
 

1 
 

Chapter 6 

Intrinsic and Aluminium Doped Zinc Oxide: Passivator and 

Charge collector 

 

6.0    Motivation, Objective, and Abstract 

Motivation 

The exact contribution of a unique, i. e., intrinsic Zinc Oxide (i-ZnO) layer in 

the performance of the CIGS solar cell module is still eccentric. Partly, i-ZnO 

has been figured out to be as an intermediatory mitigator for lattice mismatch 

and bandgap discontinuity between the buffer and top window layer. Besides, 

it passivates the buffer layer. The transparent conductive layer has a distinct 

responsibility of charge collection and Aluminium Doped Zinc Oxide has 

proven itself as the best candidate. But on a large area (module) uniformity and 

resistivity are still quizzed. 

 

Objective 

• To prepare an in-house 2-inch (diameter) low-cost intrinsic-Zinc Oxide 

sputter target. 

• To functionalize the intrinsic-Zinc Oxide sputter target for the optimization 

of the intrinsic layer between the buffer and top window layer. 

• To assess the physical, microstructural, electrical, and optical properties of 

Aluminum doped Zinc Oxide appropriate for good charge collection. 

• To measure the degree of disorder ‘Urbach Energy’ for both Intrinsic and 

Aluminium doped Zinc Oxide layer. 

 

Abstract 

For fabrication of multilayer Copper Indium Gallium Diselenide (CIGS) thin-

film solar cell module, intrinsic-Zinc Oxide and Aluminium doped Zinc oxide 
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thin film have been deposited using RF sputtering technique on 60 x 60 x 1mm 

SLG substrate. We have in house fabricated 2 inch-diameter i-ZnO sputter 

target for deposition of i-ZnO thin films. Optimization of i-ZnO thin films has 

been carried out using variable deposition parameters such as power, pressure, 

and thickness. Structural, optical, electrical, Urbach energy and 

Photoluminescence studies of highly resistive i-ZnO layer and transparent 

conductive oxide (AZO) layer thin films have been carried out. Resistivity 6.8 x 

105 Ω-cm and optical transmittance of about 92 % have been noted for i-ZnO 

thin films. For AZO thin film resistivity was 6.26 x 10-4 Ω-cm and optical 

transmittance 85-90 %.  Urbach energy was found in the range of 0.7 meV-3.0 

meV and 0.766 meV-2.589 meV for all i-ZnO and AZO thin films. 

Photoluminescence spectra show an emission peak near UV for i-ZnO thin films 

and AZO thin films with less intense green luminescence. Raman spectra 

confirm the wurtzite structure with the presence of optical mode for i-ZnO and 

AZO thin films. 

 

6.1 High Resistive and Top conductive: i-ZnO and AZO 

An intrinsic-zinc oxide (i-ZnO) and Aluminium doped Zinc Oxide (AZO) layer 

has gained quite significant attention in the semiconductor industry. A wide 

range of its applications includes a light-emitting diode, sensors, thin-film 

transistors, photodetectors, laser diodes, etc. [1-5]. i-ZnO and AZO have wide 

and direct bandgap i. e. 3.2 eV and 3.35 eV near UV spectral range, high 

resistance, and transmission. Apart from these properties, i-ZnO and AZO have 

high electron mobility, thermal conductivity, and large exciton binding energy, 

which make them suitable for multi-variant semiconductor devices. One of their 

prominent applications is in the fabrication of thin-film solar cells. The i-ZnO 

layer is used as a highly resistive layer between the Cadmium Sulphide (CdS) 

buffer layer and the top window layer of Aluminium doped ZnO [6] in Copper 

Indium Gallium Diselenide (CIGS) based thin-film solar cells.  The key role of 

the i-ZnO layer in CIGS solar cells is to provide high shunt resistance, which in 

turn helps to increase FF, Voc, and ultimately the efficiency of the solar cell [7]. 

AZO is used as a transparent conductive oxide top window layer. It helps to 
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capture incoming photons and it is manifest that it allows absorbing all photons 

at Copper Indium Gallium Diselenide (CIGS) layers. Not only in CIGS solar 

cell but also for Si, CdTe, Perovskite, and dye-sensitized solar cell AZO act as 

a top window layer [8-11]. The resistive nature of the i-ZnO layer minimizes 

the baleful effect of short circuit pathways in the presence of pinholes, which 

increase performance capacity and uniformity during large scale area 

production. i-ZnO layer in conjunction with buffer and top window conductive 

layer should be chosen to improve band bending in the CIGS layer itself and 

eliminate defect densities at the interfaces. RF-magnetron sputtering, spray 

pyrolysis, molecular beam epitaxy (MBE), metal-organic chemical vapor 

deposition (MOCVD), sol-gel, and photo-assisted atomic layer [12-17] 

deposition techniques are typically used to prepare i-ZnO and AZO layer. This 

work or main aim is to optimize the i-ZnO and AZO layer for CIGS solar cell. 

The experiments are carried out using the RF sputtering technique with a 

rotating substrate for homogeneous deposition of the thin film. The results of 

structural, microstructural, optical, electrical, and defect characterizations are 

obtained will be used to develop CIGS solar cell module using monolithic 

interconnection made by the P3 laser scribing process. 

