 2 150 6 
11 2 200 3 
16 2 250 4 
7 3 150 6 
12 3 200 4 
17 3 250 7 
3 5 100 68 
8 5 150 12 
13 5 200 6 
18 5 250 7 
9 20 150 252 
14 20 200 62 
5 30 100 800 
10 30 150 483 
15 30 200 155 
20 30 250 144 

 

 

 

 

 

 

 

Figure 3.17: Variation of sheet resistance with variation of sputtering power at different 

working pressures. 
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So, from the data and discussion above, it is obvious that the sheet resistance decreased 

with lowering of working pressure and rise of sputtering power. The least sheet resistance was 

found from sample 11 (sputtered under a pressure of 2 mTorr and power of 200 W) which is 3 

Ω/□ only. Both sample 12 (3 mTorr, 200 W) and sample 16 (2 mTorr, 250 W) had a sheet 

resistance of 4 Ω/□, almost equal to that of sample 11. Among the samples deposited at higher 

working pressures (20 mTorr and 3m mTorr), the least sheet resistance was obtained from 

sample 14 (62 Ω/□) which was deposited under 20 mTorr and 200 W. 

 

3.3.5 Adhesion of DC Sputtered Mo thin-Films 

Table 3.8 below listed the degree of adhesion of the DC-sputtered Mo thin-films. The 

degree of adhesion of the films to the substrate was indicated mainly by pass/fail. Adhesion of 

some of the samples was also attributed with ‘Better’ to indicate their comparatively better 

adhesion than other having rather a ‘pass’ status.  
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Table 3.8: Degree of adhesion of the DC sputtered Mo samples. 

 
Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 100 100 100 100 100 

Adhesion Fail Fail Fail Fail Fail 
 

Sample #5 Sample #6 Sample #7 Sample #8 Sample #9 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 150 150 150 150 150 

Adhesion Pass Pass Pass Pass Pass 
 

Sample #11 Sample #12 Sample #13 Sample #14 Sample #15 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 200 200 200 200 200 

Adhesion Pass/Better Pass/Better Pass/Better Pass/Better Pass/Better 
 

Sample #16 Sample #17 Sample #18 Sample #19 Sample #20 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 250 250 250 250 250 

Adhesion Pass/Better Pass/Better Pass/Better Pass/Better Pass/Better 

 

Figure 3.18 showed the result of scotch tape test for sample 12 and sample 14. 

(a)                    (b) 

 

 

 

Figure 3.18: Scotch tape test of (a) sample 12 and (b) sample 14. 
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3.3.6 DC Sputtered Samples Selected to be Used for Bilayer and Tri-layer Mo Thin-films 

Two DC-sputtered samples- sample 12 and sample 14- were selected to be used to 

fabricate bilayer and tri-layer Mo thin-films. The selection was done based on the properties 

discussed above. Table 3.9 and Table 3.10 below summarized the properties for the two samples. 

Table 3.9: Summary of properties of DC sputtered sample 12 and sample 14. 

 
Peak 

Intensity 

(a.u.) 

FWH 

(°) 

Grain Size 

(nm) 

Dislocation 

Density        

(× 10-3) (nm-2) 

Strain     

(× 10-3) 

Sheet 

Resistance

(Ω/□) 

Adhesion 

Sample 12 

(2 mTorr, 

200 W) 

779.83267 0.64463 13.1244971 5.80543358 7.67905973 4 Pass 

Sample 14 

(20 mTorr, 

200 W) 

1641.7064 1.2652 6.68086244 22.4044837 15.1905729 62 Pass/Better 

 

Table 3.10: Use of DC Sputtered sample 12 and sample 14 in bilayer and tri-layer Mo 

thin-films.  

 
Position in BiLayer Position in Tri-layer 

Sample 12 

(2 mTorr, 200 W) 

Top Middle 

Sample 14 

(20 mTorr, 200 W) 

Bottom Bottom/Top 
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3.4 Effect of Sputtering Parameters on Properties  

of RF Sputtered Mo Thin-films 

3.4.1 Effect of Pressure on Grain Size, Dislocation Density and Strain of RF Sputtered Mo 

Samples 

Table 3.11 listed the grain sizes, dislocation densities and strains for different RF-

sputtered samples. The variation of the parameters with variation in working pressure is evident 

from the table. At all powers, with increase in pressure up to 5 mTorr, the grain size increased. It 

is interesting to note that both at lower pressures (2-5 mTorr) and higher pressures (20-30 

mTorr), grain sizes of different samples were very close. 

Table 3.11: Variation of grain size, dislocation density and strain with change in working 

pressure at different powers. 

Sample 

No. 
Pressure 

(mTorr) 
Power 

(W) 
Grain Size 

(nm) 
Dislocation Density         

(× 10-3) (nm-2) 
Strain          

(× 10-3) 

6 2 150 10.3373535 9.357961807 9.889029 
7 3 150 10.1512211 9.70428231 10.042406 
8 5 150 10.7227848 8.69730744 9.4084246 
9 20 150 5.8550746 29.1699128 17.310455 
10 30 150 6.05318462 27.2917987 16.766961 
11 2 200 11.1384855 8.06023518 9.1726188 
12 3 200 11.1344222 8.06611914 9.1286443 
13 5 200 12.3777114 6.52708536 8.102957 
14 20 200 6.347431 24.82013 15.975922 
15 30 200 6.25406906 25.5666988 16.174816 

16 2 250 11.3719483 7.73268368 8.948684 
17 3 250 11.915057 7.04381195 8.5135807 
18 5 250 12.3710061 6.53416286 8.1372931 
19 20 250 6.69013927 22.342393 15.104138 
20 30 250 6.42367667 24.2344213 15.758482 
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As expected from the theory, both dislocation density and strain followed the trend 

opposite to that of grain size with increase of working pressure. Figures 3.19, 3.20 and 3.21 

illustrated the change in grain size, dislocation density and strain of RF sputtered samples with 

variation in working pressure at different powers. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Variation of grain size of RF sputtered samples with variation in working 

pressure at different powers.  
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Figure 3.20: Variation of dislocation density of RF sputtered samples with variation in 

working pressure at different powers. 

 

 

 

 

 

 

 

 

 

 

Figure 3.21: Variation of strain of RF sputtered samples with variation in working 

pressure at different powers. 
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3.4.2 Effect of Power on Grain Size, Dislocation Density and Strain of RF Sputtered Mo 

Samples 

Sputtering power has a more pronounced effect on the grain sizes of RF sputtered films 

compared to the effect the working pressure has had. Table 3.12 below listed the variation of 

grain size along with dislocation density and strain with change in sputtering power at different 

working pressures. The grain size increased with increase of power at all working pressures. 

Conforming to the theory, dislocation density and strain decreased with increase of power and 

consequently, with increase of grain size. At 200 W and 250 W (at all pressures), the grain sizes 

were almost same, and the dislocation densities and strains were very close. 

Table 3.12: Variation of grain size, dislocation density and strain of RF sputtered Mo 

thin-films with change in sputtering power at different pressures. 

