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Introduction  
The development of sustainable energy resources is vitally important to satisfy the high 
demand for energy due to the fast growth of the population, industrial revolution, etc. 
[1,2]. Currently, fossil fuels, i.e., coal, natural gas, and oil, are the source of more than 
80% of the needed energy. However, these are limited resources of energy and are 
harmful to the environment and to humans [3]. On the other hand, hydropower, wind, 
biomass, geothermal, hydrogen, and solar energy are current and prospective renewable 
energy sources competing to substitute for fossil fuels and decrease CO2 emissions. 
Among them, solar energy is one of the most promising renewable energy sources 
because the sun provides more energy to the earth in one hour than the entire world 
needs in one year [4]. Furthermore, energy from the sun can be generated either by 
converting the sun into electricity through the photovoltaic (PV) effect or direct 
collection in the form of heat (solar thermal technology). The compound annual growth 
rate (CAGR) of photovoltaics over the last 15 years was above 40%, which makes PVs one 
of the fastest growing industries at the present time [5]. Furthermore, thin film solar cells 
(TFSCs) are one of the most promising modules of PV technology, which will be discussed 
in detail below [6].   

TFSCs are the second generation of solar cells, and they can be fabricated on both rigid 
and flexible substrates, such as glass, metals, plastics, etc. Also, it is possible to integrate 
TFSCs into the building component due to their relative lightweight and flexible 
structure. TFSCs consume an extremely low amount of materials compared to the 1st 
generation wafer–type solar cells based on crystalline silicon while converting a 
comparable amount of solar energy to electricity. The 2nd generation terrestrial PV panels 
that are commercially available include mainly amorphous silicon (a–Si), copper indium 
gallium chalcogenides Cu(In,Ga)Se2 (CIGSe), Cu(In,Ga)S2 (CIGS), and cadmium telluride 
CdTe. The raw materials used to fabricate amorphous silicon are the most  
earth–abundant and widely available; however, a–Si has some disadvantages, such as 
relatively rapid degradation and poor absorption capability [7]. Thus, p-type 
semiconductors with a high absorption coefficient and direct band gap (Eg), such as 
CIGSe, CdTe, and Cu2ZnSnS4 (CZTS), are promising alternative absorbers for a–Si in TFSCs 
due to the long–term stability and excellent optoelectronic properties. The complete 
structure of TFSCs may also include a thin layer of n-type semiconductor defined as a 
buffer layer (e.g., CdS, ZnS, In2Se3, etc.) with the functional role of improving the p–n 
junction of the TFSCs [8,9,10].  

It is well known that a thin film CdS mainly prepared by chemical bath deposition (CBD) 
is the standard buffer layer used with CIGSe, CdTe, and CZTS solar cells [8,11–13].  
In principle, CdS fulfills the main requirements of buffer layers; it forms a suitable 
conduction band alignment at the absorber/buffer interface. Also, the CdS buffer layer 
protects the absorber layers during the subsequent deposition [14–16]. However, 
recently, many efforts have been devoted to replacing the CdS with other materials due 
to some drawbacks, such as the predicted environmental hazards produced by the 
application of CBD–CdS in device production lines as reported here [8,17], the marketing 
problems of the devices containing Cd, which will result from the restriction of Cd in 
electronic devices as a legal policy of different states [18], the technological issues of 
using a non-vacuum CBD method to produce CdS while the rest of the production line 
uses vacuum techniques, and interfering light absorption with the absorbers in the 
wavelength range of 350–550 nm due to the relatively low band gap of CdS around  
2.45 eV [8]. As a result, numerous materials have been examined as an alternative  
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Cd–free buffer layer, such as zinc and indium based materials [9,10,19–24]. Some of 
these materials have somewhat overcome the drawbacks of CdS. For example, a less–toxic 
Zn(O,S) was used as a buffer layer with Cu(In,Ga)(Se,S)2 absorbers, which resulted in the 
highest recorded photoconversion efficiency (η) of 23.35% [25–30]. Also, the spectral 
response was enhanced in the blue region of the wavelength spectrum [24]. Herein, as a 
continuation in the same trend of replacing conventional CdS, we propose to apply 
Zn(O,Se) as an alternative buffer layer in TFSCs. Zn(O,Se) is a potential material for the 
replacement of the CdS buffer layer in solar cells and other optoelectronic devices 
because it possesses suitable electrical properties, optical transparency in the visible 
region, and consists of relatively eco–friendly elements [31].  

The current thesis aimed to prepare and study Zn(O,Se) as a wide band gap, less–toxic 
alternative buffer layer for conventional CdS in optoelectronic devices. Thus, we deposited 
Zn(O,Se) layers onto soda–lime glass (SLG) substrates by pulsed laser deposition (PLD). 
Various deposition conditions were studied, such as the effect of the substrate 
temperature (TS) (Paper I) and the effect of the laser fluences (Paper II) on the structural, 
optical, and electrical properties of the Zn(O,Se) layers. In addition, Zn(O,Se) has been 
applied as a buffer layer in complete solar cells with a CIGSe absorber, and the 
characteristics of the solar cells of these devices were investigated (Paper III).  

This dissertation consists of the introduction part and three different chapters. 
Chapter 1 represents a literature review exploring the main requirements of the buffer 
layers, properties of the Zn(O,Se), different deposition methods for the Zn(O,Se) layers, 
and the principle, development history, and setup description of the PLD. Chapter 2 
briefly explores the experimental techniques used to prepare and characterize the 
Zn(O,Se) layers and the complete solar cell structures fabricated in this thesis. Chapter 3 
is separated into 3 different parts and represents the results and discussion about the 
effect of the TS and the effect of the laser fluences on the properties of the Zn(O,Se) layers 
followed by the application of Zn(O,Se) as a buffer layer with a CIGSe absorber in 
complete solar cells.  
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Abbreviations and Symbols 
a–Si Amorphous Silicon   
AZO Aluminum doped Zinc Oxide 
CBD Chemical Bath Deposition 
CBO Conduction Band Offset 
CW Continuous Wave   
DPSS Diode–Pumping Solid–State 
EDX Energy Dispersive X-Ray Spectroscopy 
Eg Optical Band Gap  

EQE External Quantum Efficiency 
FF Fill Factor 
FTO Fluorine doped Tin Oxide 
FWHM Full Width at Half Maximum 
HR-SEM High-Resolution Scanning Electron Microscopy 
IR Infrared 
ITO Indium Tin Oxide 
J0 Saturation Current Density 
J–V Current density–Voltage 
JSC Short Circuit Current Density 
K.E Kinetic Energy 
LO Longitudinal Optical 
m–AP Modified Auger Parameters 
MBE Molecular Beam Epitaxy 
n Ideality Factor 
Nd:YAG Neodymium: Yttrium Aluminum Garnet 
PEC Photoelectrochemical 
PL Photoluminescence 
PLD Pulsed Laser Deposition 
PV Photovoltaic 
PVD Physical Vapor Deposition 
RBS Rutherford Backscattering 
RF Radio Frequency 
RS Series Resistance 
RSH Shunt Resistance 
RT Room Temperature 
sccm Standard Cubic Centimeter 
SLG Soda–Lime Glass 
TFSCs Thin Film Solar Cells  
TS Substrate Temperature 
UV–Vis Ultraviolet–Visible 
VO Oxygen Vacancy 
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VOC Open Circuit Voltage 
VSe Selenium Vacancy 
VZn Zinc Vacancy 
XPS X-Ray Photoelectron Spectroscopy 
XRF X-Ray Fluorescence 
Yb:YAG Yetterbium: Yttrium Aluminium Garnet 
Zn(O,Se) Zinc Oxyselenide 
η Photoconversion Efficiency 
ΔG Change in Gibbs Free Energy  
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1 Literature Review  

1.1 Roles and Properties of the Buffer Layer in the TFSCs  
Conventional TFSCs are multilayer structures consisting of a substrate (glass, metal, etc.), 
p-type absorber layer (CIGSe, CZTS, CdTe, etc.), n-type buffer layer (CdS, ZnMgO, In2S3, 
etc.), back contact (Mo, Ni, graphite, etc.), and transparent front contact (AZO, ITO, FTO, 
etc.). It can be fabricated in different configurations as a superstrate or substrate.  
Fig 1.1a shows the typical substrate configuration stack of the functional layers in a 
complete cell structure (substrate/back contact/absorber layer/buffer layer/front contact). 
The superstrate configuration stack (substrate/front contact/buffer layer/absorber 
layer/back contact) is represented in Fig 1.1b. In both configurations, the light comes 
from the front contact side [32,33]. The p–n junction occurs between the p-type absorber 
and the n-type buffer layer. The incident photons induce the formation of electron–hole 
pairs. The current is collected via electric contacts, and one of the contacts needs to be 
transparent to allow sunlight to be absorbed by the device [33,34].  

The buffer layer is one of the important components of the TFSCs structure, which is 
placed between the absorber layer and front contact. Despite the fact that the p–n 
junction can be formed between the p-type absorber layer and front contact, the quality 
of the junction will be significantly improved by implementing an intermediate buffer 
layer. Buffer layers have several significant functions, such as providing optimal 
optoelectronic properties at the absorber/window layer interface and aiding in electron–
hole separation, thus, decreasing the interfacial charge recombination [5]. Points to be 
considered when developing a buffer layer are: it should (i) be an n-type semiconductor; 
(ii) form a proper conduction band (ECB) line–up between the window layer (i-ZnO) and 
the absorber layer; (iii) have low optical absorption in the visible range (i.e., relatively 
wide Eg); (iv) have a minimal defect density at the absorber/buffer interface; (v) have the 
Fermi level (EF) positioned close to the absorber conduction band at the absorber/buffer 
interface (energetically shallow donor–type interface defects), i.e., complete inversion of       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Front contact 

n-type buffer layer 

p-type absorber layer 

Substrate 

Back contact 

Substrate 

Front contact 

n-type buffer layer 

p-type absorber layer 

Back contact 

(a) (b) 

Figure 1.1. Schematic drawing of TFSCs structures designed in (a) substrate and (b) superstrate 
configurations. Yellow arrows indicate the illumination side [32]. 
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the absorber surface [35,36]. Furthermore, other technological points to consider for 
developing the buffer layer at an industrial scale are: (i) technological applicability 
(proper large area deposition unit), (ii) production cost, and (iii) long–term stability and 
reproducibility.  

The CBD–CdS fulfills the main parts of the abovementioned requirements, which 
made CdS the standard buffer layer in TFSCs [35]. Thus, the advantage of CdS over  
other materials is lattice matching with the absorber, as revealed in the literature [37].  
In particular, for the chalcopyrite absorber, it was speculated that a combination of  
CBD–CdS forms valuable stable donor–type defects in Cu–deficient surfaces of the 
chalcopyrite absorber in a well–defined Fermi level position at the interface and a 
suitable concentration of Cd [35]. However, the real challenge in the development of an 
alternative buffer layer is establishing a similar effective defect chemistry as in the case 
of CdS, which will form a proper Fermi level position at the interface with the absorber 
and generate a suitable charge density [34]. The chalcopyrite absorber can be prepared 
as a copper–rich or copper–poor absorber [38]. Despite the high photoconversion 
efficiency that can be reached with CBD–CdS and the chalcopyrite absorber, many 
alternative buffer materials have been developed and investigated with chalcopyrite and 
other absorbers, such as indium and zinc based materials [26–31,39–43]. These buffers 
overcome the drawbacks of CBD–CdS in terms of toxicity, parasitic absorption in the 
short wavelength region, and deposition involving vacuum/dry techniques. The solar cell 
parameters of the chalcopyrite absorber with some of these buffer layers are compared 
with the standard CBD–CdS buffer layer in Table 1.1. Among these buffer layers, Zn(O,Se) 
has not been widely investigated as a buffer layer in TFSCs, and only one report is 
available on Zn(O,Se) prepared by sputtering with a very low photoconversion efficiency 
of the complete solar cells [44]. Therefore, the study of the Zn(O,Se) layers deposited by 
PLD with the application as a buffer layer in complete solar cell structures seems to be 
an innovative idea.  
 
Table 1.1. Comparison of solar cell parameters of some alternative buffer layers with CBD–CdS 
buffer layer for CIGSe and ACIGSe absorbers. 

Buffer layer Absorber layer VOC JSC FF η Refs 
  (mV) (mA/cm2) (%) (%)  

Zn1-xMgxO CIGSe 693 35.90 72.00 17.90 41 
Zn1-xSnxO CIGSe 689 35.07 75.30 18.20 39 
Sn1-xGaxO ACIGSe 721 34.70 68.30 17.10 40 
ZnSe1-xOx ACIGSe 521 14.60 29.60 2.30 44 
ZnSe1-xOx CIGSe 482 2.20 26.20 0.30 44 
ZnO1-xSx CIGSSe 734 39.58 80.40 23.35 25–30 
InO1-xSx CIGSe 650 26.70 69.00 11.97 45,46 

In2S3 CIGSe 665 31.50 78.00 16.34 42 
CdS CIGSe 744 38.77 79.50 22.90 43,47–49 
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1.2 Main Properties of Zn(O,Se)  
The ternary Zn(O,Se) alloy belongs to the group of II–VI semiconductors [31, 50].  
The Zn(O,Se) layer can be used in the development of various applications, such as 
photoelectrochemical (PEC) water splitting [5,31,50] and photovoltaics [51]. Zn(O,Se) 
recently emerged as a promising material that can potentially replace the CdS buffer 
layer in solar cells due to its suitable electrical properties, wide tunable band gap, and 
low toxicity.  

The ZnO1-xSex layer was deposited with varying x values from 0 to 0.12 using the PLD 
technique [31,50]. The XRD pattern showed only the (002) diffraction peak, thus, 
suggesting that the ZnO1-xSex layer was a single phase grown in the c-axis preferred 
orientation. This suggestion was further proven by a transmission electron microscopy 
investigation [31,50]. As the Se content increased, the (002) diffraction peak of the  
ZnO1-xSex layer shifted progressively to lower 2θ values. This is in excellent agreement 
with the expansion of the lattice parameter due to incorporation of more selenium 
atoms in the oxygen sublattice. The substitutional Se (x) content in the layer and the 
lattice parameters of wurtzite ZnO (c = 0.52 nm) and ZnSe (c = 0.653 nm) were calculated 
using Vegard’s law [31,50]. The (002) XRD diffraction peak of the ZnO1-xSex layer 
corresponds to a Se content of 0–22%; this selenium content was measured by 
Rutherford backscattering (RBS) [31,50]. However, it was reported that only half of the 
RBS estimated selenium ratios were incorporated into the substitutional sites, which 
suggests that part of the selenium atoms precipitates in a small form and/or resides in 
the grain boundaries [31,50]. Also, the ZnO1-xSex layers deposited at 300–550°C by PLD. 
The XRD pattern showed only the 001 diffraction peak, which reveals the growth of  
ZnO1-xSex layers in the 0001 (c-plane) preferred direction. By increasing the TS above 
450°C, the ZnO1-xSex peak separated into two peaks due to the phase separation to the  
ZnO1-xSex phase and a small amount of the pure ZnO phase [52,53].  

The optical properties of the ZnO1-xSex layers with a thickness of ≥ 1 µm showed ˃ 80% 
transparency of this alloy in the visible region of the spectrum. The Fermi level of the 
Zn(O,Se) layer was found to shift from 0.1 eV at the bottom of the conduction band edge 
(for carrier density = 1017 cm-3) to 0.5 eV above the conduction band edge (for carrier 
density = 3 x 1020 cm-3) [54]. Also, the absorption edge of the Zn(O,Se) layer was 
redshifted relative to the ZnO layer with increasing Se content. This shift in the 
absorption edge shows the existence of the band gap bowing in the ZnO1-xSex layer. Thus, 
the bowing parameters were found to be 7.0–12.7 eV [31,50,55,56]. This change in the 
band gap bowing parameters tunes the band gap of ZnO1-xSex widely from 2.76 to  
3.29 eV.  

Furthermore, the Hall effect measurements showed n-type conductivity of the  
ZnO1-xSex layers. The electron concentration of the Zn(O,Se) layers with an Se ratio of  
6 at% varied from 1 x 1017 to 7 x 1019 cm-3, while the carrier mobility changed in the 
extremely narrow range from 13 to 20 cm2/Vs [31,50,51,57]. The resistivity of the  
ZnO1-xSex layers was relatively constant at roughly 5.5 x 10-3 Ω·cm [51,57]. Thus, these 
flexible and tunable electrical and optical properties of Zn(O,Se) make it a suitable 
candidate as a buffer layer in TFSCs, in particular using PLD technique. To the best of our 
knowledge, there is no report exist for the fabrication of Zn(O,Se) buffer layers in TFSCs 
using PLD method.   
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1.2.1 Zn(O,Se) Buffer Layer in TFSCs  
The ZnSe1-xOx (ZnSe rich) with 1% oxygen incorporated was used as a buffer layer with 
CIGSe and Ag alloyed CIGSe (ACIGSe) solar cells [44]. In this study, the radio frequency 
(RF) magnetron reactive sputtering technique was applied to grow ZnSe1-xOx layers onto 
the SLG/Mo/CIGSe substrate. Thus, ZnSe was applied as the cathode target. Oxygen and 
argon were selected as the sputtering working gases. The total gas flow was kept at 30 
standard cubic centimeters (sccm). The O2 content of the sputtering gas mixture  
([O%] = [O2]/[O2]+[Ar]) was varied to change the oxygen content of the ZnSe1-xOx layers. 
A number of samples were sputtered as a function of varying oxygen content from 0% to 
1.4% with a step size of 0.1% for a comprehensive investigation. The sputtering power 
density was 1.48 W/cm2, and the sputtering pressure was constant at 10 mTorr.  
No intentional substrate heating was used in this case. The ZnSe1-xOx layers sputtered in 
a 1% oxygen gas mixture was selected for use as an alternate buffer layer with CIGSe 
solar cells, and the solar cell parameters were VOC = 482 mV, JSC = 2.20 mA/cm2,  
FF = 26.20%, and η = 0.30% as shown in Table 1.1 and Fig 1.2. The CIGSe/ZnSe1-xOx cells 
showed a very low device performance, which is attributed to the large spike barrier at 
the buffer/absorber interface that impedes the electron transport and collection.  
By integrating the O2 into zinc selenide during the reactive sputtering in a 1% oxygen  
gas mixture, the band gap of the ZnSe1-xOx layers was decreased due to the downward 
shift of the conduction band. Hence, the conduction band offset (CBO) between the 
ZnSe1-xOx buffer layer and the CIGSe absorber was expected to decrease. However,  
this was not the case due to the difficulty in altering the zinc selenide band structure by 
the oxygen incorporation approach. When the CIGSe absorber was alloyed with Ag in a 
ratio of [Ag]/[Ag]+[Cu] = 0.3, this ratio widens the CIGSe absorber band gap by 0.1 eV 
[58]. Consequently, an interesting improved result was obtained as VOC = 521 mV,  
JSC = 14.60 mA/cm2, FF = 29.60%, and η = 2.30% [44]. Thus, these improved results were 
because of a better CBO alignment of the ACIGSe absorber and the ZnSe1-xOx buffer [44].  

 
Figure 1.2. Efficiencies comparison of different Cd–free buffer layers produced by different methods 
with the best cell containing CBD–CdS for the CIGSe and ACIGSe (in blue color) based solar cells  
[25–30,39–43,47–49]. 
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1.3 Deposition Methods for Zn(O,Se) Layers 
The main reported deposition techniques available for the preparation of Zn(O,Se) layers 
are molecular beam epitaxy (MBE), radio frequency sputtering, and pulsed laser 
deposition. An overview of each deposition method will be discussed in the following 
sections. 

1.3.1 Molecular Beam Epitaxy 
MBE is a subclass of the physical vapor deposition (PVD) technique. It is an epitaxial 
technique to grow a thin film of single crystals. The MBE approach was developed by 
Alfred Y. Cho [54,59] and J. R. Arthur at Bell Telephone Laboratories in the late 1960s. 
MBE is commonly used for manufacturing semiconductor devices, including a transistors, 
quantum dots, semiconductor lasers, and also used to produce organic semiconductors. 
The process of MBE takes place in a high vacuum or ultra–high vacuum chamber  
(10-8–10-12 Torr). The target elements are heated or electron–beam evaporated until they 
begin to slowly sublime. Then, the gaseous elements condense on the wafer (substrate), 
where they may react with each other. The term "beam" means that vacuum chamber 
gases or evaporated atoms do not interact with each other until they reach the substrate 
because the atoms have long mean free paths. The advantages of the MBE technique are 
the growth of complex structures with the precise control of the alloy composition, 
thickness, and doping level. Furthermore, the MBE is highly clean and compatible with a 
wide range of in-situ analytical techniques [60]. The drawback is that assembling and 
operation are expensive. 

As reported, ZnO1-xSex layers were prepared by MBE at 250–350°C [55]. The elemental 
Zn (7N), Se (6N), and O2 gas (6N) were used as source materials. The RF power of the 
oxygen radical source during growth was 300 W. The zinc flux was 1 x 10-6 Torr, and the 
flow rate of the oxygen was 0.3 sccm. The Se flux changed from 5 x 10-8 to 6 x 10-7 Torr 
to control the Se composition x from 0 to 0.01. The XRD result showed no phase splitting, 
and during the ZnO1-xSex growth, the RHEED pattern was streaky, demonstrating a 
smooth ZnO1-xSex surface and two–dimensional growth [35]. PL spectra of the ZnO1-xSex 
showed donor bound exciton peaks for x less than 0.0006. The spectral structure was 
similar to ZnO, but the peak energies and PL intensity were dissimilar. The band edge 
emissions of the ZnO1-xSex were redshifted from that of ZnO, demonstrating the 
existence of band gap bowing. The bowing parameter was 12.7 ± 1.6 eV. That reflects 
with a small change in the Se composition, the band gap of the ZnO1-xSex will change 
remarkably, which will lead to a small lattice mismatch relative to ZnO [55]. Therefore, 
MBE is good for Zn(O,Se) deposition, but it is expensive in terms of operation and 
assembling. 

1.3.2 Radio Frequency Sputtering 
RF–sputtering is one of the PVD techniques used to deposit thin films. RF–sputtering is 
an appropriate technique for the fabrication of dielectric micro–cavities, and it is a 
versatile technique to prepare different layers with controlled refractive index and 
thicknesses [61]. Usually, in a sputtering system, the process takes place in a vacuum 
chamber when high energy ions (usually argon ions) from the plasma of a gaseous 
discharge bombard a target that is the cathode of the discharge. Target atoms are 
ejected and condense onto a substrate (the anode), forming the films [62]. The positive 
aspects of this technique are that the charge–up effects are avoided and arcing is 
decreased due to the use of an alternating current RF source of frequency, it is an 
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efficient technique because it can work at low pressures (1 to 15 mTorr) while 
maintaining a plasma, etc. [63]. However, the negative aspects are that: (i) most of the 
incident energy on the target becomes heat energy, (ii) it is hard to grow uniformly on 
complex structures, e.g., turbine blades, and (iii) it is difficult to produce high 
performance thick coatings due to higher internal residual stress levels [63].  

RF–sputtering of ZnO1-xSex was performed using a sputter power of 300 W at 340°C 
and a ceramic ZnSe target with Ar and O2 as working and reactive gases, respectively [56]. 
The Se content (x) was varied from 0 to 1. Raman measurements of ZnO1-xSex showed 
the frequencies of the longitudinal optical (LO) phonon modes of ZnO at 578 cm-1 and of 
ZnSe at 250 cm-1 [56]. A two–mode behavior of the LO phonon modes has been noticed 
in the Raman spectra of ZnO1-xSex when the Se content (x) changed from 0.06 to 0.94.  
In Se–rich samples, the ZnSe is dominated by a LO like mode, while in the O–rich samples, 
a ZnO like LO phonon is dominant. Samples with x = 0.11 and 0.08 exhibit broad bands in 
the vicinity of the LO phonons of the binary alloys. The redshift of the ZnO like LO phonon 
with decreasing Se content is less pronounced because no Zn(O,Se) samples exist so far 
with a reasonable concentration of oxygen and selenium. However, the two–mode 
behavior of the LO phonons of the ZnO1-xSex system is obviously noticeable. The results 
of the band gap value as a function of Se content indicate a sizeable downshift in energy, 
which represents a larger bowing. The bowing parameter is around 7.0 eV. Thus,  
ZnO1-xSex layers could be deposited only in a narrow composition range close to the 
binary constituents of ZnO and ZnSe due to the limited solubility of Se and O in ZnO and 
ZnSe, respectively [56]. 

1.3.3 Pulsed Laser Deposition  
PLD is a subclass of PVD techniques and is commonly used to deposit complex–oxide 
heterostructures, super–lattices, and well–controlled interfaces [52]. PLD is one of the 
most promising methods for the stoichiometric deposition of high quality, uniform, and 
adherent layers [52]. Usually, the PLD process is performed in a high or ultra–high 
vacuum chamber, and a high–power pulsed laser beam is focused onto the target surface 
of the material that is to be deposited. Thus, the material is vaporized and forms a  
plasma plume that expands and condenses onto a substrate surface. The PLD technique 
was used to deposit the ZnO1-xSex layer as a function of substrate temperature and  
selenium–to–oxygen ratio [31,50,51,53,57]. Thus, the results of these studies are 
discussed in detail below.  