 

6.2 Experimental Details 

ZnO thin films have been deposited using an i-ZnO target of 2 inches in 

diameter, fabricated in-house. Initially, i-ZnO powder (Sigma Aldrich, 99.9 %) 

was cold-pressed in a 2-inch die by applying 8 Ton pressure. Further, the target 

was sintered at 1125 °C with a ramp-rate of 60 °C per hour and hold up for 24 

hours. Slight color change has been observed in the target, but the target was 

found to be brittle. The sintering process was repeated twice and finally, a stable 

i-ZnO target was formed. The relative density of the i-ZnO target was found to 

be 88.2 %. Using these targets, i-ZnO thin films were deposited on the soda-

lime glass substrate using RF sputtering technique using a magnetron sputtering 

system with frequency 13.56 MHz (HÜTTINGER Electronik, 600 W, 

Germany). The substrate has been rotated perpendicular to the sputter target 

during a deposition for structural homogeneity. To optimize deposition 
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conditions of i-ZnO thin films, deposition parameters viz. deposition pressure 

(10, 5, and 1 mTorr), deposition RF power (PRF) (50, 100, and 150 W), and 

thickness (50, 70, and 90 nm) were varied. Optical, electrical, structural and 

photoluminescence characterization of i-ZnO thin films have been carried out. 

Ceramic ZnO target doped with 2 % Al2O3 For AZO thin films, deposition 

pressure (0.5, 5, 10, and 15 mTorr), thickness (300, 400, and 500 nm), substrate 

temperature (ST) i. e. room temperature (RT) and 215 °C (ST-215 °C) and PRF 

was kept constant 100 W. 

 

6.3 Results and Discussion 

6.3.1 Structural Analysis 

X-ray diffraction analysis of the i-ZnO target shows the presence of all peaks of 

zinc oxide which are confirmed with JCPDS data card 36-1451. Before vacuum 

sintering thickness of i-ZnO was 7.35 mm while after sintering it reduces to 7.22 

mm due to compactness of target and reduction in porosity. Photograph and 

XRD Pattern of 2-inch (diameter) i-ZnO Target is shown in Fig. 6.1. The 

structural analysis of i-ZnO thin films deposited using a 2-inch i-ZnO target is 

shown in Fig. 6.2. At deposition pressure (10, 5, and 1 mTorr) with different 

deposition power (50, 100, and 150 W) and thickness (50, 70, and 90 nm) X-

ray diffraction analysis shows crystallographic changes in i-ZnO thin films. The 

films deposited at lower pressure i.e., 1 mTorr with different RF power and 

thickness, as shown in Fig. 6.2 (c), have improved crystallinity as compared to 

i-ZnO thin films deposited at higher deposition pressure, that is 10 mTorr and 5 

mTorr as shown in Fig. 6.2 (a) and Fig. 6.2 (b). All i-ZnO thin films show a 

single major peak at 2θ value 34.68, which corresponds to the (002) phase [18]. 

The result has been confirmed with JCPDS-card no. (36-1451). There are slight 

deviations like intensity peak and width, which is mainly due to different growth 

conditions of i-ZnO thin films. We found no other additional peak in XRD 

analysis, which confirms the purity of the i-ZnO compound. Phase analysis of 

AZO thin films deposited at varied deposition parameters i. e. deposition 

pressure (0.5, 5, 10, and 15 mTorr), thickness (300, 400, and 500 nm) RF power 
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was kept constant at 100 W and RT and ST-215 ˚C has been plotted in Fig. 6.2 

(d and e). X-ray diffraction spectrums of AZO thin films possess an ebb and 

flow pattern of the intensity of the major peak. (002) the phase was found for 

all AZO thin films at their major peak. No additional peak of Al, Zn, or Al2O3 

was detected, this confirms the pure phase formation of AZO. The only 

difference between all major peaks of AZO thin films was intensity, sharpness, 

FWHM value, and imperceptible change in 2θ values of the major peak. A pillar 

of the AZO phase is the base of the ZnO hexagonal structure. In the RT 

environment, low pressure 0.5 mTorr AZO thin films with different thicknesses 

of 300, 400, and 500 nm possess major peaks with low intensity and broad 

FWHM. On increasing pressure to 5 mTorr, AZO film with thickness 300 nm 

does not show a strong crystallographic phase along with preferred orientation; 

sudden improvement in the intensity of phase (002) was observed for 400 nm 

thickness as shown in Fig. 6.2 (d). The intensity of phase (002) remained 

constant for 500 nm thickness film also. On the subsequent increase in pressure 

10 mTorr, only AZO thin film with a thickness of 400 nm possesses very sharp, 

the intense major peak having (002) phase at 2θ value 34.99 ˚ with FWHM 

0.344 ˚ while for 300 nm and 500 nm thickness, the intensity of phase (002) 

decreases and FWHM broadening takes place [19]. A decrease in crystallinity 

was observed for AZO thin films deposited at 15 mTorr for 300, 400, and 500 

nm thickness where FWHM broadening increase approximately to 0.724 ˚. The 

crystallinity of AZO thin films is affected not only by the substitution of donor 

Al3+ instead of Zn2+ cation but also due to deposition pressure and thickness. 