Sample 

No. 
Pressure 

(mTorr) 
Power 

(W) 
Grain Size 

(nm) 
Dislocation Density              

(× 10-3) (nm-2) 
Strain        

(× 10-3) 
6 2 150 10.33735345 9.357961807 9.889029 
11 2 200 11.1384855 8.06023518 9.17261878 
16 2 250 11.3719483 7.73268368 8.94868402 
7 3 150 10.1512211 9.70428231 10.0424058 
12 3 200 11.1344222 8.06611914 9.12864431 
17 3 250 11.915057 7.04381195 8.51358072 
8 5 150 10.7227848 8.69730744 9.40842459 
13 5 200 12.3777114 6.52708536 8.10295697 
18 5 250 12.3710061 6.53416286 8.13729307 
4 20 100 4.13313491 58.5383985 24.6474737 
9 20 150 5.8550746 29.1699128 17.3104554 
14 20 200 6.347431 24.82013 15.9759221 
19 20 250 6.69013927 22.342393 15.1041376 
5 30 100 5.29030044 35.7305191 19.2317657 
10 30 150 6.05318462 27.2917987 16.7669614 
15 30 200 6.25406906 25.5666988 16.174816 
20 30 250 6.42367667 24.2344213 15.758482 
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At 2 to 3 mTorrs, the grain sizes were almost identical at 200-250 W sputtering powers. 

Similar effect could be observed at the pressures 20 to 30 mTorrs for powers 200-250 W. Figures 

3.22, 3.23 and 3.24 depict the change in grain size, dislocation density and strain with change in 

sputtering power at different working pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22: Variation of grain size of RF sputtered samples with variation in sputtering 

power at different pressures. 
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Figure 3.23: Variation of dislocation density of RF sputtered samples with variation in 

sputtering power at different pressures. 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: Variation of strain of RF sputtered samples with variation in sputtering 

power at different pressures. 
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From the effect of working pressure and sputtering power, it can be observed that lower 

pressure and higher power yielded larger grain and lower dislocation density and strain. Sample 

13 which was deposited under 5 mTorr and 200 W possessed the largest grain (12.38 nm) and 

lowest dislocation density (6.527 × 10-3 nm-2) and strain (8.10 × 10-3). The second highest grain 

size was of sample 18 (deposited under 5 mTorr and 250 W)- 12.37 nm. This sample had a 

dislocation density of 6.534 × 10-3 nm-2 and strain of 8.14 × 10-3. 

 

3.4.3 Effect of Working Pressure and Sputtering Power on Sheet Resistance of RF 

Sputtered Mo Thin-films 

Increase of working pressure caused, in general, the sheet resistance of RF sputtered Mo 

thin-films to increase. The sheet resistances of the films deposited under different sputtering 

pressures at all powers have been tabulated in Table 3.13. At all powers, the sheet resistances 

remained very close to each other for the change of pressure from 2 to 5 mTorr. Figure 3.25 

depicts the change in sheet resistance with change in working pressure. 
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Table 3.13: Variation of sheet resistance of RF sputtered Mo thin-films with change in 

working pressure at different powers. 

Sample 

No. 
Pressure 
(mTorr) 

Power 
(W) 

Sheet Resistance 
(Ω/□) 

1 2 100 107 
2 3 100 72 
3 5 100 93 
4 20 100 447 
5 30 100 146 
6 2 150 26 
7 3 150 17 
8 5 150 20 
9 20 150 84 
10 30 150 41 
11 2 200 8 
12 3 200 9 
13 5 200 13 
14 20 200 47 
15 30 200 39 
16 2 250 7 
17 3 250 8 
18 5 250 5 
19 20 250 31 
20 30 250 27 
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Figure 3.25: Variation of sheet resistance of RF sputtered Mo thin-films with variation in 

working pressure at different powers. 

 

The sheet resistance got lowered when the power increased from 100 W to 250 W, as can 

be observed from the Table 3.14. At all pressures, the highest sheet resistance for the RF 

sputtered Mo thin-films occurred when the power was lowest- 100 W. At pressures 2 to 5 

mTorrs, sheet resistances of the films deposited under 200 W and 250 W remained quite close to 

each other. Figure 3.26 shows the variation of sheet resistance with change in sputtering power. 
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Table 3.14: Variation of sheet resistance of RF sputtered Mo thin-films with change in 

sputtering power at different pressures. 

Sample 

No. 
Pressure 
(mTorr) 

Power 
(W) 

Sheet Resistance 
(Ω/□) 

1 2 100 107 
6 2 150 26 
11 2 200 8 
16 2 250 7 
2 3 100 72 
7 3 150 17 
12 3 200 9 
17 3 250 8 
3 5 100 93 
8 5 150 20 
13 5 200 13 
18 5 250 5 
4 20 100 447 
9 20 150 84 
14 20 200 47 
19 20 250 31 
5 30 100 146 
10 30 150 41 
15 30 200 39 
20 30 250 27 
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Figure 3.26: Variation of sheet resistance of RF sputtered Mo thin-films with variation in 

sputtering power at different pressures. 

 

So, according to the analysis presented above, lower pressure and higher power 

contributed to lower the sheet resistance of the RF sputtered Mo thin-films, as expected from the 

theory. Sample 18 (sputtered under 5 mTorr and 250 W) had the least sheet resistance of 5 Ω/□. 

Sample 16 had the second lowest sheet resistance (7 Ω/□). This sample was deposited under 2 

mTorr and 250 W. Among the samples sputtered under 20 mTorr and 30 mTorr, the lowest sheet 

resistance was possessed by sample 20- 27 Ω/□. This sample was prepared at 30 mTorr and 250 

W. Sample 19 (prepared at 20 mTorr and 250 W) had a sheet resistance very close to that of 

sample 20- 31 Ω/□. 
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3.4.4 Adhesion of RF Sputtered Mo thin-Films 

The degree of adhesion of the RF sputtered Mo thin-films are listed in Table 3.15 below. Similar 

to DC sputtered Mo thin-film samples, pass/fail indicator was used for the case of RF sputtered 

samples, too. Some samples which showed improved scotch tape test performance were labeled 

with an additional ‘Better’ indicator. 

Table 3.15: Degree of adhesion of the RF sputtered Mo samples. 

 
Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 100 100 100 100 100 

Adhesion Fail Fail Fail Fail Fail 
 

Sample #5 Sample #6 Sample #7 Sample #8 Sample #9 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 150 150 150 150 150 

Adhesion Fail Fail Fail Pass Pass 
 

Sample #11 Sample #12 Sample #13 Sample #14 Sample #15 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 200 200 200 200 200 

Adhesion Pass Pass Pass/Better Pass/Better Pass/Better 
 

Sample #16 Sample #17 Sample #18 Sample #19 Sample #20 

Pressure (mTorr) 2 3 5 20 30 

Power (W) 250 250 250 250 250 

Adhesion Pass Pass Pass/Better Pass/Better Pass/Better 
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Figure 3.27 shows the scotch tape test result for RF sputtered Mo thin-film sample 18 and 

sample 19. 

(a)               (b) 

 

 

 

 

Figure 3.27: Scotch tape test of (a) sample 18 and (b) sample 19. 

 

3.4.5 RF Sputtered Samples Selected to be Used for Bilayer and Tri-layer Mo Thin-films 

Two RF sputtered samples- sample 18 and sample 19- were selected to be used to 

fabricate bilayer and tri-layer Mo thin-films. The selection was done based on the properties 

discussed above. Table 3.16 and Table 3.17 below summarized the properties for the two 

samples. 

Table 3.16: Summary of properties of RF sputtered sample 18 and sample 19. 

 
Peak 

Intensity 

(a.u.) 

FWHM 

(°) 

Grain Size 

(nm) 

Dislocation 

Density        

(× 10-3) (nm-2) 

Strain    

(× 10-3) 

Sheet 

Resistance 

(Ω/□) 

Adhesion 

Sample 18 

(5 mTorr, 

250 W) 

517.48262 0.684 12.3710061 6.53416286 8.1372931 5 Pass/Better 

Sample 19 

(20 mTorr, 

250 W) 

1657.3921 1.26417 6.69013927 22.342393 15.104138 31 Pass/Better 
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Table 3.17: Use of RF sputterd sample 18 and sample 19 in bilayer and tri-layer Mo thin-

films. 