Firstly, Mayer et al. [31,50] deposited a ZnO1-xSex layer by PLD at 200–500°C using a 
ZnO/ZnSe premixed pressed powder target, and x ratios ranged from 0 to 0.12. The laser 
beam generated from a KrF excimer laser (λ = 248 nm) had a laser energy ranging from 
88 to 280 mJ, a laser spot size of approximately 1 mm2, and a pulse frequency of 5 Hz. 
The pressure inside the vacuum chamber ranged from 10-3 Torr to 10-6 Torr [31].  
The obtained ZnO1-xSex film was a single phase with the c-axis (002) preferred orientation, 
and the (002) diffraction peak of ZnO1-xSex steadily shifted to lower 2θ as the Se content 
increased. In addition, at x > 0, a steady increase in the absorption coefficient was 
observed, which started at a much lower energy of roughly 2 eV. Thus, this shift in the 
onset and shape of the absorption edge reflects the complex nature of the band edges 
of the ZnO1-xSex alloy [31,50]. The electron concentration ranged from 1 x 1017 cm-3 to  
5 x 1019 cm-3 as a function of Se content [31,50]. Furthermore, the flat band potential 
decreased by roughly 0.1 V when ZnSe and ZnO are alloyed. However, when the  
ZnO1-xSex layer was grown on the top of the Si solar cell, the flat band potential was 
significantly shifted down by 0.5 V. Also, these layers were used as a working electrode 
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in PEC water splitting under white light irradiation of 2 suns. Thus, the ZnO1-xSex  
alloy shifted the onset to a lower potential due to its band gap reduction. However,  
the ZnO1-xSex/Si produced an enhanced photocurrent and shifted the reaction onset to a 
lower voltage [50].  

Secondly, the same group in other studies [53,51,57] grew a ZnO1-xSex layer by PLD at 
300–550°C using a 92 at% ZnO and 8 at% ZnSe premixed pressed powder target onto a 
polished c-plane sapphire substrate. The laser beam generated from a KrF excimer laser 
(λ = 248 nm) had a laser fluence of 4.4 J cm-2, a laser spot size of approximately 0.03 cm2, 
and a pulse frequency of 5 Hz. The pressure inside the vacuum chamber was  
6.2 x 10-6 Torr [51,57]. The change in TS at a constant laser fluence of 4.4 J cm-2 affects 
the structure and chemistry of the deposited ZnO1-xSex layer in three aspects: phase 
homogeneity, composition (x), and crystallinity. The XRD pattern showed only the  
001 diffraction peak for all ZnO1-xSex layers, which reveals the growth of the ZnO1-xSex 
layers in the 0001 (c-plane) preferred direction. Moreover, as TS increased, the 
crystallinity of the ZnO1-xSex layer increased, but the Se content decreased. Furthermore, 
with increasing TS above 450°C, the ZnO1-xSex peak separated into two peaks due to the 
phase separation. Thus, as TS increased, more energy exists for atom migration, and as a 
result, the layers dissociated to the ZnO1-xSex phase and a small quantity of the ZnO pure 
phase. Furthermore, no ZnSe phase was formed. At 400°C or below, the ZnO1-xSex 
transferred stoichiometrically from the target to the substrate. However, with increasing 
TS, the content of Se incorporated into the ZnO matrix decreased. Thus, this may be 
because the Se is easily desorbed during deposition at higher TS, as it has a high vapor 
pressure. In the ZnO1-xSex layers, the optical absorption takes place due to the transition 
from the Se–derived band to the conduction band edge [51,57]. Hence, for the layers 
deposited at 300–400°C, the absorption edge was constant at a low energy of 2.2 eV due 
to a relatively stable Se content. However, as TS increased above 400°C, the absorption 
edge shifted to higher energy. For the electrical properties, the resistivity was relatively 
constant at roughly 5.5 x 10-3 Ω·cm for the ZnO1-xSex layer grown at 300–400°C. However, 
a significant increase in the resistivity occurred for layers grown above 400°C due to the 
phase inhomogeneities. The TS value had an insignificant effect on the carrier mobility 
and concentration, i.e., the mobilities changed from 13 to 20 cm2/Vs, while the 
concentrations varied in the extremely narrow range from 6 x 1019 to 7 x 1019 cm-3 [51,57]. 

1.4 Principle and Development of PLD 
As early as 1965 [64], the application of pulsed lasers to ablate a solid target with the 
stoichiometric transfer of a material to the substrate was reported in the literature.  
This was similar to the earlier flash evaporation technique where the dielectrics and 
semiconductors films were grown using a ruby laser. Thus, BaTiO3 and SrTiO3 films were 
grown by pulsed laser evaporation from their powders in 1969 [65]. Stoichiometric 
intermetallic materials such as low critical temperature (low–TC) superconducting films 
of ReBe22 and Ni3Mn were grown by a pulsed laser beam in 1975 [66]. For the first time, 
Zaitsev–Zotov and co–workers demonstrated the superconductivity in pulsed laser 
evaporated BaPb1-xBixO3 films followed by heat treatment in 1983 [67]. The successful 
application of the in-situ growth of the epitaxial high–temperature superconductor films 
at Bell Communications Research in 1987 was the real breakthrough of the PLD [68]. 
Since then, PLD has been frequently applied to grow complex oxides and those  
high–temperature superconductors, including materials that are not possible to prepare 
via an equilibrium route.  
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Lasers used in PLD are classified as gas lasers, solid–state lasers (e.g., ruby laser), fiber 
lasers, semiconductor lasers, and liquid lasers depending on their media as well as their 
nominal characteristics and parameters, as presented in Table 1.2 [69]. Some of these 
lasers will be discussed here in detail. The gas lasers generate coherent irradiation by 
applying a voltage across a ceramic or a glass tube that is filled with the gain medium 
(gas mixture or low–pressure gas). The voltage creates an electric field within the 
tube, which produces an electrical current. These electrons react with the gas atoms, 
thereby migrating them to top energy states that will be the upper laser state [69]. 
The upper laser level declines naturally and very slowly to the ground state compared 
to the lower laser level, thus forming a population inversion among both laser levels.  

As several gaseous media are available, the working wavelength ranges differ from 
the visible range for argon ion and HeNe lasers, mid IR range for CO2 lasers, and UV 
range for excimer lasers [69]. Gas lasers have a different usage such as in diode–pumped 
solid–state (DPSS) lasers, laser processing, medical eye surgery, and laser diodes.  
The excimer laser is an ultraviolet laser based on compounds of halogens (F, Cl), noble 
gases (Kr, Xe) as its laser medium, such as KrF, XeF, XeCl, etc. [70]. The UV–excimer laser 
has characteristics of generating sufficient active oxygen for in-situ growth, oscillating at 
a remarkably high efficiency for lasers in the UV range, and allowing relatively compact 
hardware and very uniform cross–section of the beam, in other words, a uniform energy 
distribution [70,71]. The excimer lasers are used in different fields, such as surface 
reforming of resins like Teflon, etc., labeling materials that cannot be labeled by CO2 
lasers or YAG lasers, semiconductor lithography (e.g., light source) manufactured by 
Gigaphoton, aberration processing of macromolecular films, in medicine (vision 
correction surgery such as laser assisted in situ keratomileusis), and in PLD. They are also 
used in fields of scientific research, both as primary sources and, particularly the XeCl 
laser, as pump sources for tunable dye lasers [71,72,73,74]. 

Solid–state lasers are defined as a laser in which its gain medium contains an active 
ion species implanted as impurities in the host material (glass or crystal), which is 
optically transparent. Solid–state lasers attain their population inversion via optical 
pumping, which can be achieved by a flashlamp or direct pumping from another laser 
source like a DPSS system or a laser diode [69]. The host material for a solid–state 
gain medium must have both unique suitable macroscopic mechanical, optical, and 
thermal properties and microscopic lattice properties. The host material can be a 
ceramic, glass, crystal, and organic matter, but crystals and glasses are the most 
common among others [69]. Examples of the most popular solid–state lasers are 
Nd:YAG and Yb:YAG. The Nd:YAG laser with a wavelength of 1060 nm can be used to 
deposit layers using the second harmonic at 532 nm or the third harmonic at 355 nm. 
The Nd:YAG laser as a solid–state type has some operational advantages over the  
UV–excimers type: it is safer and easier to handle because it does not involve highly  
hazardous gases [70]. However, it has a non–uniform cross–section of beam energy 
distribution and a significant decreased energy at the third harmonic (UV range).    

Table 1.2. Characteristics and parameters of the common lasers.  

Laser types  Lasers  Wavelength (nm)  CW/pulsed  
Gas (UV–excimer) ArF, KrF, XeF, XeCl 193, 248, 353, 308 ns range 
Gas (mid IR range)  CO2 10600  CW/µs range 
Solid–state  Yb:YAG, Nd:YAG 1030, 1060 CW/ps range 
Fiber  Yd:glass, ND:glass 1030, 1060 CW/fs range 
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A fiber laser is referred to as a laser where the optical fiber is itself the gain medium, 
which possible to be distinguished from having another type of laser or gain medium 
simply being integrated to an optical fiber [69]. Hence, a fiber laser is formed when a 
solid–state gain medium is fabricated into an optical fiber and a resonator is 
integrated. Glass is a host material, and the laser active ions are classically doped into 
the core of the optical fiber. The most popular fiber lasers are Yd:glass and ND:glass. 
Fiber lasers can work in either CW or pulsed mode, and it is possible for them to 
function over much of the near IR and mid IR spectral region. They can form high 
quality output beams and can attain high output powers. Thus, these properties allow 
fiber lasers to be used for different purposes, such as laser surgery, seeding of other 
more powerful lasers, optical fiber communications, and range–finding [69]. 

The growth process of the materials from the plasma plume in PLD is different than 
the growth process in thermal evaporation [75]. In the PLD technique, the excimer laser 
beams ablate materials rapidly from a solid target to form a high energy plasma plume, 
which then condenses onto a substrate. The deposition process of the PLD can be 
explained by four steps [76]: 

• Target ablation leading to plasma plume formation.
• Expansion of the plasma and the possible reactions in the plasma.
• Deposition of the ablated materials on the substrate.
• Film growth on the substrate surface.

In the laser ablation process, first, the photons are transferred into electronic excitations. 
Thus, if the strength of the electric field of an electromagnetic wave is higher than the 
threshold value of the material, dielectric breakdown will take place via electron 
excitation above the work function level, leading to a pure ablation process [77]. 
As ablation occurs, the plasma plume starts to expand into the vacuum and the angular 
distribution will follow a cosine power law, as indicated in equation (1.1) [78]. In the 
multicomponent target, various elements may have various angular dependencies 
[76,79]. After the laser beam has been extinguished and no new particles are emitted 
from the target, the expansion process is adiabatic. When the volume of the plume 
increases, the temperature of the plasma is reduced, and the thermal energy is 
converted into kinetic energy of the particles. During the expansion process, particles 
collide with each other, and multiple collisions of the particles in the plasma plume 
dissipate the kinetic energy of the particles. The ablated particles reach the substrate and 
start to nucleate and condensate on the substrate surface when the kinetic energy of the 
particles slow down sufficiently [80]. However, desorption of the particles and surface 
diffusion may take place, but in most cases, strong adhesion is established. Different 
mechanisms can be involved in the film growth, such as Frank–van der Merwe type 
monolayer growth, Stranski–Krastanov type monolayer growth followed by island 
formation, or Volmer–Weber type nucleation and island formation. 

(𝛽𝛽)=𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐P+3(𝛽𝛽)           (1.1) 

where t is the film thickness, β is the angle measured from the target surface normal 
measured at the center of the laser spot, p is an integer, and tmax is the maximum film 
thickness.   

PLD has developed significantly with time, and the deposition process stand on those 
four basic steps. PLD is used mainly to deposit complex oxides that are difficult to obtain 
via the equilibrium route with stoichiometric transfer of the materials, i.e., this method 
seems to be suitable for Zn(O,Se) layer deposition.    
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1.4.1 PLD Setup 
The PLD setup contains the laser, the deposition chamber, vacuum pumps, necessary 
optics, the substrate, and target holders [81]. The target and substrate are placed in the 
same line but separated by a distance of centimeters, as illustrated in Fig 1.3 [82], and 
the chamber is evacuated into a high vacuum. Afterward, the chamber can be filled with 
either an inert or reactive background gas. The laser beam is focused onto the surface of 
the target, and the short high energy pulses will evaporate and ionize materials from the 
target and form a plasma plume. The formed plasma plume expands and reaches the 
substrate with enough kinetic energy for strong adhesion of the growing films [80]. 

 
Figure 1.3. Schematic illustration of the pulsed laser deposition chamber [82]. 

1.5 Summary of the Literature Review and Aims of the Study 
The studies reported in the literature on the properties of Zn(O,Se) layers, different 
preparation methods, and principle of the PLD can be summarized as follows: 

• Zn(O,Se) is a promising group II–VI semiconductor in the field of materials 
science and technology due to its appropriate properties, such as tunable wide 
band gap, low toxicity, and suitable electrical properties. 

• A two mode behavior of the ZnO1-xSex layer with a small change in Se content 
indicates the limited solubility of Se in ZnO and O in ZnSe, which means the 
limitations of ternary Zn(O,Se) formation. Thus, a careful investigation is 
required to set the optimal Se/O ratios for the specific application and to 
optimize other deposition parameters.   

• A significant redshift in the onset and shape of the absorption edges of  
ZnO1-xSex layers with increasing Se content indicates the complex nature of the 
absorption edges, which result in the band gap bowing. The bowing parameters 
are approximately in the range of 7.0–12.7 eV. A further systematic study 
including computational methods is required for a better understanding of the 
structural and optoelectronic properties of the Zn(O,Se) layer. 
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• All reported preparation methods for the Zn(O,Se) layer are subclasses of 
physical vapor deposition techniques, including PLD, MBE, and RF–sputtering. 
Among them, PLD is one of the most promising techniques to deposit  
complex–oxide heterostructures, super–lattices, and well–controlled interfaces 
in high quality, uniform, well–adherent layers to the substrate and stoichiometric 
transfer of the materials. 

• One of the most important potential applications of Zn(O,Se) layers is in 
optoelectronics, e.g., in the fabrication of solar cells. Zn(O,Se) is considered  
an n-type buffer layer for p-type absorbers, such as CdTe, CIGSe, and CZTS, 
in superstrate or substrate configurations. 

• The buffer layer improves the quality of the p–n junction between the p-type 
absorber and the front contact. Also, the buffer layer can reduce interfacial 
charge recombination by accelerating electron–hole pairs separation. 

• The application of the Zn(O,Se) as a buffer layer in TFSCs has not been widely 
investigated, and only one report is available about using ZnSe1-xOx (ZnSe rich) 
as an n-type buffer layer in TFSCs, with a very low solar cell efficiency. Thus,  
a deep investigation into the structural and optoelectronic properties of 
Zn(O,Se) layers and an improvement in the overall solar cells performance 
based on the n-type Zn(O,Se) buffer layer and p-type absorbers of TFSCs are 
required as part of the development of TFSCs. 

 
Based on the literature review, this doctoral thesis has the following aims: 

1. To deposit and develop a wide band gap Zn(O,Se) layer using PLD technique. 
Also, to apply the Zn(O,Se) as an alternative buffer layer for the conventional 
toxic CdS buffer layer.  

2. To investigate systematically the effect of the substrate temperature on the 
structural, electrical, and optical properties of the Zn(O,Se) layers. 

3. To investigate the effect of the laser fluences on the structural and 
optoelectronic properties of the Zn(O,Se) layers.  

4. To fabricate and study the complete solar cell structures based on the Zn(O,Se) 
buffer layer and CIGSe absorber, and compare its solar cells parameters with 
the solar cell parameters of the reference cells based on CdS buffer layer.  
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2 Experimental Part 
In this section, an overview of all experimental procedures performed during this work 
are presented. However, a detailed report on the step-by-step deposition of the Zn(O,Se) 
layers, fabrication of thin film solar cells, and their complete characterization has been 
represented in the publications listed in Appendix 1 as papers I, II, and III. 

2.1 Deposition of Zn(O,Se) Layers 

2.1.1 Preparation of the Substrates 
Soda–lime glass substrates of 3.6 x 3.6 cm2 in size were prepared and ultrasonically 
cleaned for 15 min in a 20% solution of Decon 90 and deionized (DI) water, respectively, 
at 50°C. The substrates were dried under filtered air flow and then exposed to the Nova 
Scan Digital UV–Ozone cleaning system for 15 min. 

2.1.2 Preparation of the PLD Targets 
Commercial ZnO, ZnSe, and (ZnO:ZnSe) targets of 25.4 mm diameter and 6 mm thickness 
for PLD were prepared by hot–pressing of the fine powders of ZnO, ZnSe, and premixed 
fine powders of ZnO = 75 at% and ZnSe = 25 at% (99.99% purity, Testbourne Ltd). 

2.1.3 Zn(O,Se) Deposition 
The deposition was completed by using a Neocera Pioneer 120 PLD system equipped 
with a UV excimer laser, λ = 248 nm generated from KrF (Coherent Compex Pro 102 F). 
The laser beam was focused on approximately 5 mm2 spots on the surface of the Zn(O,Se) 
target. The distance between the target and substrate was 9 cm. The deposition was done 
in a high vacuum and nitrogen back–pressure. In the case of high vacuum deposition, the 
pressure inside the deposition chamber was around 3 × 10-6 Torr, and in the case of the 
nitrogen back–pressure deposition, the deposition chamber was filled with the 50 mTorr 
of nitrogen pressure at a constant nitrogen flow rate of 9 sccm. For comparison, ZnO and 
ZnSe layers were also deposited as a reference by PLD at 500°C in a high vacuum and 
under nitrogen back–pressure. The substrate was rotated during the deposition process 
for uniform distribution of the ablated materials onto the substrate surface. The target 
was rotated and rastered to avoid local heating and uniform consumption of the target 
materials. Different studies were performed as follows: 

(a) The study of the TS effect on the properties of the Zn(O,Se) layers (paper I):  
The Zn(O,Se) layers were deposited by PLD in nitrogen back–pressure. The TS was 
varied from room temperature (RT) to 600°C, while other deposition parameters 
were constant: 80 min deposition time, 200 mJ pulse energy, 10 Hz laser pulse 
repetition rate, 50 mTorr of nitrogen back–pressure, 9 sccm nitrogen flow rate. 

(b) The study of the laser fluence effect on the properties of the Zn(O,Se) layers 
(paper II): The Zn(O,Se) layers were deposited in a high vacuum at laser fluences 
of 4, 5, and 6 J cm-2, while other deposition parameters were constant: 80 min 
deposition time, 500°C substrate temperature, 10 Hz laser pulse repetition rate. 

2.2 Fabrication of the Solar Cells 
Glass/Mo/CIGSe/ZnOSe/i-ZnO/ZnO:Al solar cells were fabricated in the substrate 
configuration (paper III) as follows: Firstly, the Mo layer was sputtered onto SLG 
substrates of 2 x 2 cm2 size as a back contact followed by the co–evaporation of the 
Cu0.89In0.77Ga0.23Se1.10 absorber layer using a three–stage process at the TS of approximately 
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550°C according to the Ångström Solar Center procedure at Uppsala University [39,83]. 
Then, an amorphous ZnO0.73Se0.27 (a–Zn(O,Se)) buffer layer was deposited onto the CIGSe 
absorber and SLG substrates by PLD at RT–500°C in high vacuum, with the following layer 
thicknesses of 300, 200, and 100 nm. Next, a RF–sputtering technique was used to deposit 
the i-ZnO and ZnO:Al top electrode sequentially from an undoped and a 1.5 at% Al–doped 
ceramic ZnO target. Each of the three samples was sectioned into small cells with an 
active area of approximately 0.06 cm2 by mechanical scribing. Finally, the prepared 
complete solar cells were characterized, as shown in Table 2.1.     

2.3 Characterization of Zn(O,Se) Layers and Solar Cells 
The structural, optical, and electrical properties of the prepared Zn(O,Se) layers were 
characterized. Also, the solar cell characteristics of the CIGSe/Zn(O,Se) devices were 
characterized and investigated by different techniques, as listed in Table 2.1. 

Table 2.1. Analytical techniques used to characterize the Zn(O,Se) layers and CIGSe/Zn(O,Se) solar 
cells. 

Properties  Characterization  Apparatus  Refs  
 techniques   
Crystal structure, 
phase composition, 
and crystallite sizes 

XRD Rigaku Ultima IV I, II 

Phase composition Raman Horiba's LabRam HR800 I 
Surface and cross–
sectional morphology, 
layers thickness 

HR-SEM HR-SEM ZEISS ULTRA-55, 
ZEISS MERLIN  

I, II, III  

Elemental 
composition 

EDX, XRF Bruker EDX–XFlash6/30 
detector and Bruker 
ESPRIT system 1.82. 
Spectro X–Lab 2000 

I, II, III 

Chemical state, 
surface chemical 
composition  

XPS Kratos Axis Ultra DLD I, III  

Optical properties, 
band gap 

UV–Vis 
spectroscopy 

Shimadzu UV–1800 I, II, III 

Electrical properties Hall effect 
measurements 
joined with Van 
Der Pauw 
method  

MMR’s variable 
temperature Hall effect 
measurements system 

I, II 

Solar cell parameters J–V 
characteristics 

Keithley 2400 source 
meter, Autolab PGSTAT 
30, Newport class AAA 
solar simulator 

III 

Quantum efficiency  EQE Monochromator (Carl 
Zeiss SPM-2, f = 40 cm) 

III 
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3 Results and Discussion 
The following sections 3.1–3.3 report the results of a systematic study of the structural, 
optical, and electrical properties of the Zn(O,Se) layers as a function of PLD deposition 
conditions. Also, the properties of the fabricated CIGSe/Zn(O,Se) solar cells were reported. 
These results have been published in papers I, II, and III as shown in Appendix 1.   

3.1 Effect of the Substrate Temperature on the Properties of the 
Zn(O,Se) Layers  
Zn(O,Se) layers were deposited onto SLG substrates by PLD at 50 mTorr of nitrogen  
back–pressure according to the experimental procedure presented in section 2.1.3a.  
To investigate the effect of the TS on the structural and optoelectronic properties of 
Zn(O,Se) layers, the TS was varied from RT to 600°C. The obtained results were discussed 
and presented in paper I. 

3.1.1 Structural, Morphological and Compositional Analysis  
The structural, compositional, and morphological properties of the Zn(O,Se) layers 
deposited in nitrogen back–pressure were analyzed by XRD, Raman, SEM, EDX, and XPS 
techniques. All Zn(O,Se) layers deposited from RT to 400°C were amorphous according 
to the XRD results as shown in Fig 3.1a. Also, Fig 3.1b shows the XRD patterns of the 
Zn(O,Se) layers deposited at 500–600°C combined with the XRD patterns of the reference 
ZnSe and ZnO phases deposited at 500°C for comparison. The ZnSe layer showed an XRD 
peak at 27.47°, which is well–indexed to the (111) plane of the ZnSe cubic phase [84,85], 
while the ZnO layer showed an XRD peak at 34.53°. This peak is assigned to the (002) 
plane of the ZnO wurtzite structure, as reported in the literature [86–92].  

Zn(O,Se) layers grown at 500°C showed a single XRD peak at 30.94° together with a 
residual amorphous hump. Thus, that peak appearing at 30.94° corresponds to the (002) 
plane for ZnO1-xSex in which the x values varied from 0 to 0.12, as reported in the 
literature [31]. Therefore, a polycrystalline Zn(O,Se) phase mixed with an amorphous 
phase is formed at 500°C. With increasing TS to 550°C, the XRD diffractogram showed 
two distinct peaks at 27.70° and 34.09°. These peaks do not correspond to the reference 
ZnSe and ZnO phases, as their diffractions appeared at different 2θ values; in other 
words, two different solid solutions had formed. By considering the solubility of the 
selenium in ZnO and oxygen in ZnSe, the XRD peak located at 27.70° and 34.09° can be 
attributed to the formation of ZnSe1-yOy and ZnO1-zSez solid solutions, where y and z << 1 
indicates the limited solubility of selenium and oxygen in ZnO and ZnSe, respectively. 
With further increase in the TS to 600°C, a shift in both peaks towards 2θ values of the 
reference ZnO and ZnSe phases is observed. This is an indication of a further decrease in 
the Se and O solubility in ZnO and ZnSe, respectively. In other words, the formation of 
ZnSe rich and ZnO rich mixture phases takes place. The corresponding crystallite sizes of 
the Zn(O,Se) layers (for the peaks located in the 2θ at 30.94–34.09° range in radians) 
were calculated via the Scherrer form [93]. Thus, the crystallite sizes increased from 
12.60 to 20.50 nm with increasing TS from 500 to 600°C as mentioned in Table 3.3. 

Further structural investigation of the Zn(O,Se) layers was done by Raman 
spectroscopy at RT. The Zn(O,Se) layers grown at 100–600°C showed a weak band of 
Raman scattering located at 127 cm-1 as shown in Fig 3.2a,b which corresponds to the 
Zn(O,Se) phase. Moreover, the Zn(O,Se) layers deposited at TS ranging from 100 to 500°C 
illustrated two strong broad bands at 220 cm-1 and 550 cm-1, as shown in Fig 3.2a,b which   
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Figure 3.1. XRD patterns of the Zn(O,Se) layers deposited onto SLG substrate at (a) RT–400°C, and 
(b) 500–600°C with XRD pattern of ZnSe and ZnO phases deposited at 500°C.
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Table 3.1. The modified Auger parameters of the Zn(O,Se) layers deposited at 500–600°C under 
nitrogen back–pressure.  