One another reason for poor crystallinity is stress development during the 

deposition process.  The c-axis growth is preferred for AZO thin film to act as 

a window layer for CIGS solar cells. Not only RT, but AZO thin films deposited 

at ST-215 ̊ C in Fig. 6.2 (e) shows a similar pattern of the major peak with phase 

(002) intensity at 2θ value 35.12 ˚ with FWHM 0.404 ˚. In presences of ST-215 

˚C shown in Fig. 2 (e) and 0.5 mTorr pressure AZO compound fails to grow 

along the c-axis with phase (002) for 300, 400, and 500 nm thickness. Even at 

other deposition pressure i. e., 10 and 15 mTorr there is no strong major peak 

found for either thickness except at 5 mTorr with 500 nm thickness.  
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Fig. 6.1: (a) Photograph and (b) XRD Pattern of 2-inch (diameter) i-ZnO 

Target. 
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Fig. 6.2: XRD analysis of RF sputtered i-ZnO (a, b, and c) and AZO (d and 

e) thin films deposited at variable deposition pressure and power, 

thickness, and substrate temperature. 

 

Using Scherrer’s formula for crystallite size for i-ZnO and AZO thin films were 

estimated. Depending on deposition pressure, thickness, and ST crystallite size 

vary. Fig. 6.3 (a) and (b) represent the crystallite size of AZO thin films 

deposited at various deposition parameters. AZO thin films at 10 mTorr, 400 

nm thickness have a crystallite size of about 25.18 nm, while at ST-215 ˚C, 5 

mTorr and thickness 500 nm have 21.52 nm. As crystallinity improves, FWHM 

narrows down at 2θ value which results in enhancement of the crystallinity of 

thin-film. Additional factor such as substrate temperature promotes growth. 

Substrate temperature improves growth kinetics due to an increase in deposition 

rate. Once supersaturation of crystallite size takes place then on increasing 

lateral thickness of the thin film, no change in crystallite size was found for both 

AZO thin films deposited at RT and ST-215 ˚C.  
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Fig. 6.3: Crystallite size of RF sputtered AZO thin films (a) RT and (b) ST-

215 ˚C thin films deposited at variable deposition pressure and thickness. 
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6.3.2 Optical Analysis 

The optical analysis shows the transmittance characteristic of i-ZnO thin films. 

Transmittance has been carried out in near-UV to the visible range. The highest 

recorded transmittance is 94 % average in the visible region for i-ZnO thin films 

deposited at 1 mTorr, 100 W, and thickness 50 nm. High transmission for the i-

ZnO layer is suitable for collecting more photons in CIGS solar cells. As the 

thickness increases, the transmission decreases for i-ZnO. The minimum energy 

required for an electron to excite from valence band to conduction band is 

known as optical bandgap. A sharp absorption edge is found at 374 nm, which 

corresponds to the optical bandgap of i-ZnO. There is a shift in the excitonic 

absorption edge at the higher thickness, which results due to defect formation 

in the crystallographic structure of i-ZnO. The optical bandgap of i-ZnO thin 

films was estimated by plotting Tauc’s relation [20, 21]. Results of Tauc’s plot 

for i-ZnO thin film varied from 3.0 to 3.63 eV. The bandgap energy for the 

highly crystallographic oriented i-ZnO thin film deposited at 1 mTorr, 100 W, 

and thickness 50 nm is found to be 3.36 eV. Fig. 6.4 (a), (b), and (c) show 

transmittance spectra of i-ZnO thin films deposited at pressure (10, 5, and 1 

mTorr) with different deposition power (50, 100, and 150 W) and thickness (50, 

70 and 90 nm). Average transmittance for all AZO thin films was about 85-90 

% in the visible region was found. The sharp band edge was at 363 nm and it 

varies slightly for various deposition conditions. One can notice from Fig. 6.5 

that the sharp band edge for AZO thin films is a function of deposition pressure 

and thickness. In Fig. 6.5 (a), AZO film with 300 nm thickness has a peak 

around 376 nm and transmittance remains constant over the entire visible 

region. On increasing thickness to 400 and 500 nm, multiple interference 

patterns were observed. No sharp band edge was found for AZO film with a 

thickness of 500 nm at 15 mTorr and ST-215 ˚C; peak wavelength was also 

distorted which confirms the poor crystallinity. As deposition pressure decrease 

to 10 mTorr shown in Fig. 6.5 (e and g), all AZO thin films sharp band edge 

and have a sharp peak around 384 nm. Of course, there was a shift in peak but 

there were multiple interference patterns due to homogeneity of the film except 
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for 300 nm thickness. Similar results were obtained for AZO films deposited at 

5 and 0.5 mTorr. Redshift in peak wavelength was found for AZO thin films 

deposited at 0.5 mTorr and even their edge band was slightly stretch out forming 

a tail. Less interference pattern was observed for AZO thin film deposited at 5 

and 0.5 mTorr, these results agree with XRD analysis results. Due to the doping 

of Al atoms in undoped ZnO, the bandgap of AZO film shifts towards lower as 

well as to higher wavelength. Bandgap for all AZO was estimated as shown in 

Fig. 6.5 (b, d, f, and h) and it was in the range of 2.88 to 3.25 eV.  For AZO thin 

film deposited at 10 mTorr with 400 nm thickness at RT, the bandgap is 3.35 

eV. This is true for the pure or intrinsic semiconductor material, but in the case 

of n-type doped wide bandgap semiconductor material bottom of conduction is 

filled by donor electrons. According to Fermi Exclusion Principle, a photon 

with higher energies allowed to make the vertical transition from the valence 

band to the conduction band, therefore blocking of low energy transition results 

in bandgap widening due to alteration in crystals because of charge carrier 

motion and their scattering against ionized impurity. This shift in bandgap is 

known as Burstein-Moss shift (BM shift) [22-27]. In n-type doped 

semiconductor optical bandgap is the summation of undoped semiconductor 

and BM shift is given by the following equation (6.1): 