 
Position in Bilayer Position in Tri-layer 

Sample 18 

(5 mTorr, 250 W) 

Top Middle 

Sample 19 

(20 mTorr, 250 W) 

Bottom Bottom/Top 

 

3.5 Investigation of Properties of DC and/or RF Sputtered  

Multilayer Mo Thin-films 

3.5.1 Fabrication of Multilayer Mo Thin-film Samples 

From our analysis of DC- and RF- sputtered Mo thin-films, some of the layers were 

selected based on their properties to be used as different layers of the bilayer and tri-layer Mo 

thin-film samples. Considering DC and RF sputtering modes, four Mo bilayer combinations and 

four Mo tri-layer combinations of those single layer thin-films were prepared. Table 3.18 listed 

all the combinations of bilayer and tri-layers with corresponding working pressure and sputtering 

power for each of the layers. For the bilayer Mo thin-films, bottom layer and top layer were 

fabricated in a row at the specified layer pressure and power. Likewise, bottom, middle, and top 

layers were deposited one after another in a row for the Mo tri-layer samples. 
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Table 3.18: Mo Bilayers and tri-layers with their corresponding pressure and power 

combinations. 

Sample Type Bottom Layer Middle Layer Top Layer 

 
Sputtering 

Pressure 

(mTorr) 

Sputtering 

Power    

(W) 

Sputtering 

Pressure 

(mTorr) 

Sputtering 

Power    

(W) 

Sputtering 

Pressure 

(mTorr) 

Sputtering 

Power 

(W) 

DC/DC 20 200   3 200 

RF/RF 20 250   5 250 

RF/DC 20 250   3 200 

DC/RF 20 200   5 250 

DC/DC/DC 20 200 3 200 20 200 

RF/RF/RF 20 250 5 250 20 250 

DC/RF/DC 20 200 5 250 20 200 

RF/DC/RF 20 250 3 200 20 250 

 

3.5.2 Variation in Crystallinity and Structure of Bilayer Mo Thin-films 

Figure 3.28 below displays the XRD patterns obtained for the bilayer thin-films of Mo. 

AS expected, all of them showed a intense peak along (110) plane, thus indicating a growth 

preference along this orientation. The RF(bottom)/DC(top) bilayer had the most intense (110) 

peak among all of the bilayer structures which indicates a highly crystallized growth of the film. 

The second highest intensity for the (110) peak was obtained for the DC/DC bilayer film. The 

peak intensities for these two bilayers (DC/DC and RF/DC) were very close. On the other hand, 

RF/RF and DC/RF bilayers showed almost same intensity along the (110) XRD peak. 
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Figure 3.28: XRD Patterns obtained for Mo bilayer thin-films.  

 

The variation of full width at half maximum (FWHM) for the XRD peak along the (110) 

preferred orientation for different bilayer structures are shown in Figure 3.29 below. The DC/DC 

bilayer had the lowest FWHM. While the RF/DC bilayer possessed the most intense (110) peak, 

its FWHM was quite large- even greater than that of RF/RF bilayer. The highest FWHM 

belonged to the DC/RF bilayer. 
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                 Figure 3.29: Variation of FWHM for Mo bilayer thin-films. 

Since the DC/DC bilayer has got a (110) peak intensity quite close to that of RF/DC 

bilayer but a much greater FWHM compared to that of RF/DC structure, the DC/DC Mo bilayer 

thin-film is the sample possessing the maximum crystallinity among all the bilayer structures. 

With the lowest peak and the highest FWHM, DC/RF bilayer possessed the worst crystallinity. 

3.5.3 Variation in Crystallinity and Structure of Tri-layer Mo Thin-films 

Figure 3.30 illustrates the XRD patterns for the Mo tri-layer samples. The RF/RF/RF tri-

layer displayed the most intense peak along the (110) preferred plane of growth of Mo. The 

second highest intensity along preferred orientation could be observed for the all-DC tri-layer 

structure. Although DC/DC/DC sample exhibited the least FWHM, both structures had very 

close FWHM as can be seen from Figure 3.31. Therefore, the all-RF sputtered structure could 

rightly be concluded to have the maximum crystallinity among the tri-layer structures. The all-

DC sputtered tri-layer followed it in terms of crystal growth. With a very large FWHM, 



70 
 

RF/DC/RF tri-layer possessed minimum crystallinity though it had a bit higher intense peak 

along the (110) growth orientation compared to that of DC/RF/DC structure. 

     

 

 

 

 

 

 

 

 

               Figure 3.30: XRD Patterns obtained for Mo tri-layer thin-films. 

 

 

 

 

 

 

 

 

 

 

 

               Figure 3.31: Variation of FWHM for Mo tri-layer thin-films. 
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3.5.4 Variation in Grain Size, Dislocation Density and Strain of Bilayer Mo Thin-films 

Table 3.19 lists the grain size, dislocation density and strain for the bilayer Mo thin-films 

samples.  

Table 3.19: Grain size, dislocation density and strain of bilayer Mo thin-films. 

Sample 

Type 
Grain Size 

(nm) 
Dislocation Density                  

(× 10-3) (nm-2) 
Strain 

(× 10-3) 

DC/DC 13.829355 5.22872916 7.3465691 

RF/RF 10.3658099 9.306653 9.8812745 

RF/DC 6.64333522 22.658318 15.3098639 

DC/RF 6.105998 26.8217226 16.650397 

 

It is evident that the DC/DC bilayer had the highest grain size among all bilayer 

structures. The grain size of DC/DC bilayer was more than even double of that of RF/DC and 

DC/RF structures. The grain sizes of RF/DC and DC/RF were almost equal. The second highest 

grain size was possessed by RF/RF bilayer. Keeping in line with the theory, dislocation density 

and strain followed the trend opposite to that of grain size. Thus DC/DC bilayer thin-film had the 

lowest dislocation density and strain. Figures 3.32, 3.33 and 3.34 show the variation of grain 

size, dislocation density and strain of different bilayer Mo thin-films.  
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             Figure 3.32: Variation of grain size of Mo bilayer thin-films. 

 

 

 

 

 

 

 

 

 

 

 

             Figure 3.33: Variation of dislocation density of Mo bilayer thin-films. 
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                       Figure 3.34: Variation of strain of Mo bilayer thin-films. 

3.5.5 Variation in Grain Size, Dislocation Density and Strain of tri-layer Mo Thin-films 

Table 3.20 lists the grain size, dislocation density and strain for the tri-layer Mo thin-

films samples. 

Table 3.20: Grain size, dislocation density and strain of tri-layer Mo thin-films. 

Sample Type Grain Size 

(nm) 
Dislocation 

Density                  

(× 10-3) (nm-2) 

Strain 
(× 10-3) 

DC/DC/DC 9.18449457 11.8546702 11.047442 

RF/RF/RF 8.82928616 12.8277006 11.5088219 

DC/RF/DC 8.49802356 13.8472693 11.9603681 

RF/DC/RF 7.47356705 17.9037552 13.6170707 

 

We can see that all-DC sputtered Mo thin-film had the highest grain size among all four 

tri-layers structures. While there was not much difference of parameters among the four 
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structures, the all-RF sputtered structure and DC/RF/DC structure had very close grain size, 

hence quite close dislocation density and strain as well. The RF/DC/RF tri-layer had the least 

grain size and the highest dislocation density as well as strain among all four tri-layer samples. 

The DC/DC/DC structure had the lowest dislocation density and strain as expected. Figures 3.35, 

3.36 and 3.37 exhibited the variation of grain size, dislocation density and strain among the four 

tri-layer samples. 