TS positions positions L3M45M45 L3M45M45 m-AP m-AP 
(°C) (eV) (eV) K.E (eV) K.E (eV) α´ (eV) α´ (eV) 

 Zn 2p Se 3d Zn 2p Se 3d Zn 2p Se 3d 
500 1021.23 53.74 989.27 1306.58 2010.50 1360.32 
550 1021.24 53.60 989.38 1306.78 2010.63 1360.38 
600 1021.20 53.63 989.41 1306.86 2010.61 1360.50 

    XPS measurement errors are: for binding energy ± 0.02 eV, for quantification ± 10% 
 
also correspond to the Zn(O,Se) formation. However, a noticeable shift to 248 cm-1 and 
(565/575 cm-1) in both band positions can be seen for Zn(O,Se) layers grown at 550 and 
600°C as in Fig 3.2b. These Raman bands are extremely close to the LO phonon modes of 
ZnSe [56, 94–97] and the LO phonon E1 symmetry mode of ZnO [56,98–100] respectively. 
Thus, these shifts in both Raman bands explain that the ternary Zn(O,Se) polycrystalline 
phase obtained at 500°C shifted towards the formation of ZnSe1-yOy and ZnO1-zSez solid 
solutions as a result of the limited solubility of Se in ZnO and O in ZnSe at a TS of  
550–600°C. Also, the shift is attributed to the presence of oxygen and selenium vacancies 
at those TS [101]. Besides those Raman bands, extra weak bands located at 275 cm-1 

started appearing at TS from 550°C. This additional Raman scattering is attributed to the 
intrinsic host lattice defects, like selenium and oxygen vacancies or Zn interstitials, which 
become activated at a high TS of 550 and 600°C [101].   

  High resolution XPS was also used to identify the possible phases of each species in 
the Zn(O,Se) layers deposited at 500–600°C. Figs 3.3a–d shows the XPS spectra of wide 
survey, Zn 2p, O 1s, and Se 3d of Zn(O,Se) layers deposited at 500°C. Fig 3.3a presents 
the wide survey binding energy of Zn(O,Se) layers, which contain only C, Zn, O, and Se. No 
impurities were detected. The binding energy of the adventitious C 1s peak at 284.6 eV was 
used for charge corrections. Fig 3.3b illustrates the Zn 2p XPS core–level spectra. Only 
one set of doublets was used to fit the Zn 2p spectra. None of the fitting parameters, 
FWHM, area, nor doublet separation, were fixed. The spectrum represents peaks at 
1021.23 eV and 1044.55 eV related to Zn 2p3/2 and Zn 2p1/2, respectively. The spin–orbit 
splitting of 23.32 eV between the peaks is in good agreement with the value for the Zn2+ 
oxidation state [102–105]. Two peaks of various forms of oxygen were fitted for O 1s, as 
in Fig 3.3c. The first oxygen peak is located at the lower binding energy of 529.86 eV and  

Table 3.2. Binding energies and modified Auger parameters (m-AP) of Zn(O,Se) layers deposited at 
500°C under nitrogen back–pressure and comparison with the literature data for ZnO and ZnSe.  

 Zn2p3/Se3d5 L3M45M45 m-AP  
Samples peak position Kinetic energy α´ Refs 

 (eV) (eV) (eV)  
ZnO   1022.10 987.70 2009.80 106 
ZnO  1021.60 988.80 2010.40 107 
ZnSe  1022.00 989.50 2011.50 106 

Zn(O,Se), Zn2p 1021.23 989.30 2010.50 paper I 
SeO2  58.80 1301.60 1360.40 106 

Zn(O,Se), Se3d 53.74 1306.58 1360.32 paper I 
    XPS measurement errors are: for Binding energy ± 0.02 eV, for quantification ± 10%  
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Figure 3.2. Raman spectra of the Zn(O,Se) layers deposited onto SLG substrate at (a) 100–400°C 
and (b) 500–600°C. 
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corresponds to oxygen ions in the Zn-O bonding of the Zn(O,Se) layers [102–105].  
The second peak positioned at 531.29 eV is referred to the OH group absorbed onto the 
surface of the Zn(O,Se) layers [103]. Fig 3.3d shows the Se 3d XPS spectra with two sets 
of doublets; each doublet includes two peaks because of the spin–orbit splitting of the 
Se 3d level. The essential peak appeared at 53.74 eV binding energy and the other at 
54.53 eV, which belong to Se 3d5/2 and Se 3d3/2 of the Zn-Se bonding, respectively [106]. 
The trend is similar for Zn(O,Se) layers grown at 550 and 600°C except for minor shifts in 
the binding energies, as in Table 3.1 and Figs S.1,S.2 of appendix 2, due to the formation 
of different solid solutions of ZnSe1-yOy and ZnO1-zSez. The modified Auger parameters 
(m-AP, α′) for the Zn(O,Se) layers deposited at 500°C were calculated from the 
experimental binding energies of the Zn 2p3/2 and Se 3d5/2 photoelectron peaks and 
kinetic energies of Zn L3M45M45 and Se L3M45M45 Auger peak values [107–109]. Hence, 
the Zn 2p3/2 and Se 3d5/2 peak positions, kinetic energies of Zn/Se L3M45M45 Auger peak 
values, and modified Auger parameters of the reference ZnO, ZnSe, and SeO2 phases 
were compared to the corresponding calculated parameters of the Zn(O,Se) layers  
[107–109], as indicated in Table 3.2. By considering the Wanger plot [108,109] and 
careful analysis of the compared data, we found that the estimated three parameters of 
the Zn(O,Se) layers are dissimilar from those values of the reference phases, which 
means that various compounds have been formed, i.e., polycrystalline ternary Zn(O,Se) 
layers have been deposited at 500°C. Furthermore, the modified Auger parameters, 
core–level peak positions, and Auger peak kinetic energies of the Zn(O,Se) layers 
deposited at 550–600°C are dissimilar from that of Zn(O,Se) layers grown at 500°C as 
listed in Table 3.1. Thus, that is further evidence for the formation of different solid 
solutions of ZnSe1-yOy and ZnO1-zSez, as shown by the Raman and XRD results. 

   

   
 
Figure 3.3. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 500°C (a) wide survey, 
(b) Zn 2p, (c) O 1s, and (d) Se 3d. 
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Furthermore, the HR-SEM micrographs show the formation of the uniform, compact and 
well–adherent Zn(O,Se) layers on the SLG substrate surface in the whole range of the TS 
as shown in Figs 3.4. Moreover, the grain size of the Zn(O,Se) layers increased as the TS 
increased from RT to 500°C, with an average grain size in the range of 15–86 nm. 
However, at the TS of 550–600°C, the grain size showed a decreasing trend. Furthermore, 
the cross–sectional views and Table 3.3 show that the thickness of the grown layers was 
reduced from 733 to 459 nm as the TS changed from RT to 600°C. Thus, this phenomenon 
is connected with the formation of highly ordered, denser, and more compact 
polycrystalline layers with an increase in the TS [110]. 

Table 3.3 shows the elemental ratios of the Zn(O,Se) layers grown at RT–600°C as 
measured by EDX. For all TS ranges, the Zn(O,Se) layers showed a relatively stable 
elemental Zn content. However, a negligible fluctuation in the oxygen and selenium 
content was observed with increasing TS. Thus, this can be associated with the effect of 
nitrogen back–pressure, which decreases the mean free path and kinetic energy of the 
ablated particles. As a result, stable ratios of the elements are maintained, in particular 
for Se.  
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.4. Surface and cross–sectional HR-SEM micrographs of Zn(O,Se) layers grown onto SLG 
substrate at RT–600°C. 
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Table 3.3. The crystallite sizes, atomic ratios, film thicknesses, and optical band gap of the Zn(O,Se) 
layers deposited at RT–600°C under nitrogen back–pressure. 

Ts Crystallite sizes  EDX atomic ratios  Film thickness  Band gap   
(°C) (nm)a (at%)b (nm) (eV) 

  Zn O Se   
RT ------- 50 39 11 733 2.76 

100 ------- 50 38 12 639 2.98 
200 ------- 50 36 14 554 3.00 
300 ------- 50 36 14 647 2.80 
400 ------- 50 36 14 512 2.83 
500 12.60 ± 0.80  50    39  11 454 3.00 
 550 13.40 ± 0.13 50 37 13 484 2.90, 3.28 
600 20.50 ± 0.90 50 37 13 459 3.16, 3.29 

     a represent standard deviation (s.d.), b EDX measurement error is ± 0.5%  

 
Also, high resolution XPS was used to quantitatively study the surface chemical 
composition of the Zn(O,Se) layers deposited at 500–600°C. Thus, the selenium content 
remained unchanged at 11 at% for the TS range 500–600°C, while a noticeable increase 
in the Zn content from 52 to 57 at% was noticed with an increase in the TS from 500°C to 
550–600°C. However, a significant decrease in the oxygen ratio from 37 to 32 at% was 
found in the same temperature interval. 

3.1.2 Optical Properties 
Figures 3.5a,b shows the UV–Vis transmittance spectra of Zn(O,Se) layers deposited at 
RT–600°C on the SLG substrates. All the deposited layers showed a transparency around 
80% in the visible range except the thicker layers deposited at RT and 100°C, which 
exhibited a transparency less than 80%. It can be seen that the absorption edges shifted 
to a shorter wavelength (blue shift) with the increase in the TS. The shift of the absorption 
edges can be attributed to the change in the electronic band structure and thickness of 
the Zn(O,Se) layers with the TS [111,112]. Thus, a change in the electronic band structure 
of the Zn(O,Se) layers due to the formation of some defects, which creates a localized 
state in the band gap, leads to an increase in the band gap [111,113]. The thicker layers 
increase the width of the localized states in the optical band gap, accordingly, reducing 
the optical absorption edges with the reverse effect [111,112]. The optical Eg of the 
Zn(O,Se) layers was calculated based on the Tauc relation [114,115]. The optical Eg of the 
Zn(O,Se) layers varied from 2.76 eV to 3.29 eV with the increase in the TS from RT to 
600°C as listed in Table 3.3. This variation in the optical band gap can be related to the 
shift in the absorption edges and change in the thickness of the layers with the change 
in the TS. Also, two different optical Eg values were observed for Zn(O,Se) layers grown 
at 550 and 600°C, which is attributed to the coexistence of two different solid solutions. 
This is in excellent agreement with the XRD, Raman, and XPS data.  

Furthermore, all the deposited layers showed interference patterns, which may be 
attributed to the multiple reflections at air–layers and layers–substrate interfaces as a 
result of the dissimilar refractive indexes of the Zn(O,Se) layers, air, and the SLG substrate 
[116].  
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Figure 3.5. UV–Vis transmittance spectra of Zn(O,Se) layers deposited onto SLG substrate at  
(a) RT–400°C and (b) 500–600°C. 

3.1.3 Electrical Properties 
Since we propose Zn(O,Se) layers as a potential buffer layer for solar cells and other 
optoelectronic devices, it is vitally important to investigate the electrical properties of 
these layers. Thus, using the Hall effect measurements method at RT, we characterized 
the carrier mobility, carrier density, and resistivity of Zn(O,Se) layers as a function of TS. 
It was revealed that all Zn(O,Se) layers deposited below 500°C were relatively highly 
resistive as a result of the amorphous structure of the Zn(O,Se) layers. Table 3.4 shows 
the electrical properties of the Zn(O,Se) layers grown at 500–600°C based on the Hall 
effect measurements. The sign of the Hall coefficient reveals that the electrons are the 
majority carriers in the PLD deposited Zn(O,Se) layers under nitrogen back–pressure, 
which corresponds to the n-type conductivity of the deposited Zn(O,Se) thin films. The 
resistivity of the Zn(O,Se) layers grown at 500°C was 2.1 x 105 Ω·cm, the electron density    
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Table 3.4. The electrical properties of the Zn(O,Se) layers deposited in the temperature region of 
500–600°C under nitrogen back–pressure.   

Ts Hall coefficient Resistivity Carriers density Carriers mobility 
(°C) (cm3/C) (Ω·cm) (cm-3) (cm2/ Vs) 
500 -2.4 x 107 2.1 x 105 3.0 x 1011 113.0 
550 -6.0 x 106 2.3 x 105 1.0 x 1012 26.2 
600 -2.0 x 102 5.4 x 101 3.4 x 1016 3.4 

  Hall effect measurement error is ± 5.0%   

was 3.0 x 1011 cm-3, and the carrier mobility was 113.0 cm2/Vs. As the TS increased to 
550°C, the mobility remarkably decreased to 26.2 cm2/Vs, while the carrier concentration 
increased by one order of magnitude to 1.0 x 1012 cm-3. With further increase in the TS to 
600°C, the carrier concentration significantly increased to 3.4 x 1016 cm-3, while the 
mobility and resistivity sharply decreased to 3.4 cm2/Vs and 5.4 x 101 Ω·cm, respectively. 

To clearly understand the change in the electrical properties of Zn(O,Se) layers grown 
at 500–600°C, we conducted some thermodynamic studies for the Zn(O,Se) system as in 
paper I [117]. Specifically, the change in Gibbs free energy (ΔG) of formation for ZnSe, 
ZnO, and SeO2 was calculated based on the HSC Chemistry Ver. 6.0 software and 
compared for TS of 500–600°C, as seen in Table 3.5. Based on these preferred 
thermodynamic reactions, it was found that ZnO is the most stable phase in the Zn(O,Se) 
system because it shows the highest Gibbs free energy of formation. The formation of 
SeO2 reduces the partial pressures of selenium and oxygen in ZnSe and ZnO, respectively. 
Furthermore, the partial pressure of Zn in zinc oxide is less than the partial pressure of 
Zn in zinc selenide, which produces a Zn–rich composition in the vapor phase of the 
Zn(O,Se) system. As a result, of the increased partial pressure of zinc vapor, more oxygen 
and selenium vacancies (n-type intrinsic defects) will be formed; consequently, this will 
increase the overall carrier concentration in the Zn(O,Se) layers. Thus, the carrier mobility 
is systematically reduced with the TS as the carrier concentration is increased. Probably, 
the systematic decrease in the carrier mobility was related to the carrier scattering via 
ionized selenium/oxygen vacancy defects with high carrier concentrations at high 
temperatures. The reactions (3.1–3.8) below present the dissociation of Zn(O,Se), ZnO, 
and ZnSe in the gas phase and the following formation of the Frenkel defects at the 
equilibrium between the solid and gas phase [117,118]. The nitrogen back–pressure has 
the ability to inhibit the transfer of the materials through the gas phase to the substrate 
by decreasing the kinetic energy and the mean free path of the ablated particles. 
The reduced mean free path has an effect of keeping the O and Se content stable in the 
Zn(O,Se) layers. The EDX analysis represents a relatively stable O and Se content in the 
whole TS range. 

Zn(OxSey)
500−600 °C
�⎯⎯⎯⎯⎯⎯�  [Zn(1−n)O(x−2n)Se(y−n)](s) + mSeO2(g) ↑ +nZn(g) +

(𝑛𝑛−𝑚𝑚)½O2(g) + (𝑛𝑛 − 𝑚𝑚)½Se2(g)    (3.1) 

𝑍𝑍𝑛𝑛𝑍𝑍(𝑠𝑠) ↔ [Zn(1−n)O(1−n)𝑛𝑛𝑛𝑛𝑍𝑍𝑍𝑍𝑛𝑛𝑛𝑛𝑂𝑂](𝑠𝑠) + nZn(g) + n 1
2

O2(g)          (3.2) 

𝑍𝑍𝑛𝑛𝑍𝑍𝑍𝑍(𝑠𝑠) ↔ [Zn(1−n)Se(1−n)𝑛𝑛𝑛𝑛𝑍𝑍𝑍𝑍𝑛𝑛𝑛𝑛𝑆𝑆𝑆𝑆](𝑠𝑠) + nZn(g) + n 1
2

Se2(g)  (3.3) 

𝑛𝑛𝑍𝑍𝑍𝑍 ↔ 𝑛𝑛𝑍𝑍𝑍𝑍− + ℎ     (holes donating)  (3.4) 
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𝑛𝑛𝑆𝑆𝑆𝑆 ↔ 𝑛𝑛𝑆𝑆𝑆𝑆+ + 𝑍𝑍−    (electrons donating)   (3.5) 

𝑛𝑛𝑂𝑂 ↔ 𝑛𝑛𝑂𝑂− + 𝑍𝑍−      (electrons donating)   (3.6) 

𝐾𝐾(𝑍𝑍𝑍𝑍𝑂𝑂) = [𝑛𝑛𝑍𝑍𝑍𝑍− ] ∙ [𝑛𝑛𝑂𝑂−], where K(ZnO) is the equilibrium constant for ZnO  (3.7)   

𝐾𝐾(𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆) = [𝑛𝑛𝑍𝑍𝑍𝑍− ] ∙ [𝑛𝑛𝑆𝑆𝑆𝑆− ], where K(ZnSe) is the equilibrium constant for ZnSe     (3.8)

Table 3.5. The changes in the Gibbs free energies calculated for the formation of ZnO, ZnSe and 
SeO2 at temperature range of 500–600°C. 

Reaction ΔG at 500°C ΔG at 550°C ΔG at 600°C 
(kcal/mole) (kcal/mole) (kcal/mole) 

𝑍𝑍𝑛𝑛(𝑔𝑔) + ½ 𝑍𝑍2(𝑔𝑔)↔𝑍𝑍𝑛𝑛𝑍𝑍(𝑐𝑐) -74.76 -72.24 -69.73
𝑍𝑍𝑛𝑛(𝑔𝑔) + ½ 𝑍𝑍𝑍𝑍2(𝑔𝑔)↔𝑍𝑍𝑛𝑛𝑍𝑍𝑍𝑍(𝑐𝑐) -51.33 -49.02 -46.72
½ 𝑍𝑍𝑍𝑍2(𝑔𝑔) + 𝑍𝑍2(𝑔𝑔)↔𝑍𝑍𝑍𝑍𝑍𝑍2(𝑔𝑔) -30.97 -30.17 -29.38

3.2 Effect of the Laser Fluences on the Properties of the Zn(O,Se) Layers 
Zn(O,Se) layers were grown onto SLG substrates by PLD at 500°C according to the 
experimental procedure presented in section 2.1.3b. The structural and optoelectronic 
properties of the Zn(O,Se) layers were investigated as a function of the laser fluences, 
which varied from 4 to 6 J cm-2. The findings are discussed and presented in paper II.  

3.2.1 Structural, Morphological and Compositional Analysis 
Surface and cross–sectional HR-SEM micrographs of the Zn(O,Se) layers grown at 500°C 
with changing laser fluences from 4 to 6 J cm-2 are presented in Figs 3.6, which illustrate 
the growth of homogenous, dense, and well–adherent Zn(O,Se) layers to the SLG 
substrates. As can be seen from the cross–sectional micrographs, the thickness of the 
Zn(O,Se) layers increased from 340 to 445 nm with the change in the laser fluence from 
4 to 6 J cm-2. Thus, this result is attributed to the presence of large numbers of atoms and 
ions of Zn, O, and Se in the plasma plume at higher laser fluences [119]. The EDX 
elemental analysis of the deposited layers shows relatively stable elemental ratios of Zn, 
O, and Se throughout all applied laser fluences of 4,5 and 6 J cm-2 as seen in Table 3.6. 

Figure 3.6. Surface and cross–sectional HR-SEM micrographs of Zn(O,Se) layers deposited onto SLG 
substrate at 500°C with different laser fluences of 4, 5, 6 J cm-2.  
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Figure 3.7 represents the XRD patterns of the Zn(O,Se) layers deposited at 500°C onto 
SLG substrates using three laser fluences of 4, 5, and 6 J cm-2 combined with XRD patterns 
of the reference ZnO and ZnSe phases grown by PLD at 4 J cm-2 laser fluence and the 
same substrate temperature for comparison. The XRD patterns for the ZnO and ZnSe 
layers have been identified and explained in detail in section 3.1.1. However, all the 
deposited Zn(O,Se) layers showed a single XRD peak at 33.70° regardless of the applied 
laser fluence. This peak located at 33.70° was previously assigned to the (002) plane of 
ZnO1-xSex, where x values varied from 0 to 0.12 [31,50,120]. Thus, the polycrystalline 
ternary Zn(O,Se) phase was formed at 500°C for all applied laser fluences. The difference 
in peak position between the Zn(O,Se) layers deposited in high vacuum [117] and 
nitrogen back–pressure is ∆2θ = 2.76, which is attributed to the effect of the deposition 
atmosphere (nitrogen back–pressure). As shown in Fig 3.1b, the polycrystalline Zn(O,Se) 
was mixed with the amorphous phase. With increasing laser fluence from 4 to 6 J cm-2,  

a significant increase in the crystallite sizes (for the peaks at 33.70°) from 34 to 42 nm 
was observed as shown in Table 3.6. Hence, that is attributed to the increased flux and 
high kinetic energy of the ablated materials in the plasma plume, which affected the 
crystallite size and density of the Zn(O,Se) layers [86,92,121].  

 
Figure 3.7. XRD patterns of Zn(O,Se) layers deposited onto SLG substrate at 500°C with different 
laser fluences of 4, 5, 6 J cm-2, Combined with XRD patterns of ZnSe, ZnO layers deposited at 500°C 
and  4 J cm-2 laser fluence.   
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Table 3.6. Crystallite sizes, atomic ratios, layer thicknesses, and optical band gaps of Zn(O,Se) layers 
deposited at 500°C with different laser fluences of 4–6 J cm-2. 

Laser  Crystallite   EDX atomic  Layer  Band gap 
fluences  sizes   ratios   thickness   
(J cm-2)  (nm)a  (at%)b  (nm) (eV) 

  Zn O Se   
4 34 ± 0.3 50.0 41.6 8.4 340 3.03 
5 40 ± 0.4 50.0 41.0 9.0 419 2.94 
6 42 ± 0.5 50.0 42.0 8.0 445 2.87 

  a represent standard deviation (s.d.), b EDX measurement error is ± 1.0%  

3.2.2 Optical Properties 
Figure 3.8 illustrates the UV–Vis transmittance spectra of the Zn(O,Se) layers deposited 
at 500°C with changing laser fluences from 4 to 6 J cm-2. All the prepared Zn(O,Se) layers 
are nearly transparent in the visible range of the spectra. The absorption edges shifted 
to a longer wavelength (redshift) as the laser fluence increased from 4 to 6 J cm-2. This is 
because of an alteration of the electronic band structure of the Zn(O,Se) layers due to 
the formation of the localized defect states [122–125]. Thus, the valence band and the 
defect states experience valence band anticrossing, creating two divided bands [31,126]; 
as Zn(O,Se) layers are n-type, the Fermi level is located near the conduction band. Thus, 
the Se–derived band will be completely filled and functions as the top of the valence 
band, which redshifts the absorption edges. The observed redshift [80,127] in the 
absorption edges of the Zn(O,Se) layers with the increase in the laser fluence gradually 
reduced the optical Eg values of the Zn(O,Se) layers from 3.03 to 2.87 eV.  

 
Figure 3.8. UV–Vis transmittance spectra of Zn(O,Se) layers deposited onto SLG substrate at 500°C 
with different laser fluences of 4, 5, 6 J cm-2. 

3.2.3 Electrical Properties  
Table 3.7 illustrates the electrical properties of the Zn(O,Se) layers grown in a high 
vacuum at 500°C as a function of changing laser fluences from 4 to 6 J cm-2. The negative 
sign of the Hall coefficient indicated the n-type conductivity of all the prepared Zn(O,Se) 
layers. The electron density gradually increased from 4 × 1014 cm-3 to 8 × 1014 cm-3 and 
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the resistivity decreased from 6 × 103 Ω·cm to 4 × 103 Ω·cm as the laser fluence changed 
from 4 J cm-2 to 5 J cm-2. Similarly, a significant increase in the carrier concentration to  
4 x 1015 cm-3 and a significant reduction of the resistivity to 6 x 102 Ω·cm were observed 
as the laser fluence increased to 6 J cm-2. Furthermore, the carrier mobility was relatively 
constant for all applied laser fluences, with values around 2–3 cm2/Vs. To explain the 
electrical behavior of the Zn(O,Se) layers as a function of the laser fluence, we referred 
to the thermodynamic studies shown in section 3.1.4 and paper I. Hence, the study 
indicated the formation of oxygen/selenium vacancies (n-type intrinsic defects), in other 
words Frenkel defects, which increase the overall carrier concentration of the 
polycrystalline Zn(O,Se) layers [51,128]. Also, the scattering lifetime of the carriers was 
optimal and sufficiently long for the Zn(O,Se) layers grown at high laser fluences, which 
increased the carrier concentration [51,129]. Thus, the increased carrier concentration 
of the Zn(O,Se) layers at high laser fluences led to the reduction in the resistivity with 
laser fluence [51,129].    

Table 3.7. The electrical properties of the Zn(O,Se) layers deposited at 500°C with different laser 
fluences of 4–6 J cm-2.  

Laser fluences Resistivity Carriers density Carriers mobility 
(J cm-2) (Ω·cm) (cm-3) (cm2/Vs) 

4 6 x 103 4 x 1014 3 
5 4 x 103 8 x 1014 2 
6 6 x 102 4 x 1015 3 

    Hall effect measurements error is ± 1.0%  

3.3 Application of Zn(O,Se) as a Buffer Layer with CIGSe Solar Cells 
For proof of the concept demonstrated above, we applied Zn(O,Se) layers prepared by 
PLD at RT–500°C as a buffer layer with CIGSe solar cells in a substrate configuration 
(glass/Mo/CIGSe/ZnOSe/i-ZnO/ZnO:Al). The solar cell parameters were studied as a 
function of the thickness of the Zn(O,Se) buffer layer from 300 to 100 nm. Furthermore, 
the solar cell parameters of the CIGSe/Zn(O,Se) devices were compared to the solar cell 
parameters of reference cell CIGSe/CdS and presented in paper III. It was found that, the 
Zn(O,Se) buffer layers deposited at RT reported the best device performance. However, 
the Zn(O,Se) buffer layers deposited at 100–500°C had very low device performance, and 
were not considered for further investigation. Hence, this may be attributed to the 
absorber surface deterioration due to high temperature PLD process or may be diffusion 
of zinc or oxygen into the absorber at those deposition temperatures. Thus, all the 
following discussions are devoted to the Zn(O,Se) buffer layers deposited at RT.  