                                          Edoped = Eundoped + EBM                                         (6.1) 

Conduction band minima are filled up by electrons on the addition of donor 

atoms. When conduction band density of states Nc is overpopulated than carrier 

concentration, it is expressed according to equation (6.2): 

                                            Nc =
2(2𝑚∗𝑘𝑇)3/2

ℎ3
                                               (6.2) 

Where h is Planck’s constant and m* is the conduction band effective mass of 

the electron. Electron excitation from valence band electrons to above 

conduction band minima possesses interband transition. This creates a tail shift 

below the absorption edge and pushes the Fermi level to a higher energy level 

of a degenerate semiconductor. The shift in the tail is proportional to carrier 

concentration given by equation (6.3): 
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                                         ∆𝐸𝐵𝑀 = [
ℎ2

8𝑚∗] [
3𝑛

𝜋
]

2/3

                                         (6.3) 

where m* = 0.38 m0 for ZnO and hence carrier concentration (n) can be 

estimated for respective band shift. Form* = 0.38 m0, the effective density of 

states Nc is approximately 5.9 x 1018 cm-3 therefore carrier concentration (n) 

larger than Nc will possess optical band shift. The Bandgap widening of AZO 

thin film deposited at RT and ST-215 ˚C is shown in Fig. 6.6 (a and b). This 

kind of bandgap widening occurs because host atoms are charged due to 

displacement of charge from one to another atomic species. The charge in the 

crystal possesses displacement polarization due to the displacement of charge 

in it. The hole in the valence band is surrounded by a cloud of negative charge 

while the electron in the conduction band is surrounded by a positive charge. 

Each system of charge is viewed as a new particle, termed as polaron. 

Interaction in such polaron is ‘many-body interaction’ which results in self – 

energy shift due to displacement polarization. Not only band gap widening but 

narrowing of bandgap also takes place due to bandgap renormalization. 
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Fig. 6.4: Optical transmission spectra of i-ZnO thin films deposited ((a) 10, 

(b) 5 and (c) 1 mTorr), deposition power (50, 100 and 150 W) having 

thickness (50, 70 and 90 nm). 
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Fig. 6.5: Optical transmittance and Bandgap spectra of AZO thin films 

deposited (15 (a and b),10 (c and d), 5 (e and f) and 1 (g and h) mTorr), 

deposition power 100 W having a thickness (300, 400 and 500 nm). 

 

250 300 350 400 450 500 550

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3
 0.5 mTorr

 5 mTorr

 10 mTorr

 15 mTorr


E

B
M

 (
a
r
b

. 
u

n
it

s)

Thickness (nm)

AZO-RT

  

        (a) 

250 300 350 400 450 500 550

-0.50

-0.45

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

AZO-ST-215 C


E

B
M

 (
a

r
b

. 
u

n
it

s)

 0.5 mTorr

 5 mTorr

 10 mTorr

 15 mTorr

Thickness (nm)
 

       (b) 



 

20 
 

Fig. 6.6:  Burstein-Moss shift of AZO thin films (a) RT and (b) ST-215 ˚C. 

6.3.3 Urbach Energy and Electrical Measurements 

Urbach energy is the measure of disorder in material. Below the excitonic 

absorption edge, the Urbach tail is observed. The causes of defect disorders 

associated with Urbach energy investigated over the years are structural 

disorders during growth procedure, external temperature, phonons, impurities, 

excitons, etc. [28, 29]. The deviation from ideal stoichiometry attributes to 

structural disorder. Urbach tail or width (meV) falls exponentially below the 

absorption edge or bandgap, known as the ‘Sub-band gap’. At incident photon 

energy hυ, the absorption coefficient ‘α’ was measured. To estimate Urbach 

width, ln (α) versus energy should be plot followed by the linear fitting. 

Urbach's energy relation concerning the absorption coefficient is given in 

equation 6.4. The inverse of a slope will give Urbach width (Eu). As the Urbach 

energy is associated with defect energy, low Urbach energy is preferable for 

good stoichiometry.  Urbach energy or tail width for all i-ZnO thin film has been 

estimated in Table 6.1. The lowest Urbach energy estimated is for the i-ZnO 

thin film deposited at 1 mTorr, 151 W, and thickness 50 nm, which is 0.702 

meV. This infers that at this deposition condition, the i-ZnO thin film has fewer 

defects in it compared to i-ZnO thin films deposited at other conditions. This 

result agrees with the structural and optical analysis. At low deposition pressure 

and high power, the incoming species of zinc and oxygen atoms occupy their 

favourable site at the surface of the substrate. They are thermodynamically 

stable for suitable growth at the (002) axis forming a hexagonal structure. This 

leads to less formation of intrinsic defects or vacancies in the final structure. 

Urbach energy in AZO thin film was estimated similarly to i-ZnO thin films. 