 

 

 

 

 

 

 

                Figure 3.35: Variation of grain size of Mo tri-layer thin-films. 

 

 

 

 

 

 

 

 

 

        Figure 3.36: Variation of dislocation density of Mo tri-layer thin-films. 
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                  Figure 3.37: Variation of strain of Mo tri-layer thin-films. 

 

3.5.6 Suitability of Bilayer and Tri-layer Mo Thin-films as the Back Contact of CIGS Solar 

Cell 

The properties of Mo bilayer and tri-layer thin-film samples have been summarized in 

Table 3.21 below. The DC/DC bilayer structure had the highest grain size and the lowest 

dislocation density as well as strain among all multi-layer Mo thin-films. The RF/RF bilayer 

occupied the second place among the multi-layers in terms of above parameters. Although the 

all-DC sputtered tri-layer sample was the third in terms of grain size, dislocation density and 

strain, RF/RF/RF structure would be better than that in terms of crystallinity as decided in 

section 3.5.3. 
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Table 3.21: Summary of properties of Mo bilayer and tri-layer samples. 

Sample 

type 
Grain Size 

(nm) 
Dislocation 

Density                  

(× 10-3) (nm-2) 

Strain      

(× 10-3) 
Sheet 

Resistance 

(Ω/□) 

Adhesion 

DC/DC 13.829355 
(Highest) 

5.22872916 
(Lowest) 

7.3465691 
(Lowest) 

2 - 8 Pass/better 

RF/RF 10.3658099 
(Second 
Highest) 

9.306653 
(Second Lowest) 

9.8812745 
(Second 
Lowest) 

2 - 6 Pass/Better 

RF/DC 6.64333522 22.658318 15.3098639 2 - 6 Pass 

DC/RF 6.105998 26.8217226 16.650397 2 - 6 Pass 

DC/DC/DC 9.18449457 
(Third 

Highest) 

11.8546702 
(Third Lowest) 

11.047442 
(Third 

Lowest) 

2 - 6 Pass/Better 

RF/RF/RF 8.82928616 12.8277006 11.5088219 2 - 6 Pass/Better 

DC/RF/DC 8.49802356 13.8472693 11.9603681 2 - 6 Pass/Better 

RF/DC/RF 7.47356705 17.9037552 13.6170707 2 - 6 Pass 

 

Both all-DC and all-RF sputtered structures were very close to each other in terms of 

every structural parameters (i.e. grain size, dislocation density and strain). Consequently, more 

intense growth along the (110) preferred orientation compared to that of all-DC sputtered 

structure would make RF/RF/RF thin-film more suitable among all tri-layer samples, effectively 

making it more suitable just after the RF/RF bilayer Mo thin-film. The other two tri-layers, 

DC/RF/DC and RF/DC/RF exhibited better performance than the remaining bilayer structures- 

RF/DC and DC/RF bilayer samples. The sheet resistance and adhesion of the samples were quite 

close. 
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3.6 Comparison and Conclusion 

Table 3.22 presents a comparison among those single layer, bilayer and tri-layer Mo thin-

films which exhibited the best of the properties required to having them function as back 

electrode of CIGS solar cell. 

Table 3.22: Comparison of single layer, bilayer and tri-layer Mo thin-film samples. 

 
Peak 

Intensity 

(a.u.) 

FWHM 

(°) 
Grain Size 

(nm) 
Dislocation 

Density        

(× 10-3) (nm-2) 

Strain     

(× 10-3) 
Sheet 

Resistance 

(Ω/□) 

Adhesion 

Sample 12 
(2 mTorr, 

DC 200 W) 

779.83267 0.64463 13.1244971 
 

5.80543358 
 

7.67905973 
 

4 Pass 

Sample 14 
(20 mTorr, 

DC 200 W) 

1641.7064 1.2652 6.68086244 22.4044837 15.1905729 62 Pass/Better 

Sample 18 

(5 mTorr, 

RF 250 W) 

517.48262 0.684 12.3710061 6.53416286 8.1372931 5 Pass/Better 

Sample 19 

(20 mTorr, 

RF 250 W) 

1657.3921 1.26417 6.69013927 22.342393 15.104138 31 Pass/Better 

DC/DC 1272.28697 0.61112 13.829355 
 

5.22872916 
 

7.3465691 
 

2 - 8 Pass/Better 

RF/RF 635.43599 0.81445 10.3658099 9.306653 9.8812745 2 - 8 Pass/Better 

 

RF/RF/RF 2892.0488 0.95718 8.82928616 12.8277006 11.5088219 2 - 6 Pass/Better 

 

 

DC/DC/DC 

 

1580.8186 0.92034 9.18449457 11.8546702 11.047442 2 - 6 Pass/Better 

 

It can be seen from Table 3.22 that the DC/DC bilayer possessed the desired 

characteristics of Mo thin-film the most- good crystallinity, maximum grain size, minimum 

dislocation density, strain and sheet resistance, and better adhesion. DC sputtered single layer 

Mo thin-film- sample 12- had almost similar characteristics- except a bit lower crystallinity and 
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adhesion. Sample 18, which is a RF sputtered single layer film, was close enough to the DC/DC 

bilayer and DC sputtered single layer in terms of the film properties as observed from the table. 

These are the most suitable three Mo thin-films to be employed as the back electrode for the 

CIGS solar cell. Next, RF/RF bilayer and RF/RF/RF tri-layer thin-films could be considered for 

the back contact. Although the all-RF sputtered and all-DC sputtered structures exhibited intense 

crystallization peak, the films’ grain size and dislocation density as well as strain did not seem to 

closing on those of the first three structures as discussed above.
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CHAPTER IV 

CIGS PERFORMANCE OPTIMIZATION AND ANALYSIS  

THROUGH NUMERICAL SIMULATION 

4.1 Introduction 

The CIGS solar cell has a device structure of the substrate/back contact/p-type absorber 

layer/n-type buffer layer/window layer as displayed in Figure 4.1. Besides applying different 

fabrication techniques, a range of materials has been employed for every individual layer to 

maximize the output of the solar cell. 

 

 

 

 

 

 

 

Figure 4.1: Structure of CIGS solar cell.
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Molybdenum (Mo) is extensively used for the back contact as it possesses better 

chemical steadiness, mechanical stability, conductivity, and adhesion to the substrates compared 

to other materials. As the p-type absorber material, CIGS possesses a good absorption coefficient 

of 105 cm-1 [13] and a wide as well as variable bandgap. Contingent upon the Ga/In ratio, the 

CIGS bandgap can be tuned between 1.10 – 1.69 eV [14]. As a result, it can absorb maximum 

incident photons at longer wavelengths rendering it much thinner compared to the conventional 

crystalline Si solar cell. 

For the buffer layer, cadmium sulfide (CdS) has traditionally been employed as it has 

resulted in the highest conversion efficiency despite the complexities of its fabrication. However, 

the toxicity of CdS has led the researchers to search of non-toxic and wide-bandgap alternatives. 

A good number of materials have been tested so far including indium sulfide (In2S3), zinc 

sulfide (ZnS), zinc selenide (ZnSe), Zn1-xMgxO etc. As the buffer layer plays a critical role in 

allowing the maximum amount of incident light pass through the absorber layer and creating a p-

n junction with it, the In2S3 with its higher bandgap and lower absorption may well replace the 

conventional CdS [73]. ZnO is mostly used for the window layer. Since the window layer must 

transmit across the solar spectrum and act as the front electrode, high conductivity and optical 

transmittance are desired for the employed material. In this work, another promising 

optoelectronic material, fluorine-doped tin-oxide (SnO:F or SnO2 only) has been employed 

besides the ZnO. 