3.3.1 Optical and Elemental Analysis of Amorphous Zn(O,Se) Layers 
Figure 3.9 shows the UV–Vis transmittance spectra of the amorphous Zn(O,Se) layers 
with three thicknesses of 300, 200, and 100 nm grown onto the SLG substrate by PLD in 
a high vacuum at RT. As can be seen, the Zn(O,Se) layer with the 100 nm thickness has 
an average transparency of about 85% in the visible region of the spectra, while the layers 
with 200 and 300 nm thicknesses exhibited an average transparency around 75%. 
Furthermore, the absorption edges shifted to shorter wavelengths (blue shift), from ~485 
to ~375nm, with decreasing layer thickness from 300 to 100 nm. Thus, this is related to 
the disordered (defect) structure in the amorphous layers, which form localized defect 
states in the electronic structure of the Zn(O,Se) layers [111,113,122]. Hence, these 
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defect states and the valence band experience valence band anticrossing, forming two 
separate bands [31,126], which lead to the blue shift of the absorption edges, as 
discussed earlier in sections 3.1.2 and 3.2.2. The optical Eg of the layer was estimated 
using the Tauc relation [114,115]. Hence, the optical Eg values of the Zn(O,Se) layers are 
2.99, 3.00, and 3.05 eV for 300, 200, and 100 nm thicknesses, respectively, i.e., a minor 
increase in the optical Eg value to 3.05 eV is observed with the decrease in the Zn(O,Se)  
layer thickness to 100 nm. 

Moreover, the elemental ratios of the amorphous Zn(O,Se) layers were 50.0, 36.5, and 
13.5 at% for Zn, O, and Se, respectively, based on EDX analysis for all three different 
thicknesses, i.e., these values did not change with the change in the layer thickness. Thus, 
the selenium–to–oxygen composition ratio [Se]/([O]+[Se]) of the amorphous Zn(O,Se) 
layers was constant at 0.27. 

 
Figure 3.9. UV–Vis transmittance spectra of amorphous Zn(O,Se) layers deposited at RT onto SLG 
substrate with different thicknesses of 300, 200, 100 nm. 

3.3.2 XPS Depth Profile Analysis of the CIGSe/Zn(O,Se) Interface  
Figure 3.10 shows the XPS depth profile analysis of the CIGSe/Zn(O,Se) structure. In the 
topmost zone up to 100 nm, only the composition of the Zn(O,Se) layer is shown. Zn 2p, 
O 1s, and Se 3d presented relatively constant concentrations with an average around 
52.5, 36.0, and 11.5 at%, respectively as seen in Table 3.8. These minor deviations in Zn, 
O, and Se concentrations from the results obtained by EDX can be related to the XPS 
measurement accuracy. However, at the CIGSe/Zn(O,Se) interface region, the content of 
Zn 2p and O 1s steadily decreased until reaching 16.5 and 11.5 at% at a thickness of  
140 nm. Moreover, Cu 2p, In 3d, Ga 2p, and Se 3d belonging to the CIGSe absorber 
started evolving gradually in the interface area. Cu 2p, In 3d, and Se 3d increased  
steadily up to 16.5, 24.4, and 30.5 at% at 140 nm thickness. Nevertheless, the Ga 2p 
concentration varied in an extremely narrow range and was semi constant at 0.26 at% 
for the whole etching depth scanned. Furthermore, the elemental content of the  
CIGSe absorber was determined by XRF as well [83]. Thus, it had an average atomic  
ratio of [Cu]/([Ga]+[In]) = 0.89, [Ga]/([Ga]+[In]) = 0.23, [In]/([Ga]+[In]) = 0.77, and 
[Se]/([Cu]+[Ga]+[In]) = 1.10. 
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Figure 3.10. XPS depth profile analysis for a typical CIGSe/Zn(O,Se) structure showing the 
composition gradient of the Zn(O,Se) layer and CIGSe/Zn(O,Se) interface. 

Table 3.8. Comparison of the average atomic concentrations of Zn(O,Se) layers deposited at RT 
measured by different techniques EDX and XPS. 

Structure  Technique   atomic conc. (at%)  
  Zn O Se 

Glass/Zn(O,Se) EDX 50.00 36.50 13.50 
CIGSe/Zn(O,Se) XPS 52.50 36.00 11.50 

   Measurement uncertainty of EDX is ± 1.0% and XPS is ± 10.0%  

3.3.3 HR-SEM Analysis of CIGSe/Zn(O,Se) Devices 
Figures 3.11a–c represent the cross–sectional HR-SEM micrographs of the CIGSe/Zn(O,Se) 
devices as a function of the thickness of the Zn(O,Se) buffer layer at 300, 200, and 100 
nm. It can be seen that the CIGSe absorber surface is covered uniformly by the Zn(O,Se) 
buffer layer. The grown layers are homogenous and dense, with good adherence to the 
Mo/glass substrate and between other layers. The sputtered Mo back contact and  
co–evaporated CIGSe absorber layer had an average thickness of 0.3 and 1.7 μm, 
respectively, according to HR-SEM cross–sectional analysis, while the combined Zn(O,Se) 
and i-ZnO/ZnO:Al layers showed thicknesses of 1050, 800, and 850 nm for the 300, 200, 
and 100 nm thick Zn(O,Se) buffer layer, respectively (see also Figs S.3 of HR-SEM  
cross–sectional micrographs of the Zn(O,Se)/SLG structures in appendix 2). The thickness 
of the buffer layer and the top electrode is estimated as one unit altogether using  
HR-SEM. The thickness of the second layer associated with 200 nm thick Zn(O,Se) buffer 
layer is deviated by 150 nm from it is expected actual thickness. However, this deviation 
corresponds to the i-ZnO/ZnO:Al sputtering because the thickness of the i-ZnO/ZnO:Al 
layer varies based on the location of the structure inside the sputtering chamber.   

3.3.4 Effect of the Zn(O,Se) Thickness on the Solar Cell Performance 
Table 3.9 and Figure 3.12a represent the CIGSe solar cell parameters as a function of the 
thickness of the Zn(O,Se) buffer layer at 300, 200, and 100 nm. Also, a comparison of the 
CIGSe/Zn(O,Se) solar cells with the CIGSe/CdS reference cell is represented. The solar cell 
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parameters were strongly dependent on the thickness of the Zn(O,Se) buffer layer. 
Hence, the JSC significantly increased from 20.9 to 27.1 mA/cm2 as the thickness of the 
Zn(O,Se) buffer layer decreased from 300 to 100 nm. This is explained by the sufficient 
light absorption of the CIGSe/Zn(O,Se) device with the 100 nm thickness due to high 
transparency (about 85%) in the visible region as shown in Fig 3.9 and the high Eg of  
3.05 eV, which leads to an enhanced spectral response in EQE. The CIGSe/Zn(O,Se) device 
with a 100 nm thick buffer layer has an enhanced spectral response in EQE over a wide 
range of wavelengths (300–760 nm) compared to the devices with 200 and 300 nm thick 
buffer layers, which is directly reflected in the high JSC values of the 100 nm thick sample. 
Furthermore, the low JSC values for the 200 and 300 nm thick layers can be attributed to 
the fact that “PLD ablated materials contains macroscopic globules of molten materials’’ 
[130]; these ablated materials have a high kinetic energy and strong collision force  
as well. Thus, when these particulates reach the substrate, the properties of the  
already–deposited layers are affected and damaged. As 200 and 300 nm thick layers took 
a long time to deposit in the PLD chamber, the amount of damage (defects) is relatively 
high compared to the 100 nm thick layer. As a result, this decreases the carriers collection 
by impeding the photogenerated electrons [131–135]. In contrast, the FF decreased  
from 47.4% to 40.3% with decreasing thickness of the Zn(O,Se) buffer layer to 100 nm. 
This can be explained by the high series resistance (RS) and low shunt resistance (RSH) for 
the cells fabricated with the 100 nm thick Zn(O,Se) buffer layer as indicated in Table 3.9.  

The VOC values significantly increased from 395 to 454 mV as the thickness of the 
Zn(O,Se) buffer layer decreased from 300 to 100 nm. The recombination losses at the 
absorber/buffer interface are responsible for the low VOC values at higher thickness 
[131,135]. In the thicker buffer layer, a high potential drop takes place in the buffer layer 
because the Fermi energy at the absorber/buffer interface moves far away from the 
conduction band edge [131,135]. Similarly, the potential will decrease in the whole 
heterostructure by the same amount as in the buffer layer, and the hole barrier will not 
change. In other words, the electron concentration will decrease [136], while the hole 
concentration will remain unchanged with increasing buffer layer thickness. Therefore, 
this reduces an inversion in the topmost part of the absorber layer. As a result, the 
recombination rate will increase through the CIGSe/Zn(O,Se) interface, resulting in a low 
VOC [122,136–138]. 

The junction parameters were evaluated by fitting the J–V curves of the individual 
solar cells using a one diode model. An ideality factor (n) and the saturation current 
density (J0) were extracted and represented in Table 3.9. The theoretical view suggests 

Figure 3.11. Cross–sectional HR-SEM images of the complete CIGSe/Zn(O,Se) solar cells with 
different thickness of the Zn(O,Se) buffer layer (a) 100 nm, (b) 200 nm, (c) 300 nm. 
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Figure 3.12. (a) J–V curves and (b) EQE spectra of the CIGSe/Zn(O,Se) devices with different 
thicknesses of the Zn(O,Se) buffer layer 300, 200, 100 nm, and comparison with CIGSe/CdS 
reference cell. 
 
the n of the diode in a range 1 ≤ n ≤ 2 is dependent on the recombination center energy 
and the respective capture cross sections for holes and electrons. In the case of n > 2, 
the recombination cannot be explained through a single center of recombination.  
A several–stage recombination process through a series of trap states deployed in space 
and energy can describe such a high n for a recombination process at the space–charge 
region [138–141]. The previous discussion clarifies that the n is heavily affected by the 
recombination mechanism. The ideality factor is near to but relatively higher than 2 in 
the case of the reference cell, which means that the space–charge region recombination 
is the dominant recombination mechanism in the absorber [126]. The higher fitted 
ideality factor values of the devices fabricated using the Zn(O,Se) buffer layer suggest 
that the deposition of such a layer using PLD led to additional recombination centers in the 
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space–charge region and recombination at the absorber/buffer interface. Furthermore, 
the saturation current is an estimation of the "leakage" of carriers across the p–n junction 
in reverse bias. This leakage is a result of the carrier recombination in the neutral regions. 
Thus, this means the saturation current is a measure of the recombination in a device 
[142,143]. A diode with a larger recombination will have a larger J0. The saturation current 
strongly affects the VOC with a good agreement with the VOC values in Table 3.9. The higher 
the J0 corresponds to a lower VOC. 

The CIGSe/Zn(O,Se) device fabricated with the 100 nm thick buffer layer showed an 
improved spectral response in the 350–760 nm wavelength range of the EQE spectra as 
in Fig 3.12b. This can be explained by the relatively high transparency and high Eg of the 
Zn(O,Se) buffer layer with 100 nm thickness compared to the other thicknesses (200 and 
300 nm), as discussed in the optical properties of the Zn(O,Se) buffer layer in section 
3.3.1. However, in a very narrow wavelength range (1000–1113 nm) near the IR region, 
the CIGSe/Zn(O,Se) devices fabricated with 200 and 300 nm thick buffer layers showed 
enhanced spectral responses as in Fig 3.12b. Generally, the reduction of EQE in the IR 
region for TFSCs is related to several points, such as insufficient light absorption close to 
the CIGSe band gap, rear surface recombination, and incomplete collection of the 
photogenerated carriers [144–148]. The influence of these causes is identical in all three 
cells, but because of the high RS of the device fabricated with a 100 nm thick buffer layer, 
their influence became more significant and decreased the EQE in the IR region for that 
specific cell. Furthermore, the Eg of the CIGSe absorber was 1.0 eV, as determined from 
the EQE spectra. 

The solar cell parameters of the CIGSe/Zn(O,Se) devices was compared to the 
CIGSe/CdS reference cell (prepared and measured at Ångström Solar Center, Uppsala 
University), as shown in Fig 3.12a. The JSC value of the CIGSe/Zn(O,Se) devices is relatively 
low in comparison to the reference cell. However, a significant difference in the VOC and 
FF values was observed, confirming the presence of recombination losses and the 
parasitic resistance, such as high RS and low RSH, as discussed previously. Moreover,  
the short period of unavoidable air exposure of the CIGSe surface during transfer to the 
PLD deposition chamber oxidizes the Cu, In, Ga, and Se [136,149–152]. However, the 
ammonia in the CBD–CdS process etches the oxides, leaving a chemically clean  
CIGSe surface [136,149,150]. Since the ammonia etching effect is absent in the dry   
 
Table 3.9. CIGSe solar cells parameters as a function of Zn(O,Se) buffer thickness, series and shunt 
resistance, saturation current, ideality factor, comparison to the reference cell using the CdS buffer 
layer. 

Thickness (nm)  100  200  300  CdS ref * 
Cell size (cm2)  0.06  0.06  0.06  0.05  

η (%)  5.0  4.5  3.9 14.7  
FF (%)  40.3  47.3  47.4  68.5  

VOC (mV)  454.0  395.0  395.0  560.0  
JSC (mA/cm2)  27.1 23.9  20.9  38.2  

RS (Ω·cm2)  6.0  3.1  3.5  0.2  
RSH (Ω·cm2)  81.0  139.0  242.0  1.0 x 103  
J0 (mA/cm2)  1.8 x 10-4  2.4 x 10-4  2.0 x 10-4  2.0 x 10-6  

n  3.7  3.3  3.2  2.2  
   * prepared and measured at Uppsala University 
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buffer layer deposition process, such as PLD, all residual aging products left on the  
CIGSe surface during the PLD deposition process stay at the absorber/buffer interface. 
Hence, decreasing and damaging the quality of the CIGSe/Zn(O,Se) interface, 
consequently, presents opportunities for recombination losses at the interface 
[136,153]. The combination of the PLD system with a glove box is a promising idea and 
can possibly prevent the CIGSe surface from oxidation and deterioration. 

Figure 3.12b also, compare the EQE spectra of the CIGSe/Zn(O,Se) devices with EQE 
spectra of the CIGSe/CdS reference cell. The CIGSe/Zn(O,Se) devices shows an enhanced 
spectral response in the short wavelength region (360–550 nm) than the CIGSe/CdS 
reference cell. Thus, this can be explained by the high Eg ≥ 3.00 eV of the Zn(O,Se) buffer 
layer compared to that of the CdS around 2.45 eV. For the rest of the wavelengths, the 
spectral responses of the CIGSe devices fabricated with both buffers (Zn(O,Se) or CdS) 
are quite similar. 
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Conclusions 
This thesis is focused on the development and study of the Zn(O,Se) layers prepared  
by PLD with a systematic investigation of the effect of the deposition conditions on  
the structural, morphological, and optoelectronic properties of the obtained layers.  
In addition, the Zn(O,Se) layers prepared by PLD were applied as buffer layers in complete 
solar cell structures with a CIGSe absorber. The main outcomes of the thesis are: 

1. Uniform, adhesive, amorphous, and polycrystalline Zn(O,Se) layers were 
deposited onto SLG substrates by PLD and characterized. 

2. It was determined that the properties of the Zn(O,Se) layers were strongly 
dependent on the TS. All layers prepared below 500°C were amorphous,  
and polycrystalline ternary Zn(O,Se) layers were formed at 500°C. Between  
550–600°C, the formation of two different solid solutions ZnSe1-yOy and  
ZnO1-zSez was observed where y and z << 1. This phenomenon is connected to 
the limited solubility of selenium and oxygen in ZnO and ZnSe, respectively, i.e., 
ternary Zn(O,Se) can only be formed in a relatively narrow composition range 
close to the binary ZnO and ZnSe.  

3. All prepared Zn(O,Se) layers showed n-type conductivity with relatively high 
resistivity of the amorphous layers and significantly increased electrical 
conductivity of the polycrystalline layers.  

4. Polycrystalline ternary Zn(O,Se) layers with stable composition were formed at 
500°C for all applied laser fluences of 4, 5, and 6 J cm-2. Also, a significant increase 
in the electrical conductivity with an increase in the laser fluence was observed.   

5. UV–Vis transmittance spectra showed relatively high transparency of all 
deposited Zn(O,Se) layers in the visible range as a function of the TS and laser 
fluences. Thus, the optical band gap of the Zn(O,Se) layers was tunable in a wide 
range from 2.76 to 3.29 eV depending on the TS and the laser fluences.  

6. The complete solar cell structures based on the co–evaporated CIGSe absorber 
and Zn(O,Se) buffer layer deposited by PLD were fabricated in the substrate 
configuration and characterized. It was found that the solar cells with the 
Zn(O,Se) buffer layer deposited at RT shows the best device performance with 
an average photoconversion efficiency of 5.0%. However, the solar cells with 
Zn(O,Se) buffer layers deposited at 100–500°C had very low device 
performance. The absorption capability of the CIGSe/Zn(O,Se) devices is 
enhanced in the blue region of the EQE spectra, which is an advantage of 
Zn(O,Se) compared to CdS. 

7. Based on these preliminary results, we suppose that the Zn(O,Se) layers have 
the potential to replace the CdS buffer layer in complete solar cell structures. 
However, the door is still open for optimizing the complete solar cell structures 
based on the Zn(O,Se) buffer layer and different absorbers, optimizing PLD 
deposition conditions, and adjusting the conduction band offset at the 
absorber/buffer interface. 
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Abstract 

Pulsed Laser Deposition of Zn(O,Se) Layers for Optoelectronic 
Applications  
TFSCs are one of the most promising sources of renewable energy. They consist of 
different functional layers, such as the absorber layer, buffer layer, front and back 
contacts, etc. Usually, the buffer layer should be an n-type semiconductor with a wide 
band gap and appropriate electrical properties. Also, the buffer layer should have a 
minimal defect density at the absorber/buffer interface in a complete TFSCs structure. 
An implementation of an intermediate buffer layer between the p-type absorber layer 
and the front contact can improve the photovoltaic properties of the rectifying junctions 
significantly. For example, implementing a buffer layer reduces the interfacial charge 
recombination by accelerating an electron–hole pairs separation.  

CdS is a well–known or standard buffer layer used in TFSCs with different absorbers, 
which allows the highest recorded efficiencies of these devices to be obtained. In these 
devices, CdS is usually prepared by the wet CBD method. Despite the high performance 
of CdS, there is a current trend to substitute CdS with other materials due to some 
drawbacks, such as a parasitic light absorption that leads to optical losses in the 
wavelength range of 350–550 nm and the environmental impact due to the toxicity of 
Cd. Thus, a number of buffer layers were investigated, such as zinc and indium based 
buffer layers, as an alternative for CdS. Recently, a Zn(O,S) buffer layer combined with a 
Cu(In,Ga)(Se,S)2 absorber has achieved the highest recorded photoconversion efficiency 
of 23.35%.    

To follow this prospective approach, in this thesis, we proposed and investigated the 
properties of Zn(O,Se) layers as an alternative buffer layer for the conventional toxic  
CdS in optoelectronic devices. Zn(O,Se) layers were deposited by the PLD technique  
using a target prepared from hot–pressed premixed fine powders of ZnO = 75 at% and 
ZnSe = 25 at%. The effect of the TS and the effect of the laser fluences on the structural, 
optical, and electrical properties of the Zn(O,Se) layers were systematically studied using 
different techniques, such as XRD, Raman, XPS, HR-SEM, EDX, UV–Vis, and Hall effect 
measurements. Also, the Zn(O,Se) was applied as a buffer layer in complete TFSCs 
structures of the substrate configuration with the CIGSe absorber. The PV parameters of 
the CIGSe/Zn(O,Se) solar cells were analyzed by measuring the J–V curves and EQE 
spectra.  

For the effect of the TS on the properties of the Zn(O,Se) layers deposited by PLD in 
nitrogen back–pressure, the structural investigation showed that all Zn(O,Se) layers 
grown at RT–400°C were amorphous, while a polycrystalline ternary Zn(O,Se) phase 
formed at 500°C. However, at the TS of 550–600°C, two different solid solutions were 
formed as ZnSe1-yOy and ZnO1-zSez due to the limited solubility of O and Se in ZnSe and 
ZnO, respectively. The thickness of the Zn(O,Se) layers monotonically decreased from 
733 nm to 459 nm with increasing TS from RT to 600°C. The UV–Vis spectra showed a 
relatively high transmittance around 80% in the visible part of the spectrum for the 
deposited Zn(O,Se) layers with thicknesses of 647–454 nm. Furthermore, with increasing 
TS, the absorption edges shifted to a shorter wavelength region, and the optical band gap 
varied from 2.76 to 3.29 eV. The 50 mTorr of nitrogen back–pressure effectively 
maintained stable ratios of the elemental content of the deposited layers in the whole 
range of the TS. The Hall effect measurements revealed the n-type conductivity of the 
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Zn(O,Se) layers, further showing that all Zn(O,Se) layers deposited below 500°C were 
relatively highly resistive. However, the electrical conductivity of the Zn(O,Se) layers 
deposited at 500–600°C increased significantly. 

For the effect of the laser fluences on the properties of the Zn(O,Se) layers deposited 
at 500°C, the XRD analysis showed the formation of the polycrystalline ternary Zn(O,Se) 
for all three laser fluences. The crystallite sizes and the layer thickness increased from 34 
to 42 nm and from 340 to 445 nm, respectively, with increasing laser fluences from 4 to 
6 J cm-2. The UV–Vis transmittance spectra showed relatively high transparency of 
Zn(O,Se) layers around 80% for all applied laser fluences. Moreover, by increasing the 
laser fluences, the absorption edges shifted to a longer wavelength and the optical band 
gap gradually decreased from 3.03 to 2.87 eV. The Hall effect measurements revealed 
the n-type conductivity of all deposited Zn(O,Se) layers. The carrier concentration 
increased to 4 x 1015 cm-3 with an increase in the laser fluence to 6 J cm-2. 

The application of Zn(O,Se) as a buffer layer in combination with a CIGSe absorber was 
successful; however, the obtained photoconversion efficiency of 5.0% is less than the 
photoconversion efficiency (14.7%) of the reference cell using a CdS buffer layer. It was 
found that the performance of the solar cells was dependent on the thickness of the 
amorphous Zn(O,Se) buffer layer. Thus, the open circuit voltage, short circuit current, 
and photoconversion efficiency were increased significantly to 454 mV, 27.1 mA/cm2, 
and 5.0%, respectively, by decreasing the thickness of the amorphous Zn(O,Se) buffer 
layer to 100 nm. Furthermore, the parasitic absorption of the CIGSe/Zn(O,Se) devices in 
the blue region was reduced in comparison with the CIGSe/CdS reference cell due to the 
high optical band gap ≥ 3.0 eV of the amorphous Zn(O,Se) buffer layers. On the basis of 
the preliminary results of these Cd–free solar cells, we suppose that Zn(O,Se) has the 
potential to replace CdS in solar cells. Thus, follow–up optimization of the deposition 
conditions and also the selenium–to–oxygen ratios in Zn(O,Se) seems to be a prospective 
way to improve the performance of the Zn(O,Se) buffer layer in optoelectronic devices.   
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Lühikokkuvõte 

Impulsslaser-sadestatud Zn(O,Se) kiled optoelektroonseteks 
rakendusteks 
Mitmest erineva funktsionaalsusega kihist koosnevad õhukesekilelised päikeseelemendid 
on kõige lootustandvamad taastuvenergia allikad. Õhukesekihilised päikeseelemendid  
koosnevad päikesevalgust neelavast kihist, puhverkihist, kontaktkihtidest ja valgust 
tagasipeegeldavast kihist. Tavapäraselt kasutatakse puhverkihina laia keelutsooniga ning 
sobivate elektriliste ja optiliste omadustega n-tüüpi pooljuhtmaterjali. Lisaks peab 
puhverkiht sobituma valgust neelava absorberkihi struktuursete omadustega, et viia 
miinimumini kontaktpinna defektide kontsentratsioon. Puhverkihi kasutamine 
absorberkihi ja läbipaistva aknakihi vahel võimaldab tunduvalt parandada 
päikeseelemendi töövõimet. Näiteks kiirendab puhverkihi kasutamine elektronide ja 
aukude eemaldumist üksteisest, seega vähendab laengukandjate rekombinatsiooni 
kontaktalal. 

Kõige tuntum puhverkihina kasutatav materjal on CdS, mida kasutatakse paljudes 
õhukesekilelistes päikeseelementides koos erinevate absorbermaterjalidega. 
Õhukesekileliste päikeseelementide rekordkasutegurid on saavutatud just  
CdS-puhverkihiga. Päikeseelementides kasutatav CdS-puhverkiht sadestatakse tavaliselt 
keemilise vanni meetodil. Vaatamata sellele, et CdS on väga hea puhvermaterjal ja 
suurepäraste optoelektroonsete omadustega, on CdS kasutamisel ka puudusi. Nimelt 
neelab ka CdS valgust põhjustades optilist kadu 350–550 nm lainepikkustel, lisaks on Cd 
vees lahustuvad ühendid mürgised. Seetõttu võivad CdS sadestusel tekkivad jääklahused 
avaldada mõju keskkonnale. Seetõttu on uus suund asendada CdS teiste materjalidega, 
nagu näiteks erinevate tsingil ning indiumil põhinevate puhverkihtidega. Viimased 
tulemused näitavad, et päikeseelement Zn(O,S) puhverkihi ning Cu(In,Ga)(Se,S)2 valgust 
neelava kihiga on saavutanud 23.35 %-lise kasuteguri.  