Fig. 6.7 (a and b) represent Urbach energy for AZO thin film deposited at 

variable pressure and thickness with PRF 100 W at RT and ST-215 ˚C. Urbach 

energy estimated for AZO thin film deposited at 10 mTorr, 100 W at RT with 

thickness 400 nm is 0.4302 meV and results are well in agreement with XRD 

report of same AZO film having a highly crystallographic orientation in (002) 

plane [30]. In the case of AZO thin film deposited at ST-215 ˚C, Urbach energy 

increased to 0.7298 meV compare to AZO deposited at RT but still, it is low 
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compare to all AZO film deposited at ST-215 ˚C, J. I. Pankove [31] reported 

that generation of Urbach tail and energy associated with may due to following 

reason: (1) At high impurity concentrations formation of impurity takes place, 

(2) presence of impurities and dislocation or disorder creates crystal 

imperfections and (3) combination of electron impurity and non-homogenous 

distribution of impurities. The equation (3.4) for Urbach energy is given below: 

                                          𝛼 =  𝛼0  [
{

𝐸𝑔

𝐾𝑇
}

𝛽
]                                                     (6.4)  

Table 6.1: Urbach energy or ‘tail width’ of i-ZnO thin films at different 

deposition conditions. 

Thickness  

(nm) 

Power 

(W) 

10  

(mTorr) 

5  

(mTorr) 

1  

(mTorr) 

Eu  

(meV) 

50 

50 0.762 1.891 1.452 

100 2.096 2.753 0.882 

150 1.398 2.886 0.702 

70 

50 0.909 1.279 1.140 

100 1.275 1.138 1.550 

150 0.906 1.379 1.084 

90 

50 1.055 0.941 1.011 

100 0.871 1.138 0.940 

150 0.980 0.863 2.993 
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Fig. 6.7: Urbach Energy (EU) of RF sputtered AZO thin films (a) RT and 

(b) ST-215 ˚C thin films deposited at variable deposition pressure and 

thickness. 

 

ZnO crystals have n-type of conductivity which is still a topic of debate. 

Controlling unintentional conductivity in ZnO crystal is a very challenging 

issue. The small concentration of different native point defects, such as antisite, 

vacancies, and the interstitial defect may give rise to unintentional conductivity 

which can significantly affect the electrical properties. Researchers have found 

that oxygen is a deep donor, which is responsible for the oxygen vacancy defect 

[32]. Another contribution for conductivity is the Hydrogen element, which acts 

as a shallow donor generating interstitial vacancy. The four-point probe method 

is used to characterize the electrical property of i-ZnO and AZO thin films. The 

highest resistivity measured was 6.8 x 105 Ω-cm for an i-ZnO thin film with a 

thickness of 50 nm having depositing pressure of 1 mTorr and power 150 W. 

At low pressure and high PRF, the Zn and O atoms untie to forms a ZnO 

hexagonal structure with controlled oxygen constituents leads to high 

resistivity. Whereas at high pressure and low PRF, there are formation defects 

and vacancy which decrease resistivity. Table 6.2 represents the electrical 
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resistivity, Hall mobility, and carrier concentration of AZO thin films deposited 

at varied parameters. It was observed with an increase in deposition pressure up 

to 10 mTorr mobility and carrier concentration increase and then it decreases 

for 15 mTorr. Substrate temperature 215 ˚C improves the crystallinity as well 

as reduces the grain boundary. This results in low resistivity, high mobility, and 

carrier concentration.  The results are acceptable compared to [33-35] having a 

magnitude of order 10-4. 

 

Table 6.2: Electrical resistivity, Hall Mobility, and Carrier concentration 

of AZO thin films deposited at PRF 100W.  

Parameters 
Thickness  

(nm) 

0.5 

(mTorr) 

5 

(mTorr) 

10 

(mTorr) 

15 

(mTorr) 

RT 

 

ρ 

x10-3 

Ω-cm 

µ 

(cm2/

V-s) 

n 

x1019 

(cm-3) 

ρ 

x10-3 

Ω-cm 

µ 

(cm2/

V-s) 

n 

x1019 

(cm-3) 

ρ 

x10-3 

Ω-cm 

µ 

(cm2/

V-s) 

n 

x1019 

(cm-3) 

ρ 

x10-3 

Ω-cm 

µ 

(cm2/

V-s) 

n 

x1019 

(cm-3) 

300 5.463 27.01 4.23  3.479 24.39 7.36 4.946 35.06 3.60  13.00 29.64 1.620 

400 7.175 34.61 2.50 2.609 37.41 6.41  0.626 42.06 23.7 17.30 38.23 0.952 

500 6.432 22.01 441 3.805 23.69 694 1.087 25.30 22.7 11.80 26.02 2.030 

ST-215 ˚C 

300 3.420 28.71 6.36 0.413 28.39 53.2 0.198 36.77 85.6 0.274 37.82 60.20  

400 0.920 40.91 16.5 0.250 47.50 52.5 0.250 49.08 50.9 0.300 49.66 41.80 

500 14.00 29.43 1.51 0.212 51.85 56.6 0.280 50.73 43.9  0.231 45.39 59.60 

 

6.3.4 Atomic Force Microscopy Analysis  
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                              (c)                                                         (d) 

   

                             (e)                                                          (f) 

    

                          (g)                                                             (h) 

Pseudo-color view of the surface - 18-U3-18_00001, Topography
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3D view of the surface - Leveled (Least squares method)
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3D view of the surface - 15-U3-18_00001, Topography > Leveled (Least squares method)
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3D view of the surface - 25-U3-18_ _00002, Topography
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                            (o)                                                            (p)  

   

                           (q)                                                            (r) 

Fig. 6.8: AFM analysis of i-ZnO thin film deposited at (a and b) 10 mTorr, 

(c and d) 5 mTorr, (e and f) 1 mTorr), 150 W and thickness 500 nm and 

AZO thin film at RT, (g and h) 300 nm, (i and j) 400 nm and (k and l) 500 

nm) and ST-215 ˚C, (m and n) 300 nm, (o and p) 400 nm and (q and r) 500 

nm. 