The objective of the present research is to maximize CIGS solar cell performance by 

optimizing different material characteristics. The conventional structure of the CIGS solar cell 

was first considered for this purpose. Then the buffer layer and the window layer were changed, 

and their important material parameters were optimized to extract the highest solar cell output. 
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So different CIGS structures emerged and performances of those were then compared to each 

other. Finally, the output of the optimized structures was compared to that of some reported 

laboratory research cells. 

4.2 Materials and Methods 

4.2.1 Structures of CIGS Solar Cell Device 

The conventional structure of CIGS solar cell includes CdS as a buffer layer and a bilayer 

of ZnO as a window layer. As shown in Figure 4.1 above, the back contact, primarily Mo, is 

deposited or grown on a substrate. Glass substrate is mostly used for this purpose. The p-type 

CIGS absorber layer can be deposited on the back contact in several ways such as sputtering, 

CVD, spray pyrolysis etc. The bilayer of the ZnO consists of an intrinsic ZnO layer (i-ZnO) and 

another Al-doped ZnO layer (Al:ZnO) layer. Not only ZnO, most of the transparent conducting 

oxide that are employed as the window layers are n-type. After optimizing this conventional 

CIGS structure for the highest efficiency, the ZnO window layer was then replaced by the 

fluorine-doped tin oxide (SnO2). This structure differed from the previous one in the thickness of 

the window layer. The solar cell parameters were optimized. Next, the cell structure was 

modified by inserting In2S3 instead of the CdS buffer layer. With In2S3 as the buffer layer and 

ZnO bilayer as the window, the parameters were varied, and the structure was optimized to 

realize maximum solar cell efficiency. For the last structure, SnO2 was combined with the In2S3 

buffer layer. 

4.2.2 Modeling and Cell Parameters of the CIGS Solar Cell 

For numerical modeling and simulation, the One-Dimensional Solar Cell Capacitance 

Simulator or, in brief, SCAPS-1D software was employed. This is an open-source software 
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developed for thin film heterojunction solar cells especially for the two chalcogenides viz. CIGS 

and CdTe solar cells [74]. Nearly all types of dc and ac electrical characteristics of the 

heterojunction thin film solar cell such as open-circuit voltage (VOC), short-circuit current 

density (JSC), fill factor (FF), efficiency (η), internal quantum efficiency (IQE), the energy band 

structure of the heterojunctions, capacitance-voltage spectroscopy etc. can be simulated using 

this 1D simulator. The SCAPS-1D, compared to other simulation programs, facilitates the 

highest number of DC and AC electrical measurements under dark and light conditions. Almost 

all the material properties- both physical and electronic-, starting from the layer thickness to even 

the defect level of the interfaces, can be quantified and modified as required. Different spectrum 

profile for illumination, generation and recombination profile, temperature variation etc. are 

available for the desired test conditions.  

The properties of the different materials for different layers of the CIGS solar cell were 

first input to the software. The parameters input to the software are displayed in Table 4.1. Four 

different CIGS structures were modeled and simulated in this work: 

▪ CIGS Solar Cell Structure I: p-CIGS/n-CdS/i-ZnO/Al:ZnO 

▪ CIGS Solar Cell Structure II: p-CIGS/n-CdS/SnO2 

▪ CIGS Solar Cell Structure III: p-CIGS/n-In2S3/i-ZnO/Al:ZnO 

▪ CIGS Solar Cell Structure IV: p-CIGS/n-In2S3/SnO2 

The metallic work function and the reflectivity of the Mo back contact were set to 4.95 

eV and 80%, respectively. The front contact transmittivity was set from 90% - 95%. The work 

function of Al front grid contact was fixed at 4.06 eV. The thermal velocity of electrons and 

holes was kept constant at 1×107 cm/s. The numerical simulations were performed under global 

air mass AM 1.5G and power density of 1000 W/m2, the standard test condition for illumination. 
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The temperature was 300 K for most of the simulations except the cases where the temperature 

was varied to determine its impact on the solar cell performances. The J-V characteristic curves 

were numerically constructed and analyzed to obtain the essential solar cell parameters: open-

circuit voltage, short-circuit current, fill factor and efficiency. The internal quantum efficiency 

(QE) was also determined. The batch setting of the software was used to initiate the change of 

the input parameters and the recorder setting of the software to obtain the desired output 

parameters. 

Table 4.1: Material parameters employed in simulation for different layers of the CIGS 

solar cell. 

 

 

 

Parameters 
(unit) 

p-type 
Absorber 
(CIGS) 

n-type 
Buffer 
(CdS) 

n-type 
Buffer 
(In2S3) 

n-type 
Window 
(i-ZnO) 

n+-type 
window 

(ZnO:Al) 

n+-type 
Window 
(SnO2) 

Thickness (µm) 0.5 – 4.0 0.04 – 0.2 0.04 – 0.2 0.04 –0.2 0.1 0.04 – 0.2 

Bandgap (eV) 1.0 – 1.6 2.4 2.1 – 2.75 3.3 3.3 3.6 

Electron Affinity (eV) 4.2 - 4.35 4.2 4.65 4.45 4.45 4.41 

Relative Dielectric 
Permittivity 

13.6 10 13.5 9 9 9 

CB Effective Density of 
States (cm-3) 

2.2×1018 2.2×1018 1.8×1019 2.2×1018 2.2×1018 2.2×1018 

VB Effective Density of 
States (cm-3) 

1.8×1019 1.8×1019 4×1013 1.8×1019 1.8×1019 1.8×1019 

Electron Mobility (cm2/V-s) 100 100 400 100 100 100 

Hole Mobility (cm2/V-s) 25 25 210 25 25 25 

Donor Density (cm-3) 10 1×1015 – 
1×1018 

1×1015 – 
1×1018 

1×1018 1×1020 1×1019 

Acceptor Density (cm-3) 1×1015 – 
2×1018 

10 10 10 10 10 

Defect Density (cm-3) 1×1014 1×1015 1×1015 1×1015 1×1015 1×1015 
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4.3 Results and Discussion 

4.3.1 Optimization of Solar Cell Structure I: p-CIGS/n-CdS/i-ZnO/ZnO:Al 

The structure p-CIGS/n-CdS/i-ZnO/ZnO:Al was first considered. The thicknesses of the 

p-type CIGS absorber layer, n-type CdS buffer layer and i-ZnO window layer were varied to 

achieve the least thin film with optimum solar cell performance. The bandgap and impurity atom 

concentration of CIGS, and the impurity concentration of CdS were also changed to observe 

their effect on the performance. After optimizing these parameters, the impact of temperature on 

solar cell performance was investigated. 

In the beginning, the bandgap of the CIGS absorber layer was varied from 1.0 eV to 1.6 

eV. The variation of the solar cell performance indicators- open-circuit voltage, short-circuit 

current density, fill factor, and efficiency- with the change in CIGS bandgap are shown in Figure 

4.2 and Figure 4.3. The open-circuit voltage (VOC) increased with the increase of the CIGS 

bandgap. Starting from the 0.6411 V, it had increased linearly before the curve flattened at 

around 1.4 eV bandgap with an open-circuit voltage of 0.9207 V. The short-circuit current 

density (JSC) gradually decreased from 40.02 mA/cm2 to 20.25 mA/cm2 with the bandgap. Like 

VOC, an almost similar increasing and flattening trend was observed in the fill factor (FF) 

variation. The efficiency (η) of the CIGS solar cell peaked around 23.3% at the CIGS bandgap of 

1.15 eV. As only photons with energy greater than the bandgap value contribute to the 

generation of electron-hole pair, with the increase of CIGS bandgap, the efficiency sharply 

declined, only around 16% when the bandgap was 1.6 eV.  