Tuginedes neile lootustandvatele tulemustele kasvatati antud doktoritöö raames 
Zn(O,Se) kui alternatiivse puhvermaterjali kilesid ning uuriti nende kilede omadusi. 
Zn(O,Se) kiled sadestati impulsslaser-sadestuse meetodil kasutades sihtmärki, mis on 
valmistatud kuumalt pressitud eelsegatud peenest pulbrist, mille oli ZnO-i 75 mol% ja 
ZnSe-i 25 mol%. Süstemaatiliselt uuriti sadestustemperatuuri (TS) ning laserkiirguse 
impulsi energiatiheduse mõju Zn(O,Se) kilede struktuurilistele, optilistele ning 
elektrilistele omadustele, kasutades järgnevaid meetodeid: röntgendiffraktsiooni (XRD), 
Raman spektroskoopiat, röntgenfotoelektronspektroskoopiat (XPS), kõrgelahutusega 
skaneerivat elektronmikroskoopiat (HRSEM), energiadispersiivset röntgenmikroanalüüsi 
(EDX), UV–Vis spektroskoopiat ning Halli efekti mõõtmisi. Lisaks kasutati Zn(O,Se) 
puhverkihina Cu(In,Ga)Se2 (CIGSe) valgust neelava kihiga õhukesekilelistes 
päikeseelementides. CIGSe/Zn(O,Se) päikeseelementide parameetrite analüüsiks 
kasutati voolu-pinge kõveraid ning kvantefektiivsuse (EQE) mõõtmisi.  

Esimesena uuriti sadestustemperatuuri mõju lämmastiku vasturõhu tingimustes 
sadestatud Zn(O,Se) kilede kristallstruktuurile. Kõik toatemperatuuri ning 400°C vahel 
sadestatud Zn(O,Se) kiled olid  amorfsed, kuid alates 500°C temperatuurist moodustus 
polükristalne kolmikühend Zn(O,Se). Samas tekkisid temperatuuride vahemikus  
TS = 550 °C kuni TS = 600°C erineva koostisega tahked lahused ZnSe1-yOy ja ZnO1-zSez. 
Erinevad koostised tekkisid vähenenud O ja Se lahustuvuse tõttu vastavalt ZnSe-s ja  
ZnO-s. Zn(O,Se) kile paksus vähenes ühtlaselt 733-lt 459 nm-ni temperatuuri tõustes 
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toatemperatuurilt 600°C-ni. UV–Vis spektroskoopia näitas Zn(O,Se) kilede suhteliselt 
kõrget läbilaskvust (umbes 80 %, kile paksus 647–454 nm) nähtavas piirkonnas. Lisaks 
sellele nihkus sadestustemperatuuri TS tõustes neeldumispiir lühikeste lainepikkuste 
piirkonda. Optilise keelutsooni laius muutus 2.76 eV ja 3.29 eV vahel. Lämmastiku 
vasturõhk 50 mTorr hoidis ühtlast vahekorda kilede elementaarses keemilises koostises 
kogu TS piirkonnas. Halli mõõtmised näitasid, et Zn(O,Se) kiled olid n-tüüpi juhtivusega 
ning lisaks kõik kiled, mis olid kasvatatud temperatuuridel alla 500°C olid suhteliselt  
kõrge takistusega. Samas temperatuuridel TS = 500–600°C sadestatud Zn(O,Se) kilede 
elektrijuhtivus tõusis märkimisväärselt.  

Järgmisena uuriti laserikiirguse impulsi energiatiheduse mõju Zn(O,Se) kilede 
omadustele. XRD analüüs näitas, et temperatuuril TS = 500°C kavatatud kiledel tekkis 
kõigi kolme kasutatud laserkiirguse impulsi energiatiheduse puhul polükristalne 
kolmikühend Zn(O,Se). Laserkiirguse suurenedes 4-lt 6 J cm-2-ni suurenesid kristalliitide 
suurus 34-lt 42 nm-ni ning kile paksus 340-lt 445 nm-ni. UV–Vis spektroskoopia näitas 
Zn(O,Se) kilede suhteliselt kõrget läbilaskvust (umbes 80 %) kõikide kasutatud laseri 
impulsi energiatiheduse väärtuste puhul. Lisaks sellele nihkus laserkiirguse suurenedes 
neeldumispiir pikematele lainepikkustele, keelutsooni laius aga vähenes järk-järgult 
3.03-lt 2.87 eV-ni. Halli mõõtmised näitasid n-tüüpi juhtivust kõikides erineva 
laserkiirgusimpulsi energiatihedusega sadestatud kiledes, sealjuures 6 J cm-2 juures tõusis 
laengukandjate tihedus 4 x 1015 cm-3-ni.  

Rakendades Zn(O,Se)-d puhverkihina koos valgust neelava kihiga CIGSe andis edukaid 
tulemusi, oli siiski saadud 5.0%-ne kasutegur väiksem võrreldes CdS puhverkihti kasutava 
päikeseelemendi 14.7%-sest kasutegurist. Leiti, et päikeseelementide tootlikus sõltus 
amorfse Zn(O,Se) puhverkihi paksusest. Amorfse Zn(O,Se) puhverkihi paksuse vähenedes 
100 nm-ni suurenesid märgatavalt avatud ahela pinge, lühisvool ning päikeseelemendi 
kasutegur vastavalt 454 mV-ni, 27.1 mA/cm2-ni ning 5.0 %-ni. Peale selle vähenes sinises 
spektriosas optiline kadu CIGSe/Zn(O,Se) päikeseelemendis võrreldes CIGSe/CdS 
päikeseelemendiga, kuna amorfne Zn(O,Se) puhverkiht on kõrge keelutsooni laiusega  
≥ 3.0 eV. Cd vaba päikeseelemendi esmaseste mõõtmistulemuste põhjal oletame, et 
Zn(O,Se) puhverkiht näitab potentsiaali asendada tavapärast CdS puhverkihti. Saadud 
tulemused näitavad, et kasvatustingimuste ning seleeni ja hapniku osakaalu 
optimiseerimine Zn(O,Se) kiledes on perspektiivne viis parandada Zn(O,Se) puhverkihi 
omadusi optoelektroonsetes seadmetes. 
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�����������	
���
��	
									������	�������		
	���������� !�"#�$%!$%&'��($)*'+%$*+)(%%'+$

,,,-./0123-45678493.09:9423;5208,,,-./0123-45678493.09:9423;52087

<=>?	@ABC?DEA@	FE	GGH	FI@	JHH	KLM	FI	CN?AOPFN=A	?QDR	DI	NCEQ	BAFS?	BC?DEDCIM	EC	TUV	W>XY	FI@	ZGJG[G\G	W>XY]M	WFI	NA	?AAIM	̂QDWQ	COD_DIFEA	̀OC>	=CI_DEa@DIF=	CBEDWF=	Zbc]	BQCICI	>C@A?	C̀	dIeAY\MfVgUY	FI@	=CI_DEa@DIF=	CBEDWF=	Zbc]	BQCICI	hY	?i>>AEOi	>C@A	C̀	dIcY\MUTgUU	OA?BAWEDPA=ij	kA?A	?QDR?	DI	NCEQ	lF>FI	NFI@?	WCI<O>A@	EQFE	EAOIFOi	dIZcMeA]	BC=iWOi?EF==DIA	BQF?A	̀CO>A@	FE	GHH	KLM	?QDRA@	EĈFO@?	̀CO>FEDCI	C̀	dIeAZYmi]ci[dIcZYmn]eAn	?C=D@	?C=aEDCI?M	@aA	EC	EQA	@AWOAF?A	C̀	c	?C=aND=DEi	DI	dIeA	FI@	PDWA	PAO?F	FE	GGH[JHH	KL	?aN?EOFEA	EA>BAOFEaOAjoA?D@A?	EQC?A	lF>FI	NFI@?M	ApEOF	̂AFS	BAFS?	?EFOEA@	FBBAFODI_M	̀OC>	GGH	KLM	=CWFEA@	FE	T\G	W>XYj	kD?	F@@DmEDCIF=	lF>FI	?WFEEAODI_	D?	FEEODNaEA@	EC	EQA	DIEODI?DW	QC?E	=FEEDWA	@ÀAWE?M	?aWQ	F?	Cpi_AI	FI@	?A=AIDa>	PFWFIWDA?M	CO	dI	DIEAO?EDEDF=?M	̂QDWQ	NAWC>A	FWEDPFEA@	̂DEQ	QD_Q	?aN?EOFEA	EA>BAOFEaOA?	GGH	FI@	JHH	KLUGjqD_aOA	f	OABOA?AIE?	?aÒFWA	FI@	WOC??m?AWEDCIF=	ehr	D>F_A?	C̀	dIZcMeA]	̀D=>?	@ABC?DEA@	FE	GHHgJHH	KLj	sC>C_AICa?M	@AI?AM	FI@	̂A==mF@QAOAIE	EC	EQA	_=F??	?aN?EOFEA	?aÒFWAM	EQA	<=>?	QFPA	NAAI	_OĈI	CPAO	EQA	AIEDOA	EA>BAOFEaOA	OFI_Aj	rCOACPAOM	̂DEQ	DIWOAF?DI_	EQA	?aN?EOFEA	EA>BAOFEaOA	̀OC>	lt	EC	GHH	KL	EQA	_OFDI	?DnA	C̀	EQA	<=>?	DIWOAF?A@M	̂DEQ	FI	FPAOF_A	_OFDI	?DnA	NAÊAAI	YGgVJ	I>M	FI@	̀OC>	GGH	KL	FI@	FNCPAM	EQA	_OFDI	?DnA	?QĈA@	F	@AWOAF?DI_	EAI@AIWij	qaOEQAO>COAM	F?	WFI	NA	?AAI	̀OC>	EQA	WOC??m?AWEDCIF=	PDÂ?	DI	qD_j	f	FI@	ZeaBB=A>AIEFOi	qD_j	ef]M	EQA	EQDWSIA??	C̀	EQA	@ABC?DEA@	<=>?	@AWOAF?A@	̂DEQ	DIWOAF?DI_	?aN?EOFEA	EA>BAOFEaOA	̀OC>	\ff	I>	̀CO	EQA	<=>	@ABC?DEA@	FE	lt	EC	UGU	I>	̀CO	EQA	<=>	@ABC?DEA@	FE	GHH	KLM	?AA	tFN=A	Y	FI@	ZeaBB=A>AIEFOi	tFN=A	eY]j	u	?D>D=FO	EOAI@	QF?	NAAI	CN?AOPA@	DI	BOAPDCa?	̂COS	C̀	vbw	dIZcMeA]	<=>?	@ABC?DEA@	DI	QD_Q	PFWaa>YJM	FI@	̂F?	ApB=FDIA@	Ni	EQA	̀CO>FEDCI	C̀	F	@AI?AOM	WC>BFWE	FI@	QD_Q=i	CO@AOA@	BC=iWOi?EF==DIA	?EOaWEaOAM	̂DEQ	EQA	DIWOAF?A	C̀	?aN?EOFEA	EA>BAOFEaOAjtFN=A	Y	?QĈ?	EQA	FEC>DW	OFEDC?	C̀	EQA	A=A>AIE?	DI	dIZcMeA]	<=>?	@ABC?DEA@	FE	GHHgJHH	KL	Z?AA	eaBB=A>AIEFOi	tFN=A	eYM	̀CO	EQA	EA>BAOFEaOA	OFI_A	lt	g	UHH	KL]j	kD?	?QĈ?	?EFN=A	OFEDC?	C̀	EQA	A=A>AIEF=	WCIEAIE?	DI	EQA	̂QC=A	?aN?EOFEA	EA>BAOFEaOA	OFI_AM	FWWC>BFIDA@	̂DEQ	>DICO	@DxAOAIWA?	DI	EQA	Cpi_AI	FI@	?A=AIDa>	WCIEAIE?	̂DEQ	WQFI_DI_	EQA	?aN?EOFEA	EA>BAOFEaOAj	yQAI	WC>BFOA@	EC	vbw	@ABC?DEA@	dIZcMeA]	<=>?	DI	QD_Q	PFWaa>YJM	EQA	vbw	@ABC?DEA@	dIZcMeA]	<=>?	DI	IDEOC_AI	NFWS_OCaI@	BOA??aOA	>FDIEFDIA@	?EFN=A	A=A>AIEF=	WCIEAIE?M	BFOEDWam=FO=i	̀CO	eA	WCIEAIEM	DI	EQA	̂QC=A	OFI_A	C̀	EQA	?aN?EOFEA	EA>BAOFEaOAj	kD?	WFI	NA	FEEODNaEA@	EC	EQA	BC?DEDPA	AxAWE	C̀	IDEOC_AI	NFWS_OCaI@	BOA??aOA	̂QDWQ	BOAPAIE?	APFBCOFEDCI	C̀	eA	NÀCOA	EQA	IaW=AFEDCI	?EF_AjsD_QmOA?C=aEDCI	zve	̂F?	a?A@	EC	{aFIEDEFEDPA=i	FIF=i?A	EQA	?aÒFWA	WQA>DWF=	WC>BC?DEDCI	FI@	EC	D@AIED̀i	EQA	BC??DN=A	BQF?A?	C̀	AFWQ	?BAWDA?	C̀	EQA	dIZcMeA]	=FiAO?	@ABC?DEA@	FE	GHHgJHH	KLj	zve	FIF=i?D?	QF?	NAAI	WCI@aWEA@	C̀O	F==	dIZcMeA]	?F>B=A?	GHHgJHH	KL	FRAO	?aÒFWA	W=AFIDI_	̂DEQ	FO_CI	ZuO|]	?BaEEAODI_	̀CO	fH?j	qD_aOA	U	?QĈ?	EQA	zve	?BAWEOF	C̀	L	Y?M	dI	TBM	c	Y?M	FI@	eA	f@	C̀	dIZcMeA]	=FiAO?	@ABC?DEA@	FE	GHH	KLj	kA	zve	FIF=i?D?	OAPAF=A@	EQFE	EQA	?F>B=A?	WCI?D?EA@	C̀	dIM	cM	FI@	eAM	FI@	IC	D>BaODEDA?	̂AOA	̀CaI@j	eBAWD<WF==iM	qD_j	UF	?QĈ?	EQA	NDI@mDI_	AIAO_i	̀CO	EQA	F@PAIEDEDCa?	L	Y?	BAFS	FE	TVUjJ	A}	̂QDWQ	̂F?	WCI?D@AOA@	̀CO	WQFO_A	WCOOAWEDCI?M	>COACPAOM	EQC?A	ÊC	BAFS?	FBBAFOA@	DI	L	Y?	?BAWEOa>	BC?DEDCIA@	FE	TVUjfH	A}	FI@	T~\jTG	A}	FOA	FEEODNaEA@	EC	eA	ua_AO	BAFS?j	qD_aOA	UN	?QĈ?	EQA	dI	TB	zve	WCOAm=APA=	?BAWEOa>	C̀	EQA	?F>B=A	@ABC?DEA@	FE	GHH	KLj	cI=i	CIA	?AE	C̀	@CaN=AE	̂F?	a?A@	EC	<E	dI	TB	?BAWEOa>j	�CIA	C̀	<EEDI_	BFOF>AEAO?M	qysrM	FOAFM	ICO	@CaN=AE	?ABFOFEDCIM	̂AOA	<pA@j	kA	?BAWEOF	?QĈ	̀AFEaOA?	FE	YHTYjTf	A}	FI@	YHUUjGG	A}	WCOOA?BCI@DI_	EC	dITBf[T	FI@	dITBY[TM	OA?BAWEDPA=ij	kA	?BDImCONDE	?B=DEEDI_	C̀	TfjfT	A}	NAÊAAI	EQA	BAFS?	D?	DI	F	_CC@	F_OAA>AIE	̂DEQ	EQA	PF=aA	̀CO	dIT|	CpD@FEDCI	?EFEAUJgU~j	qCO	cY?	ÊC	BAFS?	C̀	@DxAOAIE	̀CO>?	C̀	Cpi_AI	̂AOA	<EEA@	qD_j	UWj	kA	<O?E	Cpi_AI	BAFS	D?	BC?DEDCIA@	FE	EQA	=ĈAO	NDI@DI_	AIAO_i	C̀	GT~jVJ	A}M	FI@	D?	F??D_IA@	EC	c	DCI?	DI	EQA	dIgc	NCI@DI_	C̀	EQA	dIZcMeA]	=FiAO?UJgU~j	kA	?AWCI@	BAFS	=CWFEA@	FE	GfYjT~	A}	D?	OA=FEA@	EC	cs	_OCaB	FN?CONA@	CIEC	EQA	?aÒFWA	C̀	EQA	dIZcMeA]	=FiAO?U\j	kA	eA	f@	OA_DCI	?QĈI	DI	qD_j	U@	@D?B=Fi?	ÊC	?AE?	C̀	@CaN=AE?M	<O?E	>FDI	BAFS	WAIEAOA@	FE	Gfj\U	A}	NDI@DI_	AIAO_i	FI@	EQA	CEQAO	FE	GUjGf	A}j	hFWQ	@CaN=AE	WC>BOD?A?	ÊC	BAFS?	@aA	EC	EQA	?BDImCONDE	?B=DEEDI_	C̀	EQA	eA	f@	

������	��	slmehr	D>F_A?	FI@	WOC??m?AWEDCIF=	PDÂ?	C̀	EQA	dIZcMeA]	<=>?	@ABC?DEA@	DI	EQA	?aN?EOFEA	EA>BAOFEaOA	OA_DCI	C̀	GHHgJHH	KL	aI@AO	IDEOC_AI	NFWSmBOA??aOAj
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<=>=<?	@ABCA	DE=	DFFBGH=I	JK	L=	MINOP	DHI	L=	MIMOP	KQ	RHSL=	TKHIBHGNUV	W=	JE=HI	BF	FBXB<DE	QKE	RHYZ?L=[	<D\=EF	I=]KFBJ=I	DJ	NNU	DHI	̂UU	_̀	=aC=]J	XBHKE	FABbF	BH	TBHIBHG	=H=EG\?	Ic=	JK	JA=	QKEXDJBKH	KQ	IBd=E=HJ	FK<BI	FK<cJBKH	KQ	RHL=YeS\[Z\	DHI	RHZYeSf[L=f	YF==	Lc]]<=X=HJDE\	gBGFV	LN	DHI	L̂[V	W=	=<=X=HJD<	EDJBKF	KQ	RHYZ?L=[	<D\=EF	@=E=	I=J=EXBH=I	D<FK	KH	JA=	TDFBF	KQ	hiL	FcEQDC=	DHD<\FBFV	LBGHBjCDHJ	BHCE=DF=	BH	RH	CKHJ=HJF	@DF	KTF=E>=I	@BJA	JA=	BHCE=DF=	BH	FcTFJEDJ=	J=X]=EDJcE=	QEKX	NUU	_̀	JK	NNUÔUU	_̀	QEKX	NP	DJk	JK	Nl	DJk?	@AB<=	E=XDEmDT<=	I=CE=DF=	@DF	QKcHI	QKE	Ka\G=H	CKHJ=HJF	BH	FBXB<DE	J=X]=EDJcE=	BHJ=E>D<V	n=GDEI<=FF?	JA=	F=<=HBcX	CKHJ=HJF	E=XDBH	FJDT<=	QKE	JA=	FcTFJEDJ=	J=X]=EDJcE=	EDHG=	NUUôUU	_̀	YF==	Lc]]<=X=HJDE\	pDT<=	LP[V	W=	XKIBj=I	qcG=E	]DEDX=J=EF	YXSqi[	rs	QKE	RHYZ?L=[	<D\=EF	@=E=	CD<Cc<DJ=I	QEKX	JA=	=a]=EBX=HJD<	TBHIBHG	=H=EGB=F	KQ	JA=	RH	P]MOP	DHI	L=	MINOP	]AKJK=<=CJEKH	]=DmF	DHI	mBH=JBC	=H=EGB=F	KQ	RH	tMuvNuvN	DHI	L=	tMuvNuvN	qcG=E	]=Dm	>D<c=FNe	KQ	FJDHIDEI	]cE=	RHZ?	RHL=?	L=ZP	]ADF=F	DHI	RHYZ?L=[	<D\=EF	I=]KFBJ=I	DJ	NUU	_̀	DE=	]E=F=HJ=I	BH	pDT<=	PV	w\	CKHFBI=EBHG	xDHG=E	]<KJNP?NM	DHI	IDJD	]E=F=HJ=I	BH	pDT<=	P?	@=	CKX]DE=I	]=Dm	]KFBJBKHF?	mBH=JBC	=H=EGB=F	DHI	XSqiF	Yrs[	KQ	RHYZ?L=[	<D\=EF	@BJA	FJDHIDEI	>D<c=F	QKE	]cE=	RHZ?	RHL=	DHI	L=ZP	]ADF=FNeoNMV	WcF?	JA=	CD<Cc<DJ=I	JAE==	]DEDX=J=EF	KQ	RHYZ?L=[	<D\=EF	DE=	IBd=E=HJ	QEKX	JAKF=	FJDHIDEI	>D<c=F?	@ABCA	X=DH	IBd=E=HJ	CKX]KcHI	ADF	T==H	QKEX=I?	BV=V	

yz{|}~	��	hiL	F]=CJEcX	KQ	JA=	RHYZ?L=[	<D\=EF	I=]KFBJ=I	DJ	NUU	_̀	cHI=E	HBJEKG=H	TDCmS]E=FFcE=�	Y�[	̀	eF?	Y�[	RH	P]?	Y�[	Z	eF	DHI	Y�[	L=	MIV�����~� �������~��� �������� ���� �~����~��	���z�z�� �z�~�z�	~�~}{� ��~� ~� ~�RHZ eUPPVeU  ¡lVlU PUU V¡U NURHZ eUPeV̂U  ¡¡V¡U PUeUVvU NeRHL= eUPPVUU  ¡ VNU PUeeVNU NURHYZ?L=[?	RHP] eUPeVPM  ¡ VMU PUeUVNU WBF	@KEmL=ZP N¡V¡U eMUeV̂U eM̂UVvU NURHYZ?L=[?	L=MI NMVlv eMÛVN¡ eM̂UVMP WBF	@KEm¢���~	��	wBHIBHG	=H=EG\	DHI	XKIBj=I	qcG=E	]DEDX=J=EF	YXSqi[	QKE	RHYZ?L=[	<D\=EF	I=]KFBJ=I	DJ	NUU	_̀	cHI=E	HBJEKG=H	TDCmS]E=FFcE=V	u=DFcE=X=HJ	=EEKE	KQ	hiL	DE=	YwBHIBHG	=H=EG\	£	UVUP	=¤?	QKE	¥cDHJBjCDJBKH	£	eUk[V
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<=>?@>A	B?CDEF=G	HIJKIL?M	N@O	P==?	QI>J=M	@<	RSS	TUV	W?	@MMX<XI?E	HI>=YZ=[=Z	K=@\	KIOX<XI?OE	]L̂=>	K=@\	\X?=<XH	=?=>̂X=O	@?M	JY]_O	C̀aG	IQ	B?CDEF=G	Z@A=>O	M=KIOX<=M	@<	RRSbcSS	TU	@>=	MXd=>=?<	Q>IJ	<N@<	IQ	B?CDEF=G	Z@A=>O	M=KIOX<=M	@<	RSS	TU	CO==	FLKKZ=J=?<@>A	e@PZ=O	FfGE	gNXHN	J=@?	QI>J@<XI?	IQ	<N=	OIZXM	OIZL<XI?O	IQ	B?F=ChYAGDAbB?DChYiGF=i	X?	@	̂IIM	@̂>==J=?<	gX<N	jkl	@?M	k@J@?	>=OLZ<OVmX̂L>=	R	ONIgO	<N=	IK<XH@Z	<>@?OJX<<@?H=	OK=H<>@	IQ	B?CDEF=G	QXZJO	M=KIOX<=M	@<	RSSncSS	TU	CO==	FLKKZ=J=?<@>A	mX̂V	Fo	QI>	<N=	<=JK=>@<L>=	>@?̂=	ke	n	pSS	TUGV	]ZZ	<N=	K>IMLH=M	qZJO	=rNXPX<=M	<>@?OK@>=?HA	IQ	@>IL?M	sSt	X?	<N=	[XOXPZ=	>=̂XI?	IQ	<N=	OK=H<>@E	=rH=K<	qZJO	K>IMLH=M	@<	ke	@?M	hSS	TUE	gNXHN	ONIg=M	Z=OO	<N@?	sStV	uX<N	X?H>=@OX?̂	OLPO<>@<=	<=JK=>@<L>=E	<N=	@POI>K<XI?	=M̂=O	ONXv=M	<I	@	ZIg=>	g@[=Z=?̂<N	CPZL=	ONXvGV	w=	IK<XH@Z	P@?M	̂@KO	IQ	@ZZ	B?CDEF=G	qZJO	g=>=	=[@ZL@<=M	P@O=M	I?	<N=	e@LH	>=Z@<XI?	CfGoERp	PA	KZI<<X?̂	N[	[=>OLO	C̀N[Gf	@?M	=r<>@KIZ@<X?̂	<N=	ZX?=@>	K@><	IQ	<N=	KZI<	<I	N[	@rXO	Cr	@rXOG	CO==	FLKKZ=J=?<@>A	mX̂V	FsGVx y zC G{| }{| ~C G CfG��gN=>=	̀	XO	@POI>K<XI?	HI=�HX=?<	@?M	=O<XJ@<=M	Q>IJ	̀	y	fV�S�	ZÎ	CebMGE	e	XO	<N=	<>@?OJX<<@?H=E	M	XO	<N=	qZJ	<NXH\?=OOE	~�	XO	<N=	P@?M	̂@KE	N[	XO	<N=	KNI<I?	=?=>̂AE	=�	XO	<N=	L?X<	QI>	P@?M	̂@KO	@?M	=rKI?=?<	?	M=K=?MO	I?	<>@?OX<XI?	<AK=	C?	y	�	QI>	MX>=H<	@ZZIg=MGVw=	H@ZHLZ@<=M	P@?M	̂@KO	IQ	B?CDEF=G	qZJO	�LH<L@<=M	gX<N	<N=	OLPO<>@<=	<=JK=>@<L>=	Q>IJ	fVoc	=�	QI>	ke	<I	�Vf�	=�	QI>	cSS	TU	O==	e@PZ=	h	@?M	CFLKKZ=J=?<@>A	e@PZ=	Fh	QI>	B?CDEF=G	qZJO	M=KIOX<=M	@<	ke	n	pSS	TUGV	wXO	�LH<L@<XI?	X?	<N=	P@?M	̂@KO	H@?	P=	@<<>XPL<=M	<I	<N=	[@>X@<XI?	X?	qZJ	<NXH\?=OO	@?M	ONXvX?̂	X?	<N=	@POI>K<XI?	=M̂=O	gX<N	<N=	OLPO<>@<=	<=JK=>@<L>=V	W?	@MMX<XI?E	<N=	qZJO	M=KIOX<=M	@<	RRS	@?M	cSS	TU	ONIg=M	<gI	MXd=>=?<	P@?M	̂@KO	�fV�s	@?M	��Vfs	=�	gNXHN	XO	X?	=rH=ZZ=?<	@̂>==J=?<	gX<N	<N=	jkl	>=OLZ<O	gNXHN	ONIg=M	<gI	MXd>@H<XI?	K=@\O	HI>>=OKI?MX?̂	<I	@	ONXv	IQ	B?CDEF=G	KN@O=	<Ig@>M	QI>J@<XI?	IQ	B?F=ChYAGDAbB?DChYiGF=i	OIZXM	OIZL<XI?OE	@O	X?	jkl	@<	RRSbcSS	TUVe@PZ=	�	ONIgO	<N=	�@ZZ	=d=H<	J=@OL>=J=?<O	IQ	B?CDEF=G	qZJO	M=KIOX<=M	@<	RSSncSS	TUV	]ZZ	<N=	qZJO	M=KIOX<=M	P=ZIg	RSS	TU	ONIg=M	[=>A	NX̂N	M@>\	>=OXO<X[X<AE	gNXHN	g@O	@OOIHX@<=M	<I	<N=X>	@JI>KNILOE	O=JXYX?OLZ@<X?̂E	P=N@[YXIL>V	w=	OX̂?	IQ	<N=	�@ZZ	HI=�HX=?<	N@O	>=[=@Z=M	<N@<	<N=	=Z=H<>I?O	@>=	<N=	J@�I>X<A	H@>>X=>O	X?	<N=	_�l	M=KIOX<=M	B?CDEF=G	qZJOE	L?M=>	?X<>Î=?	P@H\̂>IL?M	K>=OOL>=E	gNXHN	HI>>=OKI?MO	<I	<N=	?Y<AK=	HI?MLH<X[X<A	IQ	<N=	qZJOVw=	qZJO	M=KIOX<=M	@<	RSS	TU	g=>=	HN@>@H<=>Xi=M	@O	N@[X?̂	NX̂N	>=OXO<X[X<A	IQ	hSR	��HJE	=Z=H<>I?	HI?H=?<>@<XI?	IQ	�	hShh	HJz�	@?M	@	JIPXZX<A	IQ	hh�VS	HJfb��OV	�A	X?H>=@OX?̂	<N=	OLPO<>@<=	<=JK=>@<L>=	<I	RRS	TUE	<N=	=Z=H<>I?	HI?H=?<>@<XI?	X?H>=@O=M	PA	?=@>ZA	I?=	I>M=>	IQ	J@̂?X<LM=E	Q>IJ	hShh	<I	hShf	HJz�E	gNXZ=	<N=	JIPXZX<A	g@O	OX̂?XQYXH@?<ZA	>=MLH=ME	LK	<I	fcVf	HJfb��OV	]	QL><N=>	X?H>=@O=	IQ	<N=	OLPO<>@<=	<=JK=>@<L>=	<I	cSS	TU	ON@>KZA	X?H>=@O=M	<N=	=Z=H<>I?	HI?H=?<>@<XI?	PA	@KK>IrXJ@<=ZA	QIL>	I>M=>O	IQ	J@̂?X<LM=	C�hShc	HJz�G	@?M	M>@J@<XH@ZZA	>=MLH=M	<N=	JIPXZX<A	<I	�Vp	HJfb��OV	w=	HN@?̂=O	X?	<N=	=Z=H<>XH@Z	K>IK=><X=O	IQ	B?CDEF=G	qZJOE	̂>Ig?	L?M=>	?X<>Î=?	P@H\Y>̂IL?M	K>=OOL>=E	H@?	P=	=rKZ@X?=M	P@O=M	I?	<N=	O@J=	<N=>JIMA?@JXH	HI?OXM=>@<XI?O	Q>IJ	@	K>=[XILO	O<LMAhcV	
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Akram Abdalla, Erki Kärber, Valdek Mikli, Sergei Bereznev. The effect of laser fluences 
on the structural and optoelectronic properties of Zn(O,Se) films. Materials Science in 
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Publication III 
Akram Abdalla, Mati Danilson, Souhaib Oueslati, Maris Pilvet and Sergei Bereznev. 
Amorphous Zn(O,Se) buffer layer for Cu(In,Ga)Se2 thin film solar cells. Materials Science 
in Semiconductor Processing. 2021, 132, 105862.   
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Appendix 2 
 