 

2D and 3D AFM images of i-ZnO and AZO thin films for topographical analysis 

were carried out using AFM Keysight 5500 Scanning Probe Microscope (Mode- 

ACAFM) instrument are shown in Fig. 6.8. The surface structure and texture of 

i-ZnO thin films deposited at 10 mTorr is shown in Fig. 6.8 (a and b) consist of 

a bunch of columnar rods at a certain inclination angle interspersed over the 

substrate surface. Growth is non-uniform over the surface and root mean square 

roughness (Rrms) value of about 52.50 nm. On decreasing deposition pressure 

26-U3-18_00001, Topography > Form removed (Polynomial of degree 2)

0.0 0.2 0.4 0.6 0.8 1.0 µm

µm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

nm

0

10

20

30

40

50

60

70

80

26-U3-18_00001, Topography > Form removed (Polynomial of degree 2)

  

27-U3-18_00001, Topography

0.0 0.2 0.4 0.6 0.8 1.0 µm

µm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

nm

0

50

100

150

27-U3-18_00001, Topography

  



 

27 
 

to 5 mTorr as shown in Fig. 6.8 (c and d) has a similar growth structure to film 

deposited at 10 mTorr, but here bunches of columnar rods have well-defined 

grain boundaries, and these rods have uniform growth coverage over the 

substrate surface. Instead of c-axis orientation, columnar rods have inclined 

growth direction to the substrate surface and the roughness Rrms value is 72.28 

nm. However, the formation of voids or surface defects such as vacancies, 

interstitials, and dislocations can easily occur due to the misalignment of atoms 

during the growth stage. Conformal coverage of i-ZnO thin film was observed 

at deposition pressure 1 mTorr shown in Fig. 8 (e and f). From the results, shown 

in Fig. 6.8 (e and f) it is depicted that growth is in the c-axis direction with no 

grain boundaries, and surface roughness decrease to 17.81 nm. For AZO thin 

films deposited at 10 mTorr with the thickness (300, 400, and 500 nm) and PRF 

100 W, the structure and texture of films are dependent on thickness and 

substrate temperature i. e. RT and 215 ˚C. At RT, 300 nm AZO thin films have 

hillock topography. AZO hillocks interpose among themselves and have few 

numbers of valleys with roughness Rrms value 132.3 nm. Circular and uniform 

grain texture has formed with thickness 400 nm shown in Fig. 6.8 (i and j). Here 

surface roughness Rrms reduced drastically to 12.42 nm. The amalgamation of 

crystallites results in homogenous and grain boundary-free structures along with 

the c-axis direction. Sharp and tapered hillocks formed when thickness increase 

to 500 nm shown in Fig. 6.8 (k and l). Anisotropy in structure may be due to an 

increase in density of structure and reduced sticking coefficient due to which 

roughness Rrms increased to 152.5 nm. In presence of ST-215 ˚C, AZO film 

with a thickness of 300 nm shown in Fig. 6.8 (m and n) form gibbous structure 

having roughness Rrms value 114.8 nm interspersed all over the surface. 

Surprisingly, ST-215 ˚C, increase in thickness 400 nm Fig. 6.8 (o and p) 

overlapped gibbous structure formed with reducing surface roughness Rrms to 

14.11 nm. Few but large grains formed over the substrate surface. More dense 

coalescence occurred when thickness increase to 500 nm shown in Fig. 6.8 (q 

and r). Between gibbous structures, vertical columns with uneven heights have 

been grown. Due to which surface roughness Rrms increase to 17.46 nm. The 

surface topography described above is dependent on deposition parameters 

(pressure, power, thickness, and substrate temperature. The results are well in 

agreement with the structure zone model proposed by John. A. Thorton [36]. 



 

28 
 

The ratio of substrate temperature (Ts) to Melting temperature (Tm) describes 

the microstructural growth of the thin film. According to his proposed model, 

the topographical texture of i-ZnO and AZO films refers to zone 1 and zone T 

where Ts/Tm < 0.3. For i-ZnO and AZO thin films, Ts (297.15 K), Ts (488.15 

K) and Tm (2253.15 K) ratio of Ts/Tm is 0.13 and 0.21. In 1969, Mouchan and 

Demichinhn (MD) [37] also proposed a thin film growth model in which they 

stated that tapered columns with voided boundaries structure are formed when 

Ts/Tm is 0.3. Growth of thin-film involves primarily surface diffusion process 

which is surface smoothing effects and secondly atomic shadowing effect along 

a preferential direction at an oblique angle. Due to the atomic shadowing effect, 