Keeping the CIGS bandgap fixed at 1.15 eV, its acceptor impurity concentration was then 

varied from 1×1015 to 2×1018 atoms/cm3. The highest efficiency was achieved when the 



85 
 

concentration was 2×1018 cm3. Both the fill factor and open-circuit voltage showed an increasing 

trend with the increase in acceptor concentration, from 80.3% to around 85.5% for fill factor and 

from 0.56 V to 0.78 V for open-circuit voltage. The short-circuit current density dropped from 

37.5 mA/cm2 to almost 34.8 mA/cm2. Consequently, the efficiency increased from 17% at 

1×1018 cm-3 to 23.4% at a concentration of 2×1018 cm-3. The effect of thickness variation on the 

performance of the CIGS solar cell was then investigated. The thickness was varied from 0.5 µm 

to 4 µm. The cell reached an efficiency of 25% when CIGS layer was 4 µm thick. The efficiency 

was only 17% with only 0.5 µm thick absorber layer. With increasing thickness, the absorber 

layer could absorb more incident photons at a higher wavelength and the recombination of 

photo-generated carriers at the back contact would decrease. Hence, higher efficiency was 

achieved with the increase of the absorber layer. For the optimal CIGS absorber layer, a 

thickness of 2 µm was chosen with an efficiency of 23.4%. Since both indium and gallium are 

hardly abundant in nature and cost high, a thin CIGS film tends to be cost-effective and, in turn, 

desirable. All other solar cell parameters showed an increasing trend with the increase in CIGS 

thickness. The optimum bandgap for CIGS was found to be 1.15 eV, acceptor concentration 

2×1018 cm-3 and the thickness was chosen to be 2 µm. 

Next, the n-type CdS buffer layer was considered for the optimization of its parameters. 

Its donor ion concentration was increased from 1×1015 to 1×1018 cm-3. Although the open-circuit 

voltage barely showed change, the short-circuit current density showed a change from 34.6 

mA/cm2 to 34.76 mA/cm2. The fill factor peaked at 6.67×1017 cm-3 with a value of 85.61%. 

Starting from almost 23.23%, the efficiency gradually increased to be around 23.4% at the donor 

concentration of 6.67×1017 cm-3. Then the CdS thickness was varied from 0.04 µm to 0.2 µm. 

The open-circuit voltage showed almost no change with the increasing buffer layer thickness. 
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The short-circuit current density reached a peak of around 0.045 µm with a density of 34.7 

mA/cm2. Both the fill factor and efficiency decreased with increasing buffer layer thickness. This 

is because the thicker the buffer layer, the fewer the number of photons would be to reach the 

absorber layer. That is why the efficiency of the cell was lowered with increasing CdS thickness. 

The donor concentration of 6.67×1017 cm-3 and the CdS thickness of 0.045 µm were chosen as 

the optimum values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Change of VOC and JSC with change in CIGS bandgap of p-CIGS/n-CdS/i-

ZnO/ZnO:Al structure. 
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Figure 4.3: Change of fill factor and efficiency with change in CIGS bandgap of p-

CIGS/n-CdS/i-ZnO/ZnO:Al structure. 

Then the thickness of the intrinsic ZnO layer was varied from 0.04 µm to 0.2 µm. The 

CIGS bandgap, its acceptor concentration and thickness were set at their optimal values. The 

thickness and the donor concentration of the CdS layer were also set at the values obtained 

above. Having all other parameters set at their optimum values, the efficiency dropped to 23.39% 

when the i-ZnO layer was 0.2 µm thick. Therefore, the optimum thickness for the i-ZnO layer 

was chosen to be 0.04 µm. Although the resulting difference between the efficiencies for the i-

ZnO thicknesses of 0.04 µm and 0.2 µm might be perceived as insignificant at first, it could play 

a crucial role in reducing the cost of the solar module [75]- as put by Solibro, one of the formerly 

leading manufacturers of CIGS thin-film modules. The less thickness and, in turn, reduced 

quantity of the window materials allow to compensate for the higher cost associated with the 
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metal grid used for the front contact of the solar module. The metal grid improves the collection 

of the charge carriers and thereby, increases the module’s fill factor as well as efficiency. An 

efficiency of 23.4086% was achieved from the optimized cell. The corresponding open-circuit 

voltage and the short-circuit current density were 0.7868 V and 34.7351 mA/cm2, respectively. 

The fill factor associated was 85.6549%. 

The effect of temperature on the solar cell performance was then examined. The 

temperature was varied from 273 K to 375 K. As can be seen from the Figure 4.4, the cell 

performance decreased with increasing temperature. The efficiency saw a decline from 

23.4086% at 300 K to 18.67% at 375 K. Though short-circuit current density remains nearly 

constant, the open-circuit voltage fell conspicuously due to its dependence on saturation current 

which tends to fall fast with increase in temperature. The fill factor dropped off at higher 

temperature as well. 

Both dark and light simulation were performed for the p-CIGS/n-CdS/i-ZnO/ZnO:Al 

solar cell structure. The structure comprised of the layers having the optimized parameters as 

obtained above. The Figure 4.5 showed the J-V characteristics for both dark and illuminated 

simulation and the Figure 4.6 displayed the quantum efficiency of the cell. The energy band 

diagram of the optimized structure is shown in Figure 4.7. The energy level of each layer of the 

structure is duly indicated in the diagram. 
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Figure 4.4: Change of efficiency with change in temperature of p-CIGS/n-CdS/i-

ZnO/ZnO:Al structure. 

 

 

 

 

 

 

 

Figure 4.5: J-V characteristics of p-CIGS/n-CdS/i-ZnO/ZnO:Al structure under dark and 

light conditions. 
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Figure 4.6: Quantum efficiency variation for p-CIGS/n-CdS/i-ZnO/ZnO:Al structure. 

both dark and light curves overlapped. 

 

 

 

 

 

 

 

 

Figure 4.7: Energy band diagram for the optimized p-CIGS/n-CdS/i-ZnO/ZnO:Al 

structure. 
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4.3.2 Optimization of Solar Cell Structure II: p-CIGS/n-CdS/SnO2 

In this section, the solar cell structure p-CIGS/n-CdS/SnO2 was considered to investigate 

the effects of the SnO2 window layer instead of the ZnO. The associated parameters with the 

SnO2 layer are provided in the Table 4.1. The optimized parameters for the CIGS and CdS layers 

obtained from the section 4.3.1 are included in this structure. Other parameters of these two 

layers are as listed in the Table 4.1. 

The thickness of the SnO2 layer was varied from 0.04 µm to 0.2 µm to explore its effect 

on the cell performance. The open-circuit voltage, short-circuit current density, fill factor and 

efficiency are plotted in Figure 4.8 and Figure 4.9. While the decrease in the cell parameters with 

the SnO2 thickness is very slight, it is quite interesting to see that the cell has an efficiency of 

23.4777% with a window layer thickness of 0.05 µm only whereas the ZnO layer took a total of 

0.14 µm to produce an efficiency of 23.4086%. The optimum thickness for the SnO2 layer was 

determined to be 0.05 µm. The corresponding fill factor of the cell at this window layer thickness 

was 85.6958%. The open-circuit voltage and the short-circuit current density were found 0.7869 

V and 34.8176 mA/cm2, respectively. 

