Figures
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.1
2.12
2.13
2.14
2.15
3.1
3.2
33
3.4
4.1
4.2
43

4.4
4.5

4.6

4.7

4.8
4.9

4.10

5.1

List of Figures

Title

Schematic representation of (a) p-n junction solar cell (b) Band diagram of p-n junction

under illumination.

(a) schematic representation for air mass ratio (AM) definition (b) Solar irradiance versus

wavelength curve for AMo, AM1.5G and AM1.5D solar spectra

Solar AM1.5G spectrum and SQ limit of maximum efficiency of the single junction solar cell
with respect to energy [Rihle, 2016]

One diode equivalent circuit for a solar cell in conjunction with series and shunt

resistances.

Two diode equivalent circuit for solar cell

Phase diagram for CZTS taken from [Olekseyuk et al., 2004]

Representative defect levels in CZTS taken from reference [S. Chen, Walsh, Gong, & Wei,

2013]

Schematic representation of valance and conduction band offset at hetero interface

Schematic representation of type of band alignment at the hetero interface

Camera image of X-ray diffractometer at IIT Jodhpur

Camera image of (a) Scanning electron microscope and (b) DC sputter coating unit at IIT

Jodhpur

Camera image of Atomic force microscope (AFM) system at lIT Jodhpur

Camera image of Cary 4000 UV- Vis spectrophotometer

Camera image of (a) Fourier transform infrared spectrometer and (b) Raman spectrometer

unit at IIT Jodhpur

Camera image of (a) Semiconductor characterization system (SCS) and (b) Electrochemical

workstation at [IT Jodhpur

(2) XRD micrograph of Mo deposited on SLG substrate (b) Surface and cross sectional

image of Mo film deposited on SLG substrate

(a) Secondary electron microscopy (SEM) image and (b) Transmittance spectra of CBD

deposited CdS thin film on glass substrate

Transmittance spectra of i-ZnO/Al:ZnO bilayer deposited on glass substrate with corrected

transmittance of glass substrate

Schematic representation of complete device structure of CZTS solar cell

Schematic representation of process of formation of CZTS thin film

XRD micrographs of CZTS thin films at different processing temperatures (a) Chloride

precursor route (MX) and (b) Nitrate precursor route (MXN)

() Texture coefficient, and (b) Grain size and dislocation density variation with processing

temperature for MX and MXN CZTS thin films.

Room temperature Raman spectra of 300 °C annealed MX and MXN CZTS thin films.

Surface SEM micrograph and EDAX mapping (inset) for a) chloride precursor film b) nitrate

precursor film and an schematic 3D representation of (¢) chloride sol derived CZTS film,

showing polycrystalline nature with large grains; (d) nitrate sol derived CZTS film, with

blisters at the surface

EDAX compositional details for CZTS thin films prepared at different annealing

temperature using (a) chloride sol (b) Nitrate sol

Cross-sectional SEM micrographs for 300 °C annealed (a) chloride sol derived (MX) (b)

Nitrate sol derived (MXN ) CZTS thin films and corresponding surface morphology (c)

chloride sol derived (MX) (d) Nitrate sol derived (MXN)

(a.E)* vs. photon energy plot for CZTS thin films processed at different annealing

temperature using a) Chloride sol b) Nitrate sol

van der Paw resistivity mapping of CZTS thin film across 1 inch x 1 inch glass substrate

prepared using a) Chloride sol and b) Nitrate sol after 300 °C annealing

Current-voltage characteristics of CZTS thin films prepared using (a) Chloride sol b) Nitrate

sol at different temperature. Inset in both the graph represents room temperature

resistivity of the films with processing temperature measured using van der Paw

configuration

(a) Temperature profile used for final annealing of CZTS thin film under 5% H,S+Ar gaseous

viii

Page

1
12

13
14
20
21

21
22

23
23
26
27
28
28
32
33

34

35
36

37

37

38
39

39

42



5.2

53

5.4

5.5

5.6
5.7

5.8

59

6.1

6.3
6.4

6.5
6.6
6.7

6.8

7.1
7.2
7-3
7.4
7-5

7.6

77

7.8

environment (b) schematic representation of stacked multilayer
(Al:ZnO/ZnO/CdS/CZTS/Mo/SLG) solar cell heterostructure with 3 mm x 3 mm area scribed
for smaller solar cell structures

XRD pattern of the post annealed CZTS thin films on (a) SLG substrate (CZTS/SLG), with
reference kesterite CZTS phase (ICDD# 026-0575) (b) Mo/SLG substrate (CZTS/Mo/SLG)
Scanning electron micrograph of (a) CZTS thin film over Mo coated SLG substrate, (inset
showing atomic fractions obtained through EDAX measurement); (b) cross sectional
micrograph of stacked (AZO/ZnO/CdS/CZTS/Mo/SLG) device structure; (c) Cross sectional
line scan showing elemental distribution across the layers; and (d) respective elemental
distribution across the layers

(o.E)* versus energy E (eV) curve for CZTS/SLG thin films with an arrow showing the
extrapolated linear region of the curve

(a) Current density versus voltage (J - V) characteristics under dark and under 1 sun
illumination conditions with inset showing device parameters (b) dark current-voltage
characteristics for Al:ZnO/ZnO/CdS/CZTS/Mo/SLG solar cells and Open Circuit Voltage Decay
analysis

() Open circuit voltage decay (OCVD) curve for the CZTS heterostructure device
Capacitance - voltage characteristics (a) and Mott-Schottky plots (b) for
Al:ZnO/ZnO/CdS/CZTS/Mo/SLG solar cell, measured at different frequencies

(a) Impedance spectrograph for Al:ZnO/ZnO/CdS/CZTS/Mo/SLG solar cell with three
different equivalent circuit models M1, M2 and M3, as explained in (a, b, ¢) and
corresponding error in (d, e, f), where M3 corresponds to the best fit to the measured
experimental impedance spectrograph.