 

 
Figure S.1. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 550°C (a) 
wide survey, (b) Zn 2p, (c) O 1s, and (d) Se 3d. 
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Figure S.2. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 600°C (a) 
wide survey, (b) Zn 2p, (c) O 1s, and (d) Se 3d. 

 
 
 
 

Figure S.3. HR-SEM cross-section images of Zn(O,Se) buffer layers deposited at RT with 
different thickness of (a) 100, (b) 200 nm and (c) 300 nm. 
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[bookmark: _Toc87384971]Introduction 

[bookmark: _Hlk61010545][bookmark: _Hlk84255824]The development of sustainable energy resources is vitally important to satisfy the high demand for energy due to the fast growth of the population, industrial revolution, etc. [1,2]. Currently, fossil fuels, i.e., coal, natural gas, and oil, are the source of more than 80% of the needed energy. However, these are limited resources of energy and are harmful to the environment and to humans [3]. On the other hand, hydropower, wind, biomass, geothermal, hydrogen, and solar energy are current and prospective renewable energy sources competing to substitute for fossil fuels and decrease CO2 emissions. Among them, solar energy is one of the most promising renewable energy sources because the sun provides more energy to the earth in one hour than the entire world needs in one year [4]. Furthermore, energy from the sun can be generated either by converting the sun into electricity through the photovoltaic (PV) effect or direct collection in the form of heat (solar thermal technology). The compound annual growth rate (CAGR) of photovoltaics over the last 15 years was above 40%, which makes PVs one of the fastest growing industries at the present time [5]. Furthermore, thin film solar cells (TFSCs) are one of the most promising modules of PV technology, which will be discussed in detail below [6].  

[bookmark: _Hlk68177212][bookmark: _Hlk74235931][bookmark: _Hlk62070820][bookmark: _Hlk62041558]TFSCs are the second generation of solar cells, and they can be fabricated on both rigid and flexible substrates, such as glass, metals, plastics, etc. Also, it is possible to integrate TFSCs into the building component due to their relative lightweight and flexible structure. TFSCs consume an extremely low amount of materials compared to the 1st generation wafer–type solar cells based on crystalline silicon while converting a comparable amount of solar energy to electricity. The 2nd generation terrestrial PV panels that are commercially available include mainly amorphous silicon (a–Si), copper indium gallium chalcogenides Cu(In,Ga)Se2 (CIGSe), Cu(In,Ga)S2 (CIGS), and cadmium telluride CdTe. The raw materials used to fabricate amorphous silicon are the most 
earth–abundant and widely available; however, a–Si has some disadvantages, such as relatively rapid degradation and poor absorption capability [7]. Thus, p-type semiconductors with a high absorption coefficient and direct band gap (Eg), such as CIGSe, CdTe, and Cu2ZnSnS4 (CZTS), are promising alternative absorbers for a–Si in TFSCs due to the long–term stability and excellent optoelectronic properties. The complete structure of TFSCs may also include a thin layer of n-type semiconductor defined as a buffer layer (e.g., CdS, ZnS, In2Se3, etc.) with the functional role of improving the p–n junction of the TFSCs [8,9,10]. 

[bookmark: _Hlk62041232][bookmark: _Hlk80277630]It is well known that a thin film CdS mainly prepared by chemical bath deposition (CBD) is the standard buffer layer used with CIGSe, CdTe, and CZTS solar cells [8,11–13]. 
In principle, CdS fulfills the main requirements of buffer layers; it forms a suitable conduction band alignment at the absorber/buffer interface. Also, the CdS buffer layer protects the absorber layers during the subsequent deposition [14–16]. However, recently, many efforts have been devoted to replacing the CdS with other materials due to some drawbacks, such as the predicted environmental hazards produced by the application of CBD–CdS in device production lines as reported here [8,17], the marketing problems of the devices containing Cd, which will result from the restriction of Cd in electronic devices as a legal policy of different states [18], the technological issues of using a non-vacuum CBD method to produce CdS while the rest of the production line uses vacuum techniques, and interfering light absorption with the absorbers in the wavelength range of 350–550 nm due to the relatively low band gap of CdS around 
2.45 eV [8]. As a result, numerous materials have been examined as an alternative 
Cd–free buffer layer, such as zinc and indium based materials [9,10,19–24]. Some of these materials have somewhat overcome the drawbacks of CdS. For example, a less–toxic Zn(O,S) was used as a buffer layer with Cu(In,Ga)(Se,S)2 absorbers, which resulted in the highest recorded photoconversion efficiency (η) of 23.35% [25–30]. Also, the spectral response was enhanced in the blue region of the wavelength spectrum [24]. Herein, as a continuation in the same trend of replacing conventional CdS, we propose to apply Zn(O,Se) as an alternative buffer layer in TFSCs. Zn(O,Se) is a potential material for the replacement of the CdS buffer layer in solar cells and other optoelectronic devices because it possesses suitable electrical properties, optical transparency in the visible region, and consists of relatively eco–friendly elements [31]. 

[bookmark: _Hlk84936599]The current thesis aimed to prepare and study Zn(O,Se) as a wide band gap, less–toxic alternative buffer layer for conventional CdS in optoelectronic devices. Thus, we deposited Zn(O,Se) layers onto soda–lime glass (SLG) substrates by pulsed laser deposition (PLD). Various deposition conditions were studied, such as the effect of the substrate temperature (TS) (Paper I) and the effect of the laser fluences (Paper II) on the structural, optical, and electrical properties of the Zn(O,Se) layers. In addition, Zn(O,Se) has been applied as a buffer layer in complete solar cells with a CIGSe absorber, and the characteristics of the solar cells of these devices were investigated (Paper III). 

This dissertation consists of the introduction part and three different chapters. Chapter 1 represents a literature review exploring the main requirements of the buffer layers, properties of the Zn(O,Se), different deposition methods for the Zn(O,Se) layers, and the principle, development history, and setup description of the PLD. Chapter 2 briefly explores the experimental techniques used to prepare and characterize the Zn(O,Se) layers and the complete solar cell structures fabricated in this thesis. Chapter 3 is separated into 3 different parts and represents the results and discussion about the effect of the TS and the effect of the laser fluences on the properties of the Zn(O,Se) layers followed by the application of Zn(O,Se) as a buffer layer with a CIGSe absorber in complete solar cells. 









[bookmark: _Toc87384972]Abbreviations and Symbols

		a–Si

		Amorphous Silicon  



		AZO

		Aluminum doped Zinc Oxide



		CBD

		Chemical Bath Deposition



		CBO

		Conduction Band Offset



		CW

		Continuous Wave  



		DPSS

		Diode–Pumping Solid–State



		EDX

		Energy Dispersive X-Ray Spectroscopy



		Eg

		Optical Band Gap 



		EQE

		External Quantum Efficiency



		FF

		Fill Factor



		FTO

		Fluorine doped Tin Oxide



		FWHM

		[bookmark: _Hlk75254164]Full Width at Half Maximum



		HR-SEM

		High-Resolution Scanning Electron Microscopy



		IR

		Infrared



		ITO

		Indium Tin Oxide



		J0

		Saturation Current Density



		J–V

		Current density–Voltage



		JSC

		Short Circuit Current Density



		K.E

		Kinetic Energy



		LO

		Longitudinal Optical



		m–AP

		Modified Auger Parameters



		MBE

		Molecular Beam Epitaxy



		n

		Ideality Factor



		Nd:YAG

		Neodymium: Yttrium Aluminum Garnet



		PEC

		Photoelectrochemical



		PL

		Photoluminescence



		PLD

		Pulsed Laser Deposition



		PV

		Photovoltaic



		PVD

		Physical Vapor Deposition



		RBS

		Rutherford Backscattering



		RF

		Radio Frequency



		RS

		Series Resistance



		RSH

		Shunt Resistance



		RT

		Room Temperature



		sccm

		Standard Cubic Centimeter



		SLG

		Soda–Lime Glass



		TFSCs

		Thin Film Solar Cells 



		TS

		Substrate Temperature



		UV–Vis

		Ultraviolet–Visible



		VO

		Oxygen Vacancy



		VOC

		Open Circuit Voltage



		VSe

		Selenium Vacancy



		VZn

		Zinc Vacancy



		XPS

		X-Ray Photoelectron Spectroscopy



		XRF

		X-Ray Fluorescence



		Yb:YAG

		Yetterbium: Yttrium Aluminium Garnet



		Zn(O,Se)

		Zinc Oxyselenide



		η

		Photoconversion Efficiency



		ΔG

		Change in Gibbs Free Energy 
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[bookmark: _Toc87384974][bookmark: _Hlk62070604]Roles and Properties of the Buffer Layer in the TFSCs 

Conventional TFSCs are multilayer structures consisting of a substrate (glass, metal, etc.), p-type absorber layer (CIGSe, CZTS, CdTe, etc.), n-type buffer layer (CdS, ZnMgO, In2S3, etc.), back contact (Mo, Ni, graphite, etc.), and transparent front contact (AZO, ITO, FTO, etc.). It can be fabricated in different configurations as a superstrate or substrate. 
Fig 1.1a shows the typical substrate configuration stack of the functional layers in a complete cell structure (substrate/back contact/absorber layer/buffer layer/front contact). The superstrate configuration stack (substrate/front contact/buffer layer/absorber layer/back contact) is represented in Fig 1.1b. In both configurations, the light comes from the front contact side [32,33]. The p–n junction occurs between the p-type absorber and the n-type buffer layer. The incident photons induce the formation of electron–hole pairs. The current is collected via electric contacts, and one of the contacts needs to be transparent to allow sunlight to be absorbed by the device [33,34]. 

The buffer layer is one of the important components of the TFSCs structure, which is placed between the absorber layer and front contact. Despite the fact that the p–n junction can be formed between the p-type absorber layer and front contact, the quality of the junction will be significantly improved by implementing an intermediate buffer layer. Buffer layers have several significant functions, such as providing optimal optoelectronic properties at the absorber/window layer interface and aiding in electron–hole separation, thus, decreasing the interfacial charge recombination [5]. Points to be considered when developing a buffer layer are: it should (i) be an n-type semiconductor; (ii) form a proper conduction band (ECB) line–up between the window layer (i-ZnO) and the absorber layer; (iii) have low optical absorption in the visible range (i.e., relatively wide Eg); (iv) have a minimal defect density at the absorber/buffer interface; (v) have the Fermi level (EF) positioned close to the absorber conduction band at the absorber/buffer interface (energetically shallow donor–type interface defects), i.e., complete inversion of      
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Figure 1.1. Schematic drawing of TFSCs structures designed in (a) substrate and (b) superstrate configurations. Yellow arrows indicate the illumination side [32].





[bookmark: _Hlk84259169]the absorber surface [35,36]. Furthermore, other technological points to consider for developing the buffer layer at an industrial scale are: (i) technological applicability (proper large area deposition unit), (ii) production cost, and (iii) long–term stability and reproducibility. 

[bookmark: _Hlk63769945][bookmark: _Hlk63770229][bookmark: _Hlk84259254]The CBD–CdS fulfills the main parts of the abovementioned requirements, which made CdS the standard buffer layer in TFSCs [35]. Thus, the advantage of CdS over 
other materials is lattice matching with the absorber, as revealed in the literature [37]. 
In particular, for the chalcopyrite absorber, it was speculated that a combination of 
CBD–CdS forms valuable stable donor–type defects in Cu–deficient surfaces of the chalcopyrite absorber in a well–defined Fermi level position at the interface and a suitable concentration of Cd [35]. However, the real challenge in the development of an alternative buffer layer is establishing a similar effective defect chemistry as in the case of CdS, which will form a proper Fermi level position at the interface with the absorber and generate a suitable charge density [34]. The chalcopyrite absorber can be prepared as a copper–rich or copper–poor absorber [38]. Despite the high photoconversion efficiency that can be reached with CBD–CdS and the chalcopyrite absorber, many alternative buffer materials have been developed and investigated with chalcopyrite and other absorbers, such as indium and zinc based materials [26–31,39–43]. These buffers overcome the drawbacks of CBD–CdS in terms of toxicity, parasitic absorption in the short wavelength region, and deposition involving vacuum/dry techniques. The solar cell parameters of the chalcopyrite absorber with some of these buffer layers are compared with the standard CBD–CdS buffer layer in Table 1.1. Among these buffer layers, Zn(O,Se) has not been widely investigated as a buffer layer in TFSCs, and only one report is available on Zn(O,Se) prepared by sputtering with a very low photoconversion efficiency of the complete solar cells [44]. Therefore, the study of the Zn(O,Se) layers deposited by PLD with the application as a buffer layer in complete solar cell structures seems to be an innovative idea. 



Table 1.1. Comparison of solar cell parameters of some alternative buffer layers with CBD–CdS buffer layer for CIGSe and ACIGSe absorbers.

		Buffer layer

		Absorber layer

		VOC

		JSC

		FF

		η

		Refs



		

		

		(mV)

		(mA/cm2)

		(%)

		(%)

		



		Zn1-xMgxO

		CIGSe

		693

		35.90

		72.00

		17.90

		41



		Zn1-xSnxO

		CIGSe

		689

		35.07

		75.30

		18.20

		39



		Sn1-xGaxO

		ACIGSe

		721

		34.70

		68.30

		17.10

		40



		ZnSe1-xOx

		ACIGSe

		521

		14.60

		29.60

		2.30

		44



		ZnSe1-xOx

		CIGSe

		482

		2.20

		26.20

		0.30

		44



		ZnO1-xSx

		CIGSSe

		734

		39.58

		80.40

		23.35

		25–30



		InO1-xSx

		CIGSe

		650

		26.70

		69.00

		11.97

		45,46



		In2S3

		CIGSe

		665

		31.50

		78.00

		16.34

		42



		CdS

		CIGSe

		744

		38.77

		79.50

		22.90

		43,47–49















[bookmark: _Toc87384975][bookmark: _Toc59618859][bookmark: _Toc62464654][bookmark: _Toc59618863]Main Properties of Zn(O,Se) 

[bookmark: _Hlk74605517]The ternary Zn(O,Se) alloy belongs to the group of II–VI semiconductors [31, 50]. 
The Zn(O,Se) layer can be used in the development of various applications, such as photoelectrochemical (PEC) water splitting [5,31,50] and photovoltaics [51]. Zn(O,Se) recently emerged as a promising material that can potentially replace the CdS buffer layer in solar cells due to its suitable electrical properties, wide tunable band gap, and low toxicity. 

[bookmark: _Hlk74606122]The ZnO1-xSex layer was deposited with varying x values from 0 to 0.12 using the PLD technique [31,50]. The XRD pattern showed only the (002) diffraction peak, thus, suggesting that the ZnO1-xSex layer was a single phase grown in the c-axis preferred orientation. This suggestion was further proven by a transmission electron microscopy investigation [31,50]. As the Se content increased, the (002) diffraction peak of the 
ZnO1-xSex layer shifted progressively to lower 2θ values. This is in excellent agreement with the expansion of the lattice parameter due to incorporation of more selenium atoms in the oxygen sublattice. The substitutional Se (x) content in the layer and the lattice parameters of wurtzite ZnO (c = 0.52 nm) and ZnSe (c = 0.653 nm) were calculated using Vegard’s law [31,50]. The (002) XRD diffraction peak of the ZnO1-xSex layer corresponds to a Se content of 0–22%; this selenium content was measured by Rutherford backscattering (RBS) [31,50]. However, it was reported that only half of the RBS estimated selenium ratios were incorporated into the substitutional sites, which suggests that part of the selenium atoms precipitates in a small form and/or resides in the grain boundaries [31,50]. Also, the ZnO1-xSex layers deposited at 300–550°C by PLD. The XRD pattern showed only the 001 diffraction peak, which reveals the growth of 
ZnO1-xSex layers in the 0001 (c-plane) preferred direction. By increasing the TS above 450°C, the ZnO1-xSex peak separated into two peaks due to the phase separation to the 
ZnO1-xSex phase and a small amount of the pure ZnO phase [52,53]. 

The optical properties of the ZnO1-xSex layers with a thickness of ≥ 1 µm showed ˃ 80% transparency of this alloy in the visible region of the spectrum. The Fermi level of the Zn(O,Se) layer was found to shift from 0.1 eV at the bottom of the conduction band edge (for carrier density = 1017 cm-3) to 0.5 eV above the conduction band edge (for carrier density = 3 x 1020 cm-3) [54]. Also, the absorption edge of the Zn(O,Se) layer was redshifted relative to the ZnO layer with increasing Se content. This shift in the absorption edge shows the existence of the band gap bowing in the ZnO1-xSex layer. Thus, the bowing parameters were found to be 7.0–12.7 eV [31,50,55,56]. This change in the band gap bowing parameters tunes the band gap of ZnO1-xSex widely from 2.76 to 
3.29 eV. 

Furthermore, the Hall effect measurements showed n-type conductivity of the 
ZnO1-xSex layers. The electron concentration of the Zn(O,Se) layers with an Se ratio of 
6 at% varied from 1 x 1017 to 7 x 1019 cm-3, while the carrier mobility changed in the extremely narrow range from 13 to 20 cm2/Vs [31,50,51,57]. The resistivity of the 
ZnO1-xSex layers was relatively constant at roughly 5.5 x 10-3 Ω·cm [51,57]. Thus, these flexible and tunable electrical and optical properties of Zn(O,Se) make it a suitable candidate as a buffer layer in TFSCs, in particular using PLD technique. To the best of our knowledge, there is no report exist for the fabrication of Zn(O,Se) buffer layers in TFSCs using PLD method.  



[bookmark: _Toc87384976]Zn(O,Se) Buffer Layer in TFSCs 

[bookmark: _Hlk70949121]The ZnSe1-xOx (ZnSe rich) with 1% oxygen incorporated was used as a buffer layer with CIGSe and Ag alloyed CIGSe (ACIGSe) solar cells [44]. In this study, the radio frequency (RF) magnetron reactive sputtering technique was applied to grow ZnSe1-xOx layers onto the SLG/Mo/CIGSe substrate. Thus, ZnSe was applied as the cathode target. Oxygen and argon were selected as the sputtering working gases. The total gas flow was kept at 30 standard cubic centimeters (sccm). The O2 content of the sputtering gas mixture 
([O%] = [O2]/[O2]+[Ar]) was varied to change the oxygen content of the ZnSe1-xOx layers. A number of samples were sputtered as a function of varying oxygen content from 0% to 1.4% with a step size of 0.1% for a comprehensive investigation. The sputtering power density was 1.48 W/cm2, and the sputtering pressure was constant at 10 mTorr. 
No intentional substrate heating was used in this case. The ZnSe1-xOx layers sputtered in a 1% oxygen gas mixture was selected for use as an alternate buffer layer with CIGSe solar cells, and the solar cell parameters were VOC = 482 mV, JSC = 2.20 mA/cm2, 
FF = 26.20%, and η = 0.30% as shown in Table 1.1 and Fig 1.2. The CIGSe/ZnSe1-xOx cells showed a very low device performance, which is attributed to the large spike barrier at the buffer/absorber interface that impedes the electron transport and collection. 
By integrating the O2 into zinc selenide during the reactive sputtering in a 1% oxygen 
gas mixture, the band gap of the ZnSe1-xOx layers was decreased due to the downward shift of the conduction band. Hence, the conduction band offset (CBO) between the ZnSe1-xOx buffer layer and the CIGSe absorber was expected to decrease. However, 
this was not the case due to the difficulty in altering the zinc selenide band structure by the oxygen incorporation approach. When the CIGSe absorber was alloyed with Ag in a ratio of [Ag]/[Ag]+[Cu] = 0.3, this ratio widens the CIGSe absorber band gap by 0.1 eV [58]. Consequently, an interesting improved result was obtained as VOC = 521 mV, 
JSC = 14.60 mA/cm2, FF = 29.60%, and η = 2.30% [44]. Thus, these improved results were because of a better CBO alignment of the ACIGSe absorber and the ZnSe1-xOx buffer [44]. 

[image: ]

Figure 1.2. Efficiencies comparison of different Cd–free buffer layers produced by different methods with the best cell containing CBD–CdS for the CIGSe and ACIGSe (in blue color) based solar cells 
[25–30,39–43,47–49].

[bookmark: _Toc87384977]Deposition Methods for Zn(O,Se) Layers

The main reported deposition techniques available for the preparation of Zn(O,Se) layers are molecular beam epitaxy (MBE), radio frequency sputtering, and pulsed laser deposition. An overview of each deposition method will be discussed in the following sections.