The cell was then simulated with varying temperature in the range of 273 K to 375 K. As 

expected, the efficiency of the cell dropped to around 18% at 375 K from 23.4777% efficiency at 

300 K (Figure 4.10), since all the cell parameters considered here, including the efficiency, are 

strongly temperature dependent. As the reverse-saturation current increases with temperature, 

VOC tends to decrease due to reduction in saturation current.  The J-V characteristics from the 

dark and light simulation of the p-CIGS/n-CdS/SnO2 cell structure are shown in Figure 4.11. The 

structure included all the optimized parameters both from this section and section 3.1 for 
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different cell layers. The quantum efficiency and the energy band diagram of this cell structure 

are also illustrated in the Figure 4.12 and Figure 4.13. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Change of VOC and JSC with change in SnO2 thickness of p-CIGS/n-CdS/SnO2 

structure. 
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Figure 4.9: Change of fill factor and efficiency with change in SnO2 thickness of p-

CIGS/n-CdS/SnO2 structure. 
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Figure 4.10: Change of efficiency with change in temperature of p-CIGS/n-CdS/SnO2 

structure. 

 

 

 

 

 

 

 

Figure 4.11: J-V characteristics of p-CIGS/n-CdS/SnO2 structure under dark and light 

conditions. 

 



95 
 

 

 

 

 

 

 

 

Figure 4.12: Quantum efficiency variation for p-CIGS/n-CdS/SnO2 structure. Both dark 

and light curves overlapped. 

 

 

 

 

 

 

 

Figure 4.13: Energy band diagram for the optimized p-CIGS/n-CdS/SnO2 structure. 
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4.3.3 Optimization of Solar Cell Structure III: p-CIGS/n-In2S3/i-ZnO/ZnO:Al 

In the next cell structure considered, In2S3 was used to supplant CdS as the buffer layer. 

The bilayer of i-Zno and ZnO:Al was used as the window layer. The effect of changing the 

bandgap, impurity concentration and thickness of the In2S3 buffer layer on the solar cell 

characteristics was explored. Then the impact of temperature on the cell parameters was 

examined.   

The bandgap of In2S3 was varied in a range of 2.1 – 2. 75 eV. Since the recombination 

that takes place inside the bulk CIGS would lead to little raise in efficiency if the CIGS thickness 

were made larger than 3 µm, the cell efficiency will not be in par with the associated cost of 

material and manufacturing. That is why the thickness of the CIGS layer was set to 3 µm. The 

donor ion concentration of the In2S3 layer was kept fixed at 1×1017 cm-3 and its thickness at 0.04 

µm. An efficiency of around 23.58% was achieved when In2S3 bandgap was at 2.6 eV. Further 

increase in the bandgap reduced the efficiency. The same trend was observed for the fill factor, it 

decreased from 85.3% at 2.6 eV with further increment in the bandgap. The open-circuit voltage 

and the short-circuit current density also decreased when the bandgap was made higher than 2.6 

eV. Keeping the In2S3 bandgap fixed at 2.6 eV, its impurity atom concentration was then varied 

from 1×1015 cm-3 to 1×1018 cm-3. Although the open-circuit voltage showed from no- to quite 

insignificant changes, the short-circuit current density saw an increase from 35.81 mA/cm2 to 

35.87 mA/cm2. The fill factor dropped to a value of around 85.30% while the efficiency 

increased and peaked around 23.58% at a donor concentration of 1×1018 cm-3. All the solar cell 

characteristic parameters- the open-circuit voltage, short-circuit current density, fill factor and 

efficiency- with change in donor density of In2S3 are plotted in Figure 4.14 and Figure 4.15. 

With its bandgap at 2.6 eV and donor concentration at 1×1018 cm-3, the In2S3 layer thickness was 
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varied from 0.04 µm to 0.2 µm. The optimum thickness for the layer was identified as the 0.04 

µm since further increase in thickness caused little increment in the cell efficiency from around 

23.58% compared to required larger layer thicknesses. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Change of VOC and JSC with change in donor density of In2S3 layer of p-

CIGS/n- In2S3/i-ZnO/ZnO:Al structure. 

The cell performance under different temperatures (280 K – 375 K) was then examined. 

The optimized values for In2S3 bandgap, its donor ion concentration and thickness were used for 

the simulation. At higher temperatures, bandgap values get unstable. The resulting recombination 

of electron and hole decreases the efficiency of the cell. The efficiency declined to a value of 
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around 19.7% at a temperature of 375 K (Figure 4.16). The J-V characteristics from the dark and 

light simulation of the p-CIGS/n- In2S3/i-ZnO/ZnO:Al structure are shown in Figure 4.17. The 

quantum efficiency of the cell is displayed in Figure 4.18. Figure 4.19 depicts the band diagram 

of the structure. From this section and the section 4.3.1, all the optimized parameters of the 

CIGS, In2S3 and i-ZnO layers were used to simulate the J-V characteristics, quantum efficiency 

and energy band diagram. 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Change of fill factor and efficiency with change in donor density of In2S3 

layer of p-CIGS/n- In2S3/i-ZnO/ZnO:Al structure. 

 

 



99 
 

 

 

 

 

 

 

 

Figure 4.16: Change of efficiency with change in temperature of p-CIGS/n- In2S3/i-

ZnO/ZnO:Al structure. 

 

 

 

 

 

 

 

Figure 4.17: J-V characteristics of p-CIGS/n- In2S3/i-ZnO/ZnO:Al structure under dark 

and light  conditions. 

 



100 
 

 

 

 

 

 

 

 

 

Figure 4.18: Quantum efficiency variation for p-CIGS/n- In2S3/i-ZnO/ZnO:Al structure. 

Both dark and light curves overlapped. 

 

 

 

 

 

 

 

Figure 4.19: Energy band diagram for the optimized p-CIGS/n-In2S3/i-ZnO/ZnO:Al 

structure. 
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4.3.4 Optimization of Solar Cell Structure IV: p-CIGS/n-In2S3/SnO2 

The SnO2 window layer was incorporated into the p-CIGS/n-In2S3 solar cell structure 

replacing the ZnO window layer. In this section, the effect of SnO2 thickness variation on this 

cell performance is examined. The SnO2 layer characteristic parameters are listed in Table 4.1. 

The optimized parameters for the CIGS and In2S3 layers from the section 4.3.1 and section 4.3.3 

were used during the simulation of the structure. After finding the suitable window layer 

thickness, the cell was simulated under different temperature conditions, too. 

The SnO2 thickness was varied from 0.04 µm to 0.2 µm. The optimum thickness for the 

layer was chosen as 0.05 µm which accounted for an efficiency of 23.65%. Any further increase 

of the SnO2 thickness caused to decrease the efficiency of the cell. All the solar cell performance 

parameters including the efficiency are plotted in Figure 4.20 and Figure 4.21. The fill factor 

showed negligible increment with increasing SnO2 thickness. The cell was then tested for 

different temperatures ranging from 280 K to 375 K. While the short-circuit current density 

remained almost same with increasing temperature, the open circuit-voltage varied inversely. 

The efficiency fell to 19.79 V at 375 K (Figure 4.22). The dark and light simulation of the cell 

was performed. The corresponding J-V characteristics, quantum efficiency and energy band 

diagram of the cell are illustrated in the Figure 4.23, Figure 4.24 and Figure 4.25, respectively. 
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Figure 4.20: Change of VOC and JSC with change in SnO2 thickness of p-CIGS/n-

In2S3/SnO2 structure. 
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Figure 4.21: Change of fill factor and efficiency with change in SnO2 thickness of p-

CIGS/n-In2S3/SnO2 structure. 
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Figure 4.22: Change of efficiency with change in temperature of p-CIGS/n-In2S3/SnO2 

structure. 

 

 

 

 

 

 

 

 

Figure 4.23: J-V characteristics of p-CIGS/n-In2S3/SnO2 structure under dark and light 

conditions. 
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Figure 4.24: Quantum efficiency variation for p-CIGS/n-In2S3/SnO2 structure. Both dark 

and light curves overlapped. 