Complex plane impedance plot in the dark under (a) forward bias and (b) reverse bias; (c)
zoom view of the forward biased impedance plot, (d) resistance variation, (e) capacitance
variation, and (f) minority carrier life times (t= R;; and t,=R,(p)as a function of bias
voltage for Al:ZnO/ ZnO/CdS/CZTS/Mo/SLG solar cells.

XRD patterns for sample S1, S2 (Green color lines indicate the peak positions of CZTS
according to ICDD # 26-0575).

SEM micrograph for (a) S1 and (b) S2 surfaces; and respective topographic images (c) St
and (d) S2 samples

Tauc plot for CZTS thin film samples S1 and S2; used for estimating the band gap values
"9Sn Mossbauer spectroscopic measurements on S1 and S2 (a) CZTS samples, with
standard Sn powder (b) as a reference.

Normalized temperature dependent resistance variation with temperature for (a) S1and
(b) S2 CZTS

Natural logarithm of conductivity against 1000/T plots for (a) S1 and (b) S2 CZTS samples,
with inset showing the high temperature regions for respective samples

(a) Capacitance-Voltage (C-V) measurements (b) Mott-Schottky plots of photovoltaic
devices based on S1and S2 absorbers

(a) Photovoltaic characteristics of CZTS solar cell with S1and S2 absorber in dark and under
illumination (b) Dark IV characteristics of S1and S2 solar cell

Schematic representation of multijunction solar cell

(a) Schematic representation of “Al:ZnO/ZnO/CdS/Absorber layer/Back contact” single
junction solar cell structure, used for simulating the device performance and (b) the
absorption coefficients of different materials used in the present work

(a) Band alignment at the interface and (b) Current-voltage (I-V) characteristics of single
junction CZTS and CZTSe solar cells

(a) Open circuit voltage; (b) short circuit current density; (c) efficiency, and (d) quantum
efficiency of CZTS and CZTSe absorber solar cells at different absorber layer thickness.

() Open circuit voltage; (b) short circuit current density; and (c) efficiency at different hole
concentration for CZTS and CZTSe absorber based solar cells.

Impact of defect concentration (2) and absorber/CdS interface defect concentration (b) in
efficiency for CZTS and CZTSe solar cells and contour plots showing variation of efficiency
with minority carrier life time and interface recombination speed in CZTS (c); and CZTSe (d)
Impact of CdS buffer layer thickness and carrier concentration on CZTS (a) and CZTSe (b)
solar cell efficiency

Conduction band offset (CBO) in (a) CZTS (b) CZTSe at different CdS layer electron affinity

(Xcas)

42

43

44

45

46
46

48

50

55

56

57
57

58
59
60

61

63
64

66
67
68

69

69

70



7-9
7.10
7.1

7.12

713

7.14

8.1

8.2
8.3

8.4

8.5

8.6
8.7
8.8

8.9

Impact of CdS electron affinity (band offset at absorber/CdS interface) on Voc (a); Jsc (b);
and efficiency () for CZTS and CZTSe solar cells

Impact of interface recombination speed and CdS electron affinity on CZTS (2) Voc, (c) Jsc
(e) efficiency and CZTSe (b)Voc (d) Jsc (f) efficiency

Impact of metal work function on Voc (inset Jsc) (a) and efficiency (b) for CZTS and CZTSe
solar cell

Schematic representation of tandem cell structure with CZTS top cell and CZTSe bottom
cell in conjunction with tandem connections

() Variation of current density of CZTS top cell and CZTSe bottom cell at different
thicknesses (b) Thickness of top CZTS cell matched with different thickness of bottom
CZTSe cell (c) Current density and open circuit voltage curve for tandem structure with
current matched top and bottom cell at different bottom cell thickness (d) Tandem
structure efficiency at different bottom cell thickness

(2) Current-voltage characteristics and (b) quantum efficiency for CZTS top cell CZTSe
bottom cell and CZTS/CZTSe tandem cell

CZGS/Se crystal structure for (a) kesterite phase (Space group I-4) and (b) stannite phase
(Space group I-4 2m) showing cations at the center of tetrahedron and chalcogens at the
corner of tetrahedron

Volume optimization data, fitted with Murnaghan equation of state for (a) CZGS and (b)
CZGSe in kesterite and stannite crystallographic phase

Band structure of CZGS/Se system for (a) kesterite CZGS, (b) stannite CZGS, (c) kesterite
CZGSe and (d) stannite CZGSe

Total density of states and projected density of states for (a) kesterite CZGS (b) stannite
CZGS (c) kesterite CZGSe (d) Stannite CZGSe

Dielectric constants as a function of energy for kesterite and stannite CZTS/Se phases: (a)
real xx component; (b) real zz component; (c) imaginary xx component and (d) imaginary
zz component

Refractive index and extinction coefficient for CZGS/Se in kesterite and stannite phases (a)
Ny (b) N, (€) ke and (d) ky,

Optical absorption and optical conductivity of CZGS/Se in kesterite and stannite phase (a)
O (b) Az, (€) oxx and (d) o,

(a) Optical band gap of kesterite and stannite phase CZGS/Se after scissor correction of 1
eV in mBJ calculation (b) Birefringence in kesterite and stannite phase CZGS/Se

Reflectivity components as a function of energy for kesterite and stannite CZGS/Se phases
in () perpendicular R,,and(b) parallel R,, to tetragonal c-axis

71
72
72
73

74

74

78

79

81
81

82

84
85
86

86