[bookmark: _Toc87384978]Molecular Beam Epitaxy

[bookmark: _Toc59618861][bookmark: _Toc62464656]MBE is a subclass of the physical vapor deposition (PVD) technique. It is an epitaxial technique to grow a thin film of single crystals. The MBE approach was developed by Alfred Y. Cho [54,59] and J. R. Arthur at Bell Telephone Laboratories in the late 1960s. MBE is commonly used for manufacturing semiconductor devices, including a transistors, quantum dots, semiconductor lasers, and also used to produce organic semiconductors. The process of MBE takes place in a high vacuum or ultra–high vacuum chamber 
(10-8–10-12 Torr). The target elements are heated or electron–beam evaporated until they begin to slowly sublime. Then, the gaseous elements condense on the wafer (substrate), where they may react with each other. The term "beam" means that vacuum chamber gases or evaporated atoms do not interact with each other until they reach the substrate because the atoms have long mean free paths. The advantages of the MBE technique are the growth of complex structures with the precise control of the alloy composition, thickness, and doping level. Furthermore, the MBE is highly clean and compatible with a wide range of in-situ analytical techniques [60]. The drawback is that assembling and operation are expensive.

As reported, ZnO1-xSex layers were prepared by MBE at 250–350°C [55]. The elemental Zn (7N), Se (6N), and O2 gas (6N) were used as source materials. The RF power of the oxygen radical source during growth was 300 W. The zinc flux was 1 x 10-6 Torr, and the flow rate of the oxygen was 0.3 sccm. The Se flux changed from 5 x 10-8 to 6 x 10-7 Torr to control the Se composition x from 0 to 0.01. The XRD result showed no phase splitting, and during the ZnO1-xSex growth, the RHEED pattern was streaky, demonstrating a smooth ZnO1-xSex surface and two–dimensional growth [35]. PL spectra of the ZnO1-xSex showed donor bound exciton peaks for x less than 0.0006. The spectral structure was similar to ZnO, but the peak energies and PL intensity were dissimilar. The band edge emissions of the ZnO1-xSex were redshifted from that of ZnO, demonstrating the existence of band gap bowing. The bowing parameter was 12.7 ± 1.6 eV. That reflects with a small change in the Se composition, the band gap of the ZnO1-xSex will change remarkably, which will lead to a small lattice mismatch relative to ZnO [55]. Therefore, MBE is good for Zn(O,Se) deposition, but it is expensive in terms of operation and assembling.

[bookmark: _Toc87384979]Radio Frequency Sputtering

RF–sputtering is one of the PVD techniques used to deposit thin films. RF–sputtering is an appropriate technique for the fabrication of dielectric micro–cavities, and it is a versatile technique to prepare different layers with controlled refractive index and thicknesses [61]. Usually, in a sputtering system, the process takes place in a vacuum chamber when high energy ions (usually argon ions) from the plasma of a gaseous discharge bombard a target that is the cathode of the discharge. Target atoms are ejected and condense onto a substrate (the anode), forming the films [62]. The positive aspects of this technique are that the charge–up effects are avoided and arcing is decreased due to the use of an alternating current RF source of frequency, it is an efficient technique because it can work at low pressures (1 to 15 mTorr) while maintaining a plasma, etc. [63]. However, the negative aspects are that: (i) most of the incident energy on the target becomes heat energy, (ii) it is hard to grow uniformly on complex structures, e.g., turbine blades, and (iii) it is difficult to produce high performance thick coatings due to higher internal residual stress levels [63]. 

RF–sputtering of ZnO1-xSex was performed using a sputter power of 300 W at 340°C and a ceramic ZnSe target with Ar and O2 as working and reactive gases, respectively [56]. The Se content (x) was varied from 0 to 1. Raman measurements of ZnO1-xSex showed the frequencies of the longitudinal optical (LO) phonon modes of ZnO at 578 cm-1 and of ZnSe at 250 cm-1 [56]. A two–mode behavior of the LO phonon modes has been noticed in the Raman spectra of ZnO1-xSex when the Se content (x) changed from 0.06 to 0.94. 
In Se–rich samples, the ZnSe is dominated by a LO like mode, while in the O–rich samples, a ZnO like LO phonon is dominant. Samples with x = 0.11 and 0.08 exhibit broad bands in the vicinity of the LO phonons of the binary alloys. The redshift of the ZnO like LO phonon with decreasing Se content is less pronounced because no Zn(O,Se) samples exist so far with a reasonable concentration of oxygen and selenium. However, the two–mode behavior of the LO phonons of the ZnO1-xSex system is obviously noticeable. The results of the band gap value as a function of Se content indicate a sizeable downshift in energy, which represents a larger bowing. The bowing parameter is around 7.0 eV. Thus, 
ZnO1-xSex layers could be deposited only in a narrow composition range close to the binary constituents of ZnO and ZnSe due to the limited solubility of Se and O in ZnO and ZnSe, respectively [56].

[bookmark: _Toc59618862][bookmark: _Toc62464657][bookmark: _Toc87384980]Pulsed Laser Deposition 

[bookmark: _Hlk74603016]PLD is a subclass of PVD techniques and is commonly used to deposit complex–oxide heterostructures, super–lattices, and well–controlled interfaces [52]. PLD is one of the most promising methods for the stoichiometric deposition of high quality, uniform, and adherent layers [52]. Usually, the PLD process is performed in a high or ultra–high vacuum chamber, and a high–power pulsed laser beam is focused onto the target surface of the material that is to be deposited. Thus, the material is vaporized and forms a 
plasma plume that expands and condenses onto a substrate surface. The PLD technique was used to deposit the ZnO1-xSex layer as a function of substrate temperature and 
selenium–to–oxygen ratio [31,50,51,53,57]. Thus, the results of these studies are discussed in detail below. 

[bookmark: _Hlk67414265][bookmark: _Hlk67415557]Firstly, Mayer et al. [31,50] deposited a ZnO1-xSex layer by PLD at 200–500°C using a ZnO/ZnSe premixed pressed powder target, and x ratios ranged from 0 to 0.12. The laser beam generated from a KrF excimer laser (λ = 248 nm) had a laser energy ranging from 88 to 280 mJ, a laser spot size of approximately 1 mm2, and a pulse frequency of 5 Hz. The pressure inside the vacuum chamber ranged from 10-3 Torr to 10-6 Torr [31]. 
The obtained ZnO1-xSex film was a single phase with the c-axis (002) preferred orientation, and the (002) diffraction peak of ZnO1-xSex steadily shifted to lower 2θ as the Se content increased. In addition, at x > 0, a steady increase in the absorption coefficient was observed, which started at a much lower energy of roughly 2 eV. Thus, this shift in the onset and shape of the absorption edge reflects the complex nature of the band edges of the ZnO1-xSex alloy [31,50]. The electron concentration ranged from 1 x 1017 cm-3 to 
5 x 1019 cm-3 as a function of Se content [31,50]. Furthermore, the flat band potential decreased by roughly 0.1 V when ZnSe and ZnO are alloyed. However, when the 
ZnO1-xSex layer was grown on the top of the Si solar cell, the flat band potential was significantly shifted down by 0.5 V. Also, these layers were used as a working electrode in PEC water splitting under white light irradiation of 2 suns. Thus, the ZnO1-xSex 
alloy shifted the onset to a lower potential due to its band gap reduction. However, 
the ZnO1-xSex/Si produced an enhanced photocurrent and shifted the reaction onset to a lower voltage [50]. 

[bookmark: _Hlk74605742][bookmark: _Hlk74602847]Secondly, the same group in other studies [53,51,57] grew a ZnO1-xSex layer by PLD at 300–550°C using a 92 at% ZnO and 8 at% ZnSe premixed pressed powder target onto a polished c-plane sapphire substrate. The laser beam generated from a KrF excimer laser (λ = 248 nm) had a laser fluence of 4.4 J cm-2, a laser spot size of approximately 0.03 cm2, and a pulse frequency of 5 Hz. The pressure inside the vacuum chamber was 
6.2 x 10-6 Torr [51,57]. The change in TS at a constant laser fluence of 4.4 J cm-2 affects the structure and chemistry of the deposited ZnO1-xSex layer in three aspects: phase homogeneity, composition (x), and crystallinity. The XRD pattern showed only the 
001 diffraction peak for all ZnO1-xSex layers, which reveals the growth of the ZnO1-xSex layers in the 0001 (c-plane) preferred direction. Moreover, as TS increased, the crystallinity of the ZnO1-xSex layer increased, but the Se content decreased. Furthermore, with increasing TS above 450°C, the ZnO1-xSex peak separated into two peaks due to the phase separation. Thus, as TS increased, more energy exists for atom migration, and as a result, the layers dissociated to the ZnO1-xSex phase and a small quantity of the ZnO pure phase. Furthermore, no ZnSe phase was formed. At 400°C or below, the ZnO1-xSex transferred stoichiometrically from the target to the substrate. However, with increasing TS, the content of Se incorporated into the ZnO matrix decreased. Thus, this may be because the Se is easily desorbed during deposition at higher TS, as it has a high vapor pressure. In the ZnO1-xSex layers, the optical absorption takes place due to the transition from the Se–derived band to the conduction band edge [51,57]. Hence, for the layers deposited at 300–400°C, the absorption edge was constant at a low energy of 2.2 eV due to a relatively stable Se content. However, as TS increased above 400°C, the absorption edge shifted to higher energy. For the electrical properties, the resistivity was relatively constant at roughly 5.5 x 10-3 Ω·cm for the ZnO1-xSex layer grown at 300–400°C. However, a significant increase in the resistivity occurred for layers grown above 400°C due to the phase inhomogeneities. The TS value had an insignificant effect on the carrier mobility and concentration, i.e., the mobilities changed from 13 to 20 cm2/Vs, while the concentrations varied in the extremely narrow range from 6 x 1019 to 7 x 1019 cm-3 [51,57].

[bookmark: _Toc87384981]Principle and Development of PLD

[bookmark: _Hlk64308210]As early as 1965 [64], the application of pulsed lasers to ablate a solid target with the stoichiometric transfer of a material to the substrate was reported in the literature. 
This was similar to the earlier flash evaporation technique where the dielectrics and semiconductors films were grown using a ruby laser. Thus, BaTiO3 and SrTiO3 films were grown by pulsed laser evaporation from their powders in 1969 [65]. Stoichiometric intermetallic materials such as low critical temperature (low–TC) superconducting films of ReBe22 and Ni3Mn were grown by a pulsed laser beam in 1975 [66]. For the first time, Zaitsev–Zotov and co–workers demonstrated the superconductivity in pulsed laser evaporated BaPb1-xBixO3 films followed by heat treatment in 1983 [67]. The successful application of the in-situ growth of the epitaxial high–temperature superconductor films at Bell Communications Research in 1987 was the real breakthrough of the PLD [68]. Since then, PLD has been frequently applied to grow complex oxides and those 
high–temperature superconductors, including materials that are not possible to prepare via an equilibrium route. 

Lasers used in PLD are classified as gas lasers, solid–state lasers (e.g., ruby laser), fiber lasers, semiconductor lasers, and liquid lasers depending on their media as well as their nominal characteristics and parameters, as presented in Table 1.2 [69]. Some of these lasers will be discussed here in detail. The gas lasers generate coherent irradiation by applying a voltage across a ceramic or a glass tube that is filled with the gain medium (gas mixture or low–pressure gas). The voltage creates an electric field within the tube, which produces an electrical current. These electrons react with the gas atoms, thereby migrating them to top energy states that will be the upper laser state [69]. The upper laser level declines naturally and very slowly to the ground state compared to the lower laser level, thus forming a population inversion among both laser levels. 

As several gaseous media are available, the working wavelength ranges differ from the visible range for argon ion and HeNe lasers, mid IR range for CO2 lasers, and UV range for excimer lasers [69]. Gas lasers have a different usage such as in diode–pumped solid–state (DPSS) lasers, laser processing, medical eye surgery, and laser diodes. 
The excimer laser is an ultraviolet laser based on compounds of halogens (F, Cl), noble gases (Kr, Xe) as its laser medium, such as KrF, XeF, XeCl, etc. [70]. The UV–excimer laser has characteristics of generating sufficient active oxygen for in-situ growth, oscillating at a remarkably high efficiency for lasers in the UV range, and allowing relatively compact hardware and very uniform cross–section of the beam, in other words, a uniform energy distribution [70,71]. The excimer lasers are used in different fields, such as surface reforming of resins like Teflon, etc., labeling materials that cannot be labeled by CO2 lasers or YAG lasers, semiconductor lithography (e.g., light source) manufactured by Gigaphoton, aberration processing of macromolecular films, in medicine (vision correction surgery such as laser assisted in situ keratomileusis), and in PLD. They are also used in fields of scientific research, both as primary sources and, particularly the XeCl laser, as pump sources for tunable dye lasers [71,72,73,74].

Solid–state lasers are defined as a laser in which its gain medium contains an active ion species implanted as impurities in the host material (glass or crystal), which is optically transparent. Solid–state lasers attain their population inversion via optical pumping, which can be achieved by a flashlamp or direct pumping from another laser source like a DPSS system or a laser diode [69]. The host material for a solid–state gain medium must have both unique suitable macroscopic mechanical, optical, and thermal properties and microscopic lattice properties. The host material can be a ceramic, glass, crystal, and organic matter, but crystals and glasses are the most common among others [69]. Examples of the most popular solid–state lasers are Nd:YAG and Yb:YAG. The Nd:YAG laser with a wavelength of 1060 nm can be used to deposit layers using the second harmonic at 532 nm or the third harmonic at 355 nm. The Nd:YAG laser as a solid–state type has some operational advantages over the 
UV–excimers type: it is safer and easier to handle because it does not involve highly 
hazardous gases [70]. However, it has a non–uniform cross–section of beam energy distribution and a significant decreased energy at the third harmonic (UV range).   

Table 1.2. Characteristics and parameters of the common lasers. 

		Laser types

		 Lasers 

		Wavelength (nm)

		 CW/pulsed 



		Gas (UV–excimer)

		ArF, KrF, XeF, XeCl

		193, 248, 353, 308

		ns range



		Gas (mid IR range) 

		CO2

		10600 

		CW/µs range



		Solid–state 

		Yb:YAG, Nd:YAG

		1030, 1060

		CW/ps range



		Fiber 

		Yd:glass, ND:glass

		1030, 1060

		CW/fs range





A fiber laser is referred to as a laser where the optical fiber is itself the gain medium, which possible to be distinguished from having another type of laser or gain medium simply being integrated to an optical fiber [69]. Hence, a fiber laser is formed when a solid–state gain medium is fabricated into an optical fiber and a resonator is integrated. Glass is a host material, and the laser active ions are classically doped into the core of the optical fiber. The most popular fiber lasers are Yd:glass and ND:glass. Fiber lasers can work in either CW or pulsed mode, and it is possible for them to function over much of the near IR and mid IR spectral region. They can form high quality output beams and can attain high output powers. Thus, these properties allow fiber lasers to be used for different purposes, such as laser surgery, seeding of other 

more powerful lasers, optical fiber communications, and range–finding [69].

The growth process of the materials from the plasma plume in PLD is different than the growth process in thermal evaporation [75]. In the PLD technique, the excimer laser beams ablate materials rapidly from a solid target to form a high energy plasma plume, which then condenses onto a substrate. The deposition process of the PLD can be explained by four steps [76]:

· Target ablation leading to plasma plume formation. 

· Expansion of the plasma and the possible reactions in the plasma.

· Deposition of the ablated materials on the substrate. 

· Film growth on the substrate surface. 

In the laser ablation process, first, the photons are transferred into electronic excitations. Thus, if the strength of the electric field of an electromagnetic wave is higher than the threshold value of the material, dielectric breakdown will take place via electron excitation above the work function level, leading to a pure ablation process [77]. 
As ablation occurs, the plasma plume starts to expand into the vacuum and the angular distribution will follow a cosine power law, as indicated in equation (1.1) [78]. In the multicomponent target, various elements may have various angular dependencies [76,79]. After the laser beam has been extinguished and no new particles are emitted from the target, the expansion process is adiabatic. When the volume of the plume increases, the temperature of the plasma is reduced, and the thermal energy is converted into kinetic energy of the particles. During the expansion process, particles collide with each other, and multiple collisions of the particles in the plasma plume dissipate the kinetic energy of the particles. The ablated particles reach the substrate and start to nucleate and condensate on the substrate surface when the kinetic energy of the particles slow down sufficiently [80]. However, desorption of the particles and surface diffusion may take place, but in most cases, strong adhesion is established. Different mechanisms can be involved in the film growth, such as Frank–van der Merwe type monolayer growth, Stranski–Krastanov type monolayer growth followed by island formation, or Volmer–Weber type nucleation and island formation.

(𝛽)=𝑡𝑚𝑎𝑥𝑐𝑜𝑠P+3(𝛽)           (1.1)

where t is the film thickness, β is the angle measured from the target surface normal measured at the center of the laser spot, p is an integer, and tmax is the maximum film thickness.  

PLD has developed significantly with time, and the deposition process stand on those four basic steps. PLD is used mainly to deposit complex oxides that are difficult to obtain via the equilibrium route with stoichiometric transfer of the materials, i.e., this method seems to be suitable for Zn(O,Se) layer deposition.   

[bookmark: _Toc59618864][bookmark: _Toc62464659][bookmark: _Toc87384982]PLD Setup

The PLD setup contains the laser, the deposition chamber, vacuum pumps, necessary optics, the substrate, and target holders [81]. The target and substrate are placed in the same line but separated by a distance of centimeters, as illustrated in Fig 1.3 [82], and the chamber is evacuated into a high vacuum. Afterward, the chamber can be filled with either an inert or reactive background gas. The laser beam is focused onto the surface of the target, and the short high energy pulses will evaporate and ionize materials from the target and form a plasma plume. The formed plasma plume expands and reaches the substrate with enough kinetic energy for strong adhesion of the growing films [80].

[image: ]

Figure 1.3. Schematic illustration of the pulsed laser deposition chamber [82].

[bookmark: _Toc87384983]Summary of the Literature Review and Aims of the Study

The studies reported in the literature on the properties of Zn(O,Se) layers, different preparation methods, and principle of the PLD can be summarized as follows:

· Zn(O,Se) is a promising group II–VI semiconductor in the field of materials science and technology due to its appropriate properties, such as tunable wide band gap, low toxicity, and suitable electrical properties.

· A two mode behavior of the ZnO1-xSex layer with a small change in Se content indicates the limited solubility of Se in ZnO and O in ZnSe, which means the limitations of ternary Zn(O,Se) formation. Thus, a careful investigation is required to set the optimal Se/O ratios for the specific application and to optimize other deposition parameters.  

· A significant redshift in the onset and shape of the absorption edges of 
ZnO1-xSex layers with increasing Se content indicates the complex nature of the absorption edges, which result in the band gap bowing. The bowing parameters are approximately in the range of 7.0–12.7 eV. A further systematic study including computational methods is required for a better understanding of the structural and optoelectronic properties of the Zn(O,Se) layer.

· All reported preparation methods for the Zn(O,Se) layer are subclasses of physical vapor deposition techniques, including PLD, MBE, and RF–sputtering. Among them, PLD is one of the most promising techniques to deposit 
complex–oxide heterostructures, super–lattices, and well–controlled interfaces in high quality, uniform, well–adherent layers to the substrate and stoichiometric transfer of the materials.

· One of the most important potential applications of Zn(O,Se) layers is in optoelectronics, e.g., in the fabrication of solar cells. Zn(O,Se) is considered 
an n-type buffer layer for p-type absorbers, such as CdTe, CIGSe, and CZTS,
in superstrate or substrate configurations.

· The buffer layer improves the quality of the p–n junction between the p-type absorber and the front contact. Also, the buffer layer can reduce interfacial charge recombination by accelerating electron–hole pairs separation.

· The application of the Zn(O,Se) as a buffer layer in TFSCs has not been widely investigated, and only one report is available about using ZnSe1-xOx (ZnSe rich) as an n-type buffer layer in TFSCs, with a very low solar cell efficiency. Thus, 
a deep investigation into the structural and optoelectronic properties of Zn(O,Se) layers and an improvement in the overall solar cells performance based on the n-type Zn(O,Se) buffer layer and p-type absorbers of TFSCs are required as part of the development of TFSCs.



Based on the literature review, this doctoral thesis has the following aims:

1. To deposit and develop a wide band gap Zn(O,Se) layer using PLD technique. Also, to apply the Zn(O,Se) as an alternative buffer layer for the conventional toxic CdS buffer layer. 

2. To investigate systematically the effect of the substrate temperature on the structural, electrical, and optical properties of the Zn(O,Se) layers.

3. To investigate the effect of the laser fluences on the structural and optoelectronic properties of the Zn(O,Se) layers. 

4. To fabricate and study the complete solar cell structures based on the Zn(O,Se) buffer layer and CIGSe absorber, and compare its solar cells parameters with the solar cell parameters of the reference cells based on CdS buffer layer. 



[bookmark: _Toc87384984]Experimental Part

[bookmark: _Toc59618865]In this section, an overview of all experimental procedures performed during this work are presented. However, a detailed report on the step-by-step deposition of the Zn(O,Se) layers, fabrication of thin film solar cells, and their complete characterization has been represented in the publications listed in Appendix 1 as papers I, II, and III.

[bookmark: _Toc87384985]Deposition of Zn(O,Se) Layers

[bookmark: _Toc59618866][bookmark: _Toc87384986]Preparation of the Substrates

[bookmark: _Toc59618867]Soda–lime glass substrates of 3.6 x 3.6 cm2 in size were prepared and ultrasonically cleaned for 15 min in a 20% solution of Decon 90 and deionized (DI) water, respectively, at 50°C. The substrates were dried under filtered air flow and then exposed to the Nova Scan Digital UV–Ozone cleaning system for 15 min.

[bookmark: _Toc87384987]Preparation of the PLD Targets

[bookmark: _Toc59618868]Commercial ZnO, ZnSe, and (ZnO:ZnSe) targets of 25.4 mm diameter and 6 mm thickness for PLD were prepared by hot–pressing of the fine powders of ZnO, ZnSe, and premixed fine powders of ZnO = 75 at% and ZnSe = 25 at% (99.99% purity, Testbourne Ltd).

[bookmark: _Toc87384988]Zn(O,Se) Deposition

[bookmark: _Toc59618869]The deposition was completed by using a Neocera Pioneer 120 PLD system equipped with a UV excimer laser, λ = 248 nm generated from KrF (Coherent Compex Pro 102 F). The laser beam was focused on approximately 5 mm2 spots on the surface of the Zn(O,Se) target. The distance between the target and substrate was 9 cm. The deposition was done in a high vacuum and nitrogen back–pressure. In the case of high vacuum deposition, the pressure inside the deposition chamber was around 3 × 10-6 Torr, and in the case of the nitrogen back–pressure deposition, the deposition chamber was filled with the 50 mTorr of nitrogen pressure at a constant nitrogen flow rate of 9 sccm. For comparison, ZnO and ZnSe layers were also deposited as a reference by PLD at 500°C in a high vacuum and under nitrogen back–pressure. The substrate was rotated during the deposition process for uniform distribution of the ablated materials onto the substrate surface. The target was rotated and rastered to avoid local heating and uniform consumption of the target materials. Different studies were performed as follows:

(a) The study of the TS effect on the properties of the Zn(O,Se) layers (paper I): 
The Zn(O,Se) layers were deposited by PLD in nitrogen back–pressure. The TS was varied from room temperature (RT) to 600°C, while other deposition parameters were constant: 80 min deposition time, 200 mJ pulse energy, 10 Hz laser pulse repetition rate, 50 mTorr of nitrogen back–pressure, 9 sccm nitrogen flow rate.

(b) The study of the laser fluence effect on the properties of the Zn(O,Se) layers (paper II): The Zn(O,Se) layers were deposited in a high vacuum at laser fluences of 4, 5, and 6 J cm-2, while other deposition parameters were constant: 80 min deposition time, 500°C substrate temperature, 10 Hz laser pulse repetition rate.

[bookmark: _Toc87384989]Fabrication of the Solar Cells

[bookmark: _Toc59618870]Glass/Mo/CIGSe/ZnOSe/i-ZnO/ZnO:Al solar cells were fabricated in the substrate configuration (paper III) as follows: Firstly, the Mo layer was sputtered onto SLG substrates of 2 x 2 cm2 size as a back contact followed by the co–evaporation of the Cu0.89In0.77Ga0.23Se1.10 absorber layer using a three–stage process at the TS of approximately 550°C according to the Ångström Solar Center procedure at Uppsala University [39,83]. Then, an amorphous ZnO0.73Se0.27 (a–Zn(O,Se)) buffer layer was deposited onto the CIGSe absorber and SLG substrates by PLD at RT–500°C in high vacuum, with the following layer thicknesses of 300, 200, and 100 nm. Next, a RF–sputtering technique was used to deposit the i-ZnO and ZnO:Al top electrode sequentially from an undoped and a 1.5 at% Al–doped ceramic ZnO target. Each of the three samples was sectioned into small cells with an active area of approximately 0.06 cm2 by mechanical scribing. Finally, the prepared complete solar cells were characterized, as shown in Table 2.1.    

[bookmark: _Toc87384990]Characterization of Zn(O,Se) Layers and Solar Cells

The structural, optical, and electrical properties of the prepared Zn(O,Se) layers were characterized. Also, the solar cell characteristics of the CIGSe/Zn(O,Se) devices were characterized and investigated by different techniques, as listed in Table 2.1.

Table 2.1. Analytical techniques used to characterize the Zn(O,Se) layers and CIGSe/Zn(O,Se) solar cells.