 

 

 

 

 

 

 

Figure 4.25: Energy band diagram for the optimized p-CIGS/n-In2S3/SnO2 structure. 
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4.3.5 Summary of the Solar Cell Parameters of the Optimized Structures and Comparison 

with Other Reported Solar Cells 

The solar cell characteristic parameters for the optimized structures, as discussed in the 

section 4.3.1 – 4.3.4, have been summarized in Table 4.2. The Cd-free structures i.e. the 

structures employing indium sulfide as the buffer layer (Optimized Structures III and IV) 

achieved higher efficiency compared to those of Cd-containing structures. However, the Cd-

containing structures (Optimized Structures I and II) had thinner CIGS absorber layer (2 µm). 

The disadvantage of thicker CIGS absorber layer in the Structures III and IV could be somewhat 

compensated using SnO2 window layer instead of the ZnO (Structure IV). By comparing the 

ZnO and SnO2 containing cell structures (Structures I and II, and Structures III and IV), it could 

be observed that not only SnO2 containing cell showed better performance in terms of the cell 

parameters, but it is thinner (0.05 µm) with respect to the ZnO window layer (0.14 µm in total). 

Besides the structures optimized in the current work, some other reported CIGS solar 

research cell parameters have also been listed in Table 4.2. Most of those research cells beat the 

optimized structures in terms of short-circuit current density. Yet the optimized structures 

surpass all of those in terms of efficiency, open-circuit voltage, and fill factor. 
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Table 4.2: Solar cell parameters from laboratory research cells and the simulation of the 

optimized solar cell structures. 

Sl. Solar Cell Structure VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Η 

(%) 

References 

1. Laboratory Research CIGS Cell I 

p-CIGSSe/n-CdS/Zn(O,S,OH)x/ 

Zn0.8Mg0.2O (ZMO)/ZnO:B (BZO) 

0.734 39.58 80.4 23.35 ± 0.5 [7] 

2. Laboratory Research CIGS Cell II 

p-CIGS/n-CdS/(Zn,Mg)O/ZnO/ 

ZnO:Al 

0.741 37.80 80.60 22.60 [35] 

3. Laboratory Research CIGS Cell III 

p-CIGS/n-CdS/i-ZnO/ZnO:Al 
0.746 36.60 79.30 21.7 [76] 

4. Laboratory Research CIGS Cell IV 

p-CIGS/n-CdS/i-ZnO/ZnO:Al 
0.757 35.70 77.60 21 [75] 

5. Optimized Structure I: 

p-CIGS/n-CdS/i-ZnO/ZnO:Al 

0.7868 34.7351 85.6549 23.4086 Proposed 

6. Optimized Structure II: 

p-CIGS/n-CdS/SnO2 

0.7869 34.8176 85.6958 23.4777 Proposed 

7. Optimized Structure III: 

p-CIGS/n-In2S3/i-ZnO/ZnO:Al 

0.7709 35.8743 85.3011 23.5896 Proposed 

8. Optimized Structure IV: 

p-CIGS/n-In2S3/ SnO2 

0.7709 35.9693 85.3010 23.6528 Proposed 

 

One of the reasons for the reported CIGS research cells having higher short-circuit 

current density might be a graded CIGS absorber with lower Ga/(Ga + In) (GGI) minimum and 

steeper GGI gradient compared to those without grading, which in turn, caused Jsc to increase in 

the IR region [35]. Post-deposition treatment of CIGS absorber layer with alkali fluoride, 

especially using heavier alkali elements such as rubidium or cesium, might have played another 

important role in increasing short-circuit current density [75]. The diode quality improved as the 

ideality factor was revealed to decrease. That might well be since the heavier alkali elements 

tend to push out lighter alkalis out of the CIGS absorber layer. As Nakamura et. al. reported in 

[7], the replacement of the CdS buffer layer by a Zn(O,S,OH)x/ZMO double buffer layer allows 

more blue light reach the absorber layer, owing to higher bandgap energy of the double buffer 
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layer compared to that of CdS. Consequently, the short-circuit current density increased. Besides 

this, the double buffer layer also caused suppression of minority carrier recombination at the 

depletion region which, too, contributed to the higher Jsc.          

Despite the fact that grading of the absorber layer and the effect of the post-deposition 

treatment were not considered for the proposed cells, the improvement in the open-circuit 

voltage in combination with high enough Jsc has led to higher efficiencies for all of the proposed 

CIGS cell structures, including both CdS-containing and CdS-free cell structures. The 

efficiencies achieved by all the optimized structures either equal or exceed the present highest 

CIGS research cell efficiency of 23.35±0.5 %, as can be observed from Table 4.2. 

Not only has the quality of environment-friendliness, but this research also illustrates that 

Cd-free CIGS solar cells can have the potential to surpass its counterpart containing Cd in terms 

of cell efficiency. In2S3 might be a good choice in this regard. As reported in [7], a Zn-based 

double buffer layer showed a superior performance to that of CdS-containing cells. This paves 

the way for an excellent probability of In2S3 being used in a double layer in association with 

other buffer materials. Besides, a thinner SnO2 layer can effectively reduce the window layer 

thickness- replacing the conventional ZnO- which would effectively reduce the module cost. 

Although a thick CIGS absorber layer remains a challenge, introducing a suitable back surface 

field layer with CIGS absorber layer can cause the overall absorber layer thickness drastically 

decrease. Also, the introduction of grading/ double-grading into the CIGS absorber layer and 

considering post-deposition treatment of the absorber with alkali elements, in combination with 

the achieved simulated result in this work, are highly likely to result in further improvements in 

the cell efficiency. Further simulations will be needed in order to investigate these potentials. 
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4.4 Conclusion 

The analysis of the second-generation thin film CIGS solar cell shows an improvement in 

their performance. For the current research we focused on the absorber, buffer and window 

layers of the CIGS cell. All four simulated and optimized CIGS cell structures showed better 

performance than the works reported so far. The In2S3 could effectively replace the CdS buffer 

layer, thereby rendering a non-toxic Cd-free CIGS solar cell. The SnO2 in association with In2S3 

produced the highest efficiency although it required the CIGS absorber layer to be thicker. 

Further modifications of the cell structure are required to reduce the CIGS layer thickness.
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CHAPTER V 

FUTURE WORK 

The investigation of the effects of sputtering mode and parameters on the Mo thin-films that 

have taken place in this research holds a myriad potential. The following can be undertaken for 

further research in connection with this: 

▪ Surface morphology and reflectance of the Mo thin-films may be useful to further verify 

the results obtained here. 

▪ Reflectance of the Mo thin-films can be investigated to further validate the results and 

analysis. 

▪ CIGS absorber layer deposited on the Mo films investigated here can verify their 

adhesion to the CIGS layer. 

▪ Effect of film thickness, deposition temperature and annealing temperature may be 

investigated at the specified pressure and power of the single layer and multi-layer Mo 

thin-films. 

▪ Film thickness and annealing temperature might further improve the properties of the 

films obtained here.
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In the second part of the research where numerical modeling and simulation were 

employed to optimize the CIGS solar cell structure performance, the following could be 

considered for further numerical simulation and performance improvement of the cell: 

▪ In2S3 material can be used in a double layer in association with other buffer materials. 

▪ A back surface field layer might be introduced between the absorber and CIGS 

absorber layer. 

▪ Effect of grading/ double-grading of bandgap of CIGS absorber layer can be 

considered in the numerical modeling of the cell.  

▪ Introducing effect of post-deposition treatment of CIGS absorber layer with heavy 

alkali fluorides might further improve and optimize CIGS solar cell performance.
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