incoming energetic particles proceed towards the substrate surface at an oblique 

angle and are subjugated by higher surface points such as hills. The surface 

becomes rough columns and can cause sidewall growth at the surface during 

normal angle deposition. One another parameter that is important during growth 

is the sticking coefficient dependent on experimental growth parameters and 

substrate surface morphology. Incoming particles may stick or re-emit (re-

sputter) from their impact point. Redeposition of energetic particles on the 

valley surface occurs when the re-sputtering of adatoms takes place by energetic 

atoms/ions. Height of surface locations due to the shadowing effect and 

presence of re-emitted particles that can travel long distances are responsible 

for growth structure. Re-emission leads to a smooth surface whereas the 

shadowing effect leads to a rough surface. Low-velocity incoming atoms 

possess a trajectory path and due to the presence of atom-atom attractive 

potentials, they are captive by an adjacent aggregate of atoms at the surface; this 

generates voids during the initial growth process. To fill voids, either substrate 

temperature should be raised so that enough surface diffusion of adatoms occurs 

or incoming particles must have enough energy so that voided boundaries can 

be filled by the momentum exchange process. 
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6.3.5 Scanning Electron Microscopy Analysis 

   

                              (a)                                                             (b)    

    

                             (c)                                                              (d) 

 

(e) 

Fig. 6.9: Scanning Microscopic image of AZO thin film (a) RT, (b) ST-215 

˚C and i-ZnO thin films (c) 10 mTorr, (d) 5 mTorr and (e) 1mTorr. 

 

Scanning Electron Microscopic top view images of AZO and i-ZnO thin films 

shown in Fig. 6.9 (a-e) provides a clear picture of the microstructural 

morphology of thin film formed due to variable deposition pressure and 
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substrate temperature. AZO thin film deposited at RT at 10 mTorr with PRF 

100 W as shown in Fig. 6.9 (a) have a uniform and well-defined geometric grain 

structure with perceptible voided grain boundaries. As the ratio of Ts/Tm is 0.13 

and according to the zone structure model, these types of microstructure refers 

to zone 1. In the presence of ST-215 ˚C shown in Fig. 6.9 (b), thin-film has a 

similar microstructure to neural network structure [38]. These results also well 

agree with the zone structure model; here Ts/Tm value is 0.21 that represents 

Zone T. Of course, both zone 1 and zone T have columnar growth, but the 

topography is different. In the case of i-ZnO thin film deposited at 10 mTorr 

and PRF 150 W shown in Fig. 3.9 (c) possess undulating growth morphology 

while decreasing pressure to 5 mTorr shown in Fig. 3.9 (d), improper surface 

diffusion of incoming atoms takes place. Non-uniform aggregate forms on the 

surface, but further reducing the deposition pressure to 1 mTorr shown in Fig. 

3.9 (e), aggregates reduce to a very large extent and the planar uniform surface 

was formed. It is assumed that at 1 mTorr, the incoming atoms have kinetic 

energy to get fully adsorbed on the substrate surface and avoiding void 

formation. i-ZnO deposited at 5 mTorr possess Stranski- Krastanov growth 

mode while at 1 mTorr layer by layer i. e., Frank Vander Merwe growth mode 

appeared. 

 

6.3.6 Photoluminescence Analysis  

PL emission spectra of i-ZnO thin films are shown in Fig. 3.10 (a), (b), and (c). 

Pl measurements were carried out at room temperature. The Xenon lamp was 

used as a source with an excitation wavelength of 245 nm. We have investigated 

the effect of deposition pressure on the PL properties of i-ZnO thin films. The 

experimental data are fitted by a multi-peak Gaussian shape to identify the 

contribution of various defects and impurities. The thickness of all i-ZnO thin 

films is kept at 50 nm. In Fig. 3.10 (a), the emission spectra are at 386 nm and 

another peak at 454 nm. The major peak at 386 nm corresponds to the near-UV 

region and 454 nm in the visible region. Near UV- band, the emission is due to 

the excitation recombination of ZnO taking place through an excition-excition 
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(e) 

Fig. 6.10: Photoluminescence (PL) emission spectra of i-ZnO thin films 

deposited ((a) 10 (b) 5 and (c) 1 mTorr), and AZO thin films ((d) RT and 

(e) ST-215 ˚C). 

 

collision process. As the deposition pressure decreases from 10 mTorr to 1 

mTorr, the minor peak disappears which may be due to a decrease in defects or 

impurities. As high deposition power increases, the intensity of Pl emission 

spectra decreases which confirms the reduction of defects. It is believed that 

zinc I interstitial/oxygen vacancies are donor impurities and oxygen 

interstitial/zinc vacancies are acceptors in the ZnO structure. The edge 

luminescence transition may correspond to the luminescence emission of a free 

exciton, excitons bound to neutral donors, and of their two-electron satellite 

(TES) [39, 40]. The cause of the major peak is near band edge emission of i-

ZnO thin films whereas the minor peak may be due to electron transition from 

a shallow donor or electron transition from Zni to the VZn. Fig. 3.10 (d and e) 

represent PL spectra for AZO thin film deposited at pressure 10 mTorr, PRF 
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100 W, and thickness (300, 400, and 500 nm) at RT and ST-215 ˚C. At RT first 

peak at 349 nm was observed having 3.57 eV energy which is close to the 

Bandgap of AZO and another peak very close to it i. e. around 392 nm was 

observed having energy 3.17 e.V. This peak indicates transition followed by 

emission due to electron-electron collision near the band edge. Another peak at 

470 nm depicts the presence of defects that give to green luminescence. But the 

method we adopted for deposition does not supply any oxygen atom. Therefore, 

this peak is near to the green luminescence band with very low intensity. There 

may be a probability of the formation of Zinc vacancy (Vzn) due to its energy 

formation. Vzn is a double acceptor having a transition level of ɛ (0/-) and ɛ (-

2/2-). Remarkably no such green luminescence was observed for AZO thin film 

deposited at ST-215 ˚C except near band edge at 385 nm [41-44].  

 

6.3.7 Raman Spectroscopic Analysis  

Fig. 6.11 represents Raman scattering of i-ZnO and AZO thin films recorded 

using instrument Model Horiba XploRa plus, (France) with excitation 

wavelength 532 nm in the range 200-1300 cm-1. 4C6v (P63mc) is a space group 

of ZnO with 12 phonons, 3 acoustic (LA+TA), and nine optical (LO, TO) 

modes. Irreducible representation of zone center optical phonon is given by the 

following equation (6.4):  

                                   Topt = A1+E1+2E2+2B1                                               (6.4) 

Both, Raman and IR active modes are A1 and E1which are polar modes while 

E2 mode is non-polar and Raman active only [45, 46]. In Fig. 6.11 (a), a peak 

at intermediate low-frequency regime i. e. 335 cm-1 was observed for i-ZnO thin 

films but a slight shift towards higher frequency was observed as deposition 

increase to 10 mTorr. For AZO films deposited at RT shown in Fig. 6.11 (b), 

the peak shifted to 340 cm-1 and was less intense and for AZO ST-215 ̊ C shown 

in Fig. 6.11(c), the 
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Fig. 6.11: Raman spectra emission spectra of i-ZnO thin films deposited (a) 

(10, 5 and 1 mTorr), AZO thin films at (b) RT and (c) ST-215 ˚C. 

 

peak wave number reduces to 327 cm-1. This peak must dominate A1 symmetry 

with low E2 high and E1 low components. Similarly, the difference in B1high 

and B1low components possess A1 symmetry at frequency 270 cm-1 for i-ZnO 

while for AZO at RT frequency shifts to 286 cm-1[47]. Another A1 symmetry 

i.e., LA along with M-K points where phonon dispersion is flat, shift in peak 

broad was observed at 460 cm-1 for i-ZnO films deposited at 1 mTorr, while for 

5 mTorr slight intensity and broadness decrease but 10 mTorr pressure it shifted 

to 480 cm-1. A similar peak at 480 cm-1 was only observed for AZO films 

deposited at 10 mTorr pressure RT while for ST-215 ˚C and other deposition 

conditions it was the only flat band. A highly intense peak at 565 cm-1 was 

recorded. This peak refers to A1 (LO) vibration mode. A1 (LA+TA) mode 790 

cm-1 was observed with the Brillouin zone (M-K). A weak mode A1 (LO) was 

recorded for all i-ZnO thin films at 555 cm-1 which is highly shifted towards the 

lower wavenumber compared to 574 cm-1 [48]. This mode may be assigned to 
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the First-order system or second-order symmetry where frequency corresponds 

to both optical and acoustic phonon combination. Similar mode for AZO thin 

films deposited under RT and ST-215 ˚C but here frequency shift was observed 

at higher wavenumber. From this, one can infer that 565 cm-1 tends towards 

First order symmetry mode. Well, all samples possess 790 cm-1 and 1090 cm-1 

which originates from glass substrate [49]. A combination of four Brillouin zone 

points i. e. L-M-K-H with A1 (2TO) symmetry was present at 980 cm-1 in all 

samples. 

 

Conclusions 

In conclusion, the passivator and good charge collector layer for CIGS solar cell 

module on a 2 sq-inch glass substrate was studied. i-ZnO and AZO thin films 

were prepared using the RF sputter technique. The i-ZnO thin film was 

deposited using an in-house fabricated 2inch diameter sputter target. AZO thin 

film deposited at 10 mTorr, 100 W, RT with thickness 400 nm. This AZO thin 

film has good crystallographic orientation along the (002) plane and has a 

crystallite size of 25.18 nm. i-ZnO deposited at 151 W, 1 mTorr with thickness 

50 nm possess low Urbach energy, i. e., 0.702 meV and meanwhile AZO thin 

film deposited at 100 W, 10 mTorr, RT with thickness have 0.4302 meV. This 

signifies low structural defects in both thin films and matches well in agreement 

with characterization reports. The estimated optical band gap energy for AZO 

was 3.35 eV, optical transmittance 85-90 % for a large number of photons. 

Around 0.05 eV Burstein-Moss shift was witnessed for above mentioned AZO 

thin film. Topographical and microstructural studies i-ZnO and AZO thin film 

reveal that depending on deposition parameters especially, on thickness, the 

structure, texture, and conformal coverage varies. Due to the presence of grain 

boundaries, the resistivity of AZO thin film is affected.  The optimized AZO 

thin film has a resistivity in order of magnitude, 10-4, which serves as a good 

charge collector from the CIGS solar cell module. Photoluminescence and 

Raman spectra of i-ZnO and AZO thin films show material characteristics with 

defects and impurities as well as structure symmetry in Raman active mode. 
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