		Properties 

		Characterization 

		Apparatus 

		Refs 



		

		techniques

		

		



		Crystal structure, phase composition, and crystallite sizes

		XRD

		Rigaku Ultima IV

		I, II



		Phase composition

		Raman

		Horiba's LabRam HR800

		I



		Surface and cross–sectional morphology, layers thickness

		HR-SEM

		HR-SEM ZEISS ULTRA-55, ZEISS MERLIN 

		I, II, III 



		Elemental composition

		EDX, XRF

		Bruker EDX–XFlash6/30 detector and Bruker ESPRIT system 1.82. Spectro X–Lab 2000

		I, II, III



		Chemical state, surface chemical composition 

		XPS

		Kratos Axis Ultra DLD

		I, III 



		Optical properties, band gap

		UV–Vis spectroscopy

		Shimadzu UV–1800

		I, II, III



		Electrical properties

		Hall effect measurements joined with Van Der Pauw method 

		MMR’s variable temperature Hall effect measurements system

		I, II



		Solar cell parameters

		J–V characteristics

		Keithley 2400 source meter, Autolab PGSTAT 30, Newport class AAA solar simulator

		III



		Quantum efficiency 

		EQE

		Monochromator (Carl Zeiss SPM-2, f = 40 cm)

		III





[bookmark: _Toc87384991]Results and Discussion

[bookmark: _Toc59618871][bookmark: _Toc65839215]The following sections 3.1–3.3 report the results of a systematic study of the structural, optical, and electrical properties of the Zn(O,Se) layers as a function of PLD deposition conditions. Also, the properties of the fabricated CIGSe/Zn(O,Se) solar cells were reported. These results have been published in papers I, II, and III as shown in Appendix 1.  

[bookmark: _Toc87384992]Effect of the Substrate Temperature on the Properties of the Zn(O,Se) Layers 

[bookmark: _Toc59618872][bookmark: _Toc65839216]Zn(O,Se) layers were deposited onto SLG substrates by PLD at 50 mTorr of nitrogen 
back–pressure according to the experimental procedure presented in section 2.1.3a. 
To investigate the effect of the TS on the structural and optoelectronic properties of Zn(O,Se) layers, the TS was varied from RT to 600°C. The obtained results were discussed and presented in paper I.

[bookmark: _Toc87384993]Structural, Morphological and Compositional Analysis 

[bookmark: _Hlk71472994]The structural, compositional, and morphological properties of the Zn(O,Se) layers deposited in nitrogen back–pressure were analyzed by XRD, Raman, SEM, EDX, and XPS techniques. All Zn(O,Se) layers deposited from RT to 400°C were amorphous according to the XRD results as shown in Fig 3.1a. Also, Fig 3.1b shows the XRD patterns of the Zn(O,Se) layers deposited at 500–600°C combined with the XRD patterns of the reference ZnSe and ZnO phases deposited at 500°C for comparison. The ZnSe layer showed an XRD peak at 27.47°, which is well–indexed to the (111) plane of the ZnSe cubic phase [84,85], while the ZnO layer showed an XRD peak at 34.53°. This peak is assigned to the (002) plane of the ZnO wurtzite structure, as reported in the literature [86–92]. 

Zn(O,Se) layers grown at 500°C showed a single XRD peak at 30.94° together with a residual amorphous hump. Thus, that peak appearing at 30.94° corresponds to the (002) plane for ZnO1-xSex in which the x values varied from 0 to 0.12, as reported in the literature [31]. Therefore, a polycrystalline Zn(O,Se) phase mixed with an amorphous phase is formed at 500°C. With increasing TS to 550°C, the XRD diffractogram showed two distinct peaks at 27.70° and 34.09°. These peaks do not correspond to the reference ZnSe and ZnO phases, as their diffractions appeared at different 2θ values; in other words, two different solid solutions had formed. By considering the solubility of the selenium in ZnO and oxygen in ZnSe, the XRD peak located at 27.70° and 34.09° can be attributed to the formation of ZnSe1-yOy and ZnO1-zSez solid solutions, where y and z << 1 indicates the limited solubility of selenium and oxygen in ZnO and ZnSe, respectively. With further increase in the TS to 600°C, a shift in both peaks towards 2θ values of the reference ZnO and ZnSe phases is observed. This is an indication of a further decrease in the Se and O solubility in ZnO and ZnSe, respectively. In other words, the formation of ZnSe rich and ZnO rich mixture phases takes place. The corresponding crystallite sizes of the Zn(O,Se) layers (for the peaks located in the 2θ at 30.94–34.09° range in radians) were calculated via the Scherrer form [93]. Thus, the crystallite sizes increased from 12.60 to 20.50 nm with increasing TS from 500 to 600°C as mentioned in Table 3.3.

Further structural investigation of the Zn(O,Se) layers was done by Raman spectroscopy at RT. The Zn(O,Se) layers grown at 100–600°C showed a weak band of Raman scattering located at 127 cm-1 as shown in Fig 3.2a,b which corresponds to the Zn(O,Se) phase. Moreover, the Zn(O,Se) layers deposited at TS ranging from 100 to 500°C illustrated two strong broad bands at 220 cm-1 and 550 cm-1, as shown in Fig 3.2a,b which  
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[bookmark: _Hlk59568336][bookmark: _Hlk70621461]Figure 3.1. XRD patterns of the Zn(O,Se) layers deposited onto SLG substrate at (a) RT–400°C, and (b) 500–600°C with XRD pattern of ZnSe and ZnO phases deposited at 500°C.

Table 3.1. The modified Auger parameters of the Zn(O,Se) layers deposited at 500–600°C under nitrogen back–pressure. 

		TS

		positions

		positions

		L3M45M45

		L3M45M45

		m-AP

		m-AP



		(°C)

		(eV)

		(eV)

		K.E (eV)

		K.E (eV)

		α´ (eV)

		α´ (eV)



		

		Zn 2p

		Se 3d

		Zn 2p

		Se 3d

		Zn 2p

		Se 3d



		500

		1021.23

		53.74

		989.27

		1306.58

		2010.50

		1360.32



		550

		1021.24

		53.60

		989.38

		1306.78

		2010.63

		1360.38



		600

		1021.20

		53.63

		989.41

		1306.86

		2010.61

		1360.50





    XPS measurement errors are: for binding energy ± 0.02 eV, for quantification ± 10%



also correspond to the Zn(O,Se) formation. However, a noticeable shift to 248 cm-1 and (565/575 cm-1) in both band positions can be seen for Zn(O,Se) layers grown at 550 and 600°C as in Fig 3.2b. These Raman bands are extremely close to the LO phonon modes of ZnSe [56, 94–97] and the LO phonon E1 symmetry mode of ZnO [56,98–100] respectively. Thus, these shifts in both Raman bands explain that the ternary Zn(O,Se) polycrystalline phase obtained at 500°C shifted towards the formation of ZnSe1-yOy and ZnO1-zSez solid solutions as a result of the limited solubility of Se in ZnO and O in ZnSe at a TS of 
550–600°C. Also, the shift is attributed to the presence of oxygen and selenium vacancies at those TS [101]. Besides those Raman bands, extra weak bands located at 275 cm-1 started appearing at TS from 550°C. This additional Raman scattering is attributed to the intrinsic host lattice defects, like selenium and oxygen vacancies or Zn interstitials, which become activated at a high TS of 550 and 600°C [101].  

  High resolution XPS was also used to identify the possible phases of each species in the Zn(O,Se) layers deposited at 500–600°C. Figs 3.3a–d shows the XPS spectra of wide survey, Zn 2p, O 1s, and Se 3d of Zn(O,Se) layers deposited at 500°C. Fig 3.3a presents the wide survey binding energy of Zn(O,Se) layers, which contain only C, Zn, O, and Se. No impurities were detected. The binding energy of the adventitious C 1s peak at 284.6 eV was used for charge corrections. Fig 3.3b illustrates the Zn 2p XPS core–level spectra. Only one set of doublets was used to fit the Zn 2p spectra. None of the fitting parameters, FWHM, area, nor doublet separation, were fixed. The spectrum represents peaks at 1021.23 eV and 1044.55 eV related to Zn 2p3/2 and Zn 2p1/2, respectively. The spin–orbit splitting of 23.32 eV between the peaks is in good agreement with the value for the Zn2+ oxidation state [102–105]. Two peaks of various forms of oxygen were fitted for O 1s, as in Fig 3.3c. The first oxygen peak is located at the lower binding energy of 529.86 eV and 

Table 3.2. Binding energies and modified Auger parameters (m-AP) of Zn(O,Se) layers deposited at 500°C under nitrogen back–pressure and comparison with the literature data for ZnO and ZnSe. 

		

		Zn2p3/Se3d5

		L3M45M45

		m-AP

		



		Samples

		peak position

		Kinetic energy

		α´

		Refs



		

		(eV)

		(eV)

		(eV)

		



		ZnO  

		1022.10

		987.70

		2009.80

		106



		ZnO 

		1021.60

		988.80

		2010.40

		107



		ZnSe 

		1022.00

		989.50

		2011.50

		106



		Zn(O,Se), Zn2p

		1021.23

		989.30

		2010.50

		paper I



		SeO2 

		58.80

		1301.60

		1360.40

		106



		Zn(O,Se), Se3d

		53.74

		1306.58

		1360.32

		paper I





    XPS measurement errors are: for Binding energy ± 0.02 eV, for quantification ± 10% 
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Figure 3.2. Raman spectra of the Zn(O,Se) layers deposited onto SLG substrate at (a) 100–400°C and  (b) 500–600°C.

corresponds to oxygen ions in the Zn-O bonding of the Zn(O,Se) layers [102–105]. 
The second peak positioned at 531.29 eV is referred to the OH group absorbed onto the surface of the Zn(O,Se) layers [103]. Fig 3.3d shows the Se 3d XPS spectra with two sets of doublets; each doublet includes two peaks because of the spin–orbit splitting of the Se 3d level. The essential peak appeared at 53.74 eV binding energy and the other at 54.53 eV, which belong to Se 3d5/2 and Se 3d3/2 of the Zn-Se bonding, respectively [106]. The trend is similar for Zn(O,Se) layers grown at 550 and 600°C except for minor shifts in the binding energies, as in Table 3.1 and Figs S.1,S.2 of appendix 2, due to the formation of different solid solutions of ZnSe1-yOy and ZnO1-zSez. The modified Auger parameters (m-AP, α′) for the Zn(O,Se) layers deposited at 500°C were calculated from the experimental binding energies of the Zn 2p3/2 and Se 3d5/2 photoelectron peaks and kinetic energies of Zn L3M45M45 and Se L3M45M45 Auger peak values [107–109]. Hence, the Zn 2p3/2 and Se 3d5/2 peak positions, kinetic energies of Zn/Se L3M45M45 Auger peak values, and modified Auger parameters of the reference ZnO, ZnSe, and SeO2 phases were compared to the corresponding calculated parameters of the Zn(O,Se) layers 
[107–109], as indicated in Table 3.2. By considering the Wanger plot [108,109] and careful analysis of the compared data, we found that the estimated three parameters of the Zn(O,Se) layers are dissimilar from those values of the reference phases, which means that various compounds have been formed, i.e., polycrystalline ternary Zn(O,Se) layers have been deposited at 500°C. Furthermore, the modified Auger parameters, core–level peak positions, and Auger peak kinetic energies of the Zn(O,Se) layers deposited at 550–600°C are dissimilar from that of Zn(O,Se) layers grown at 500°C as listed in Table 3.1. Thus, that is further evidence for the formation of different solid solutions of ZnSe1-yOy and ZnO1-zSez, as shown by the Raman and XRD results.
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Figure 3.3. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 500°C (a) wide survey, (b) Zn 2p, (c) O 1s, and (d) Se 3d.

Furthermore, the HR-SEM micrographs show the formation of the uniform, compact and well–adherent Zn(O,Se) layers on the SLG substrate surface in the whole range of the TS as shown in Figs 3.4. Moreover, the grain size of the Zn(O,Se) layers increased as the TS increased from RT to 500°C, with an average grain size in the range of 15–86 nm. However, at the TS of 550–600°C, the grain size showed a decreasing trend. Furthermore, the cross–sectional views and Table 3.3 show that the thickness of the grown layers was reduced from 733 to 459 nm as the TS changed from RT to 600°C. Thus, this phenomenon is connected with the formation of highly ordered, denser, and more compact polycrystalline layers with an increase in the TS [110].

Table 3.3 shows the elemental ratios of the Zn(O,Se) layers grown at RT–600°C as measured by EDX. For all TS ranges, the Zn(O,Se) layers showed a relatively stable elemental Zn content. However, a negligible fluctuation in the oxygen and selenium content was observed with increasing TS. Thus, this can be associated with the effect of nitrogen back–pressure, which decreases the mean free path and kinetic energy of the ablated particles. As a result, stable ratios of the elements are maintained, in particular for Se. 



      

























































[bookmark: _Hlk70620468]Figure 3.4. Surface and cross–sectional HR-SEM micrographs of Zn(O,Se) layers grown onto SLG substrate at RT–600°C.



Table 3.3. The crystallite sizes, atomic ratios, film thicknesses, and optical band gap of the Zn(O,Se) layers deposited at RT–600°C under nitrogen back–pressure.

		Ts

		Crystallite sizes 

		EDX atomic ratios 

		Film thickness 

		Band gap  



		(°C)

		(nm)a

		(at%)b

		(nm)

		(eV)



		

		

		Zn

		O

		Se

		

		



		RT

		-------

		50

		39

		11

		733

		2.76



		100

		-------

		50

		38

		12

		639

		2.98



		200

		-------

		50

		36

		14

		554

		3.00



		300

		-------

		50

		36

		14

		647

		2.80



		400

		-------

		50

		36

		14

		512

		2.83



		500

		12.60 ± 0.80 

		50   

		39 

		11

		454

		3.00



		 550

		13.40 ± 0.13

		50

		37

		13

		484

		2.90, 3.28



		600

		20.50 ± 0.90

		50

		37

		13

		459

		3.16, 3.29





     a represent standard deviation (s.d.), b EDX measurement error is ± 0.5% 



Also, high resolution XPS was used to quantitatively study the surface chemical composition of the Zn(O,Se) layers deposited at 500–600°C. Thus, the selenium content remained unchanged at 11 at% for the TS range 500–600°C, while a noticeable increase in the Zn content from 52 to 57 at% was noticed with an increase in the TS from 500°C to 550–600°C. However, a significant decrease in the oxygen ratio from 37 to 32 at% was found in the same temperature interval.

[bookmark: _Toc87384994]Optical Properties

Figures 3.5a,b shows the UV–Vis transmittance spectra of Zn(O,Se) layers deposited at RT–600°C on the SLG substrates. All the deposited layers showed a transparency around 80% in the visible range except the thicker layers deposited at RT and 100°C, which exhibited a transparency less than 80%. It can be seen that the absorption edges shifted to a shorter wavelength (blue shift) with the increase in the TS. The shift of the absorption edges can be attributed to the change in the electronic band structure and thickness of the Zn(O,Se) layers with the TS [111,112]. Thus, a change in the electronic band structure of the Zn(O,Se) layers due to the formation of some defects, which creates a localized state in the band gap, leads to an increase in the band gap [111,113]. The thicker layers increase the width of the localized states in the optical band gap, accordingly, reducing the optical absorption edges with the reverse effect [111,112]. The optical Eg of the Zn(O,Se) layers was calculated based on the Tauc relation [114,115]. The optical Eg of the Zn(O,Se) layers varied from 2.76 eV to 3.29 eV with the increase in the TS from RT to 600°C as listed in Table 3.3. This variation in the optical band gap can be related to the shift in the absorption edges and change in the thickness of the layers with the change in the TS. Also, two different optical Eg values were observed for Zn(O,Se) layers grown at 550 and 600°C, which is attributed to the coexistence of two different solid solutions. This is in excellent agreement with the XRD, Raman, and XPS data. 

Furthermore, all the deposited layers showed interference patterns, which may be attributed to the multiple reflections at air–layers and layers–substrate interfaces as a result of the dissimilar refractive indexes of the Zn(O,Se) layers, air, and the SLG substrate [116]. 
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Figure 3.5. UV–Vis transmittance spectra of Zn(O,Se) layers deposited onto SLG substrate at 
(a) RT–400°C and (b) 500–600°C.

[bookmark: _Toc87384995]Electrical Properties

Since we propose Zn(O,Se) layers as a potential buffer layer for solar cells and other optoelectronic devices, it is vitally important to investigate the electrical properties of these layers. Thus, using the Hall effect measurements method at RT, we characterized the carrier mobility, carrier density, and resistivity of Zn(O,Se) layers as a function of TS. It was revealed that all Zn(O,Se) layers deposited below 500°C were relatively highly resistive as a result of the amorphous structure of the Zn(O,Se) layers. Table 3.4 shows the electrical properties of the Zn(O,Se) layers grown at 500–600°C based on the Hall effect measurements. The sign of the Hall coefficient reveals that the electrons are the majority carriers in the PLD deposited Zn(O,Se) layers under nitrogen back–pressure, which corresponds to the n-type conductivity of the deposited Zn(O,Se) thin films. The resistivity of the Zn(O,Se) layers grown at 500°C was 2.1 x 105 Ω·cm, the electron density   

Table 3.4. The electrical properties of the Zn(O,Se) layers deposited in the temperature region of 500–600°C under nitrogen back–pressure.  

		Ts 

		Hall coefficient 

		Resistivity 

		Carriers density 

		Carriers mobility 



		(°C)

		(cm3/C)

		(Ω·cm)

		(cm-3)

		(cm2/ Vs)



		500

		-2.4 x 107

		2.1 x 105

		3.0 x 1011

		113.0



		550

		-6.0 x 106

		2.3 x 105

		1.0 x 1012

		26.2 



		600

		-2.0 x 102

		5.4 x 101

		3.4 x 1016

		3.4 





  Hall effect measurement error is ± 5.0%   



[bookmark: _Hlk73635806]was 3.0 x 1011 cm-3, and the carrier mobility was 113.0 cm2/Vs. As the TS increased to 550°C, the mobility remarkably decreased to 26.2 cm2/Vs, while the carrier concentration increased by one order of magnitude to 1.0 x 1012 cm-3. With further increase in the TS to 600°C, the carrier concentration significantly increased to 3.4 x 1016 cm-3, while the mobility and resistivity sharply decreased to 3.4 cm2/Vs and 5.4 x 101 Ω·cm, respectively.

[bookmark: _Hlk79161556]To clearly understand the change in the electrical properties of Zn(O,Se) layers grown at 500–600°C, we conducted some thermodynamic studies for the Zn(O,Se) system as in paper I [117]. Specifically, the change in Gibbs free energy (ΔG) of formation for ZnSe, ZnO, and SeO2 was calculated based on the HSC Chemistry Ver. 6.0 software and compared for TS of 500–600°C, as seen in Table 3.5. Based on these preferred thermodynamic reactions, it was found that ZnO is the most stable phase in the Zn(O,Se) system because it shows the highest Gibbs free energy of formation. The formation of SeO2 reduces the partial pressures of selenium and oxygen in ZnSe and ZnO, respectively. Furthermore, the partial pressure of Zn in zinc oxide is less than the partial pressure of Zn in zinc selenide, which produces a Zn–rich composition in the vapor phase of the Zn(O,Se) system. As a result, of the increased partial pressure of zinc vapor, more oxygen and selenium vacancies (n-type intrinsic defects) will be formed; consequently, this will increase the overall carrier concentration in the Zn(O,Se) layers. Thus, the carrier mobility is systematically reduced with the TS as the carrier concentration is increased. Probably, the systematic decrease in the carrier mobility was related to the carrier scattering via ionized selenium/oxygen vacancy defects with high carrier concentrations at high temperatures. The reactions (3.1–3.8) below present the dissociation of Zn(O,Se), ZnO, and ZnSe in the gas phase and the following formation of the Frenkel defects at the equilibrium between the solid and gas phase [117,118]. The nitrogen back–pressure has the ability to inhibit the transfer of the materials through the gas phase to the substrate by decreasing the kinetic energy and the mean free path of the ablated particles. 
The reduced mean free path has an effect of keeping the O and Se content stable in the Zn(O,Se) layers. The EDX analysis represents a relatively stable O and Se content in the whole TS range.



		                                                     (3.1)

                             (3.2)

	           (3.3)

     (holes donating)                                                                           (3.4)

    (electrons donating)                                                                      (3.5)

      (electrons donating)                                                                      (3.6)

, where K(ZnO) is the equilibrium constant for ZnO         (3.7)   

, where K(ZnSe) is the equilibrium constant for ZnSe     (3.8)



Table 3.5. The changes in the Gibbs free energies calculated for the formation of ZnO, ZnSe and SeO2 at temperature range of 500–600°C.

		Reaction

		ΔG at 500°C

		ΔG at 550°C

		ΔG at 600°C



		

		(kcal/mole)

		(kcal/mole)

		(kcal/mole)



		𝑍𝑛(𝑔) + ½ 𝑂2(𝑔)↔𝑍𝑛𝑂(𝑠)

		-74.76

		-72.24

		-69.73



		𝑍𝑛(𝑔) + ½ 𝑆𝑒2(𝑔)↔𝑍𝑛𝑆𝑒(𝑠)

		-51.33

		-49.02

		-46.72



		½ 𝑆𝑒2(𝑔) + 𝑂2(𝑔)↔𝑆𝑒𝑂2(𝑔)

		-30.97

		-30.17

		-29.38







[bookmark: _Toc87384996]Effect of the Laser Fluences on the Properties of the Zn(O,Se) Layers

Zn(O,Se) layers were grown onto SLG substrates by PLD at 500°C according to the experimental procedure presented in section 2.1.3b. The structural and optoelectronic properties of the Zn(O,Se) layers were investigated as a function of the laser fluences, which varied from 4 to 6 J cm-2. The findings are discussed and presented in paper II. 

[bookmark: _Toc87384997]Structural, Morphological and Compositional Analysis

Surface and cross–sectional HR-SEM micrographs of the Zn(O,Se) layers grown at 500°C with changing laser fluences from 4 to 6 J cm-2 are presented in Figs 3.6, which illustrate the growth of homogenous, dense, and well–adherent Zn(O,Se) layers to the SLG substrates. As can be seen from the cross–sectional micrographs, the thickness of the Zn(O,Se) layers increased from 340 to 445 nm with the change in the laser fluence from 4 to 6 J cm-2. Thus, this result is attributed to the presence of large numbers of atoms and ions of Zn, O, and Se in the plasma plume at higher laser fluences [119]. The EDX elemental analysis of the deposited layers shows relatively stable elemental ratios of Zn, O, and Se throughout all applied laser fluences of 4,5 and 6 J cm-2 as seen in Table 3.6.





























Figure 3.6. Surface and cross–sectional HR-SEM micrographs of Zn(O,Se) layers deposited onto SLG substrate at 500°C with different laser fluences of 4, 5, 6 J cm-2. 



Figure 3.7 represents the XRD patterns of the Zn(O,Se) layers deposited at 500°C onto SLG substrates using three laser fluences of 4, 5, and 6 J cm-2 combined with XRD patterns of the reference ZnO and ZnSe phases grown by PLD at 4 J cm-2 laser fluence and the same substrate temperature for comparison. The XRD patterns for the ZnO and ZnSe layers have been identified and explained in detail in section 3.1.1. However, all the deposited Zn(O,Se) layers showed a single XRD peak at 33.70° regardless of the applied laser fluence. This peak located at 33.70° was previously assigned to the (002) plane of ZnO1-xSex, where x values varied from 0 to 0.12 [31,50,120]. Thus, the polycrystalline ternary Zn(O,Se) phase was formed at 500°C for all applied laser fluences. The difference in peak position between the Zn(O,Se) layers deposited in high vacuum [117] and nitrogen back–pressure is ∆2θ = 2.76, which is attributed to the effect of the deposition atmosphere (nitrogen back–pressure). As shown in Fig 3.1b, the polycrystalline Zn(O,Se) was mixed with the amorphous phase. With increasing laser fluence from 4 to 6 J cm-2, 
a significant increase in the crystallite sizes (for the peaks at 33.70°) from 34 to 42 nm was observed as shown in Table 3.6. Hence, that is attributed to the increased flux and high kinetic energy of the ablated materials in the plasma plume, which affected the crystallite size and density of the Zn(O,Se) layers [86,92,121]. 

[bookmark: _Hlk73714327][image: ]

Figure 3.7. XRD patterns of Zn(O,Se) layers deposited onto SLG substrate at 500°C with different laser fluences of 4, 5, 6 J cm-2, Combined with XRD patterns of ZnSe, ZnO layers deposited at 500°C and  4 J cm-2 laser fluence.  

Table 3.6. Crystallite sizes, atomic ratios, layer thicknesses, and optical band gaps of Zn(O,Se) layers deposited at 500°C with different laser fluences of 4–6 J cm-2.

		Laser 

		Crystallite 

		

		EDX atomic

		

		Layer 

		Band gap



		fluences 

		sizes 

		

		ratios 

		

		thickness 

		



		(J cm-2) 

		(nm)a

		

		(at%)b

		

		(nm)

		(eV)



		

		

		Zn

		O

		Se

		

		



		4

		34 ± 0.3

		50.0

		41.6

		8.4

		340

		3.03



		5

		40 ± 0.4

		50.0

		41.0

		9.0

		419

		2.94



		6

		42 ± 0.5

		50.0

		42.0

		8.0

		445

		2.87





  a represent standard deviation (s.d.), b EDX measurement error is ± 1.0% 

[bookmark: _Toc87384998]Optical Properties

[bookmark: _Hlk83131880]Figure 3.8 illustrates the UV–Vis transmittance spectra of the Zn(O,Se) layers deposited at 500°C with changing laser fluences from 4 to 6 J cm-2. All the prepared Zn(O,Se) layers are nearly transparent in the visible range of the spectra. The absorption edges shifted to a longer wavelength (redshift) as the laser fluence increased from 4 to 6 J cm-2. This is because of an alteration of the electronic band structure of the Zn(O,Se) layers due to the formation of the localized defect states [122–125]. Thus, the valence band and the defect states experience valence band anticrossing, creating two divided bands [31,126]; as Zn(O,Se) layers are n-type, the Fermi level is located near the conduction band. Thus, the Se–derived band will be completely filled and functions as the top of the valence band, which redshifts the absorption edges. The observed redshift [80,127] in the absorption edges of the Zn(O,Se) layers with the increase in the laser fluence gradually reduced the optical Eg values of the Zn(O,Se) layers from 3.03 to 2.87 eV. 
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Figure 3.8. UV–Vis transmittance spectra of Zn(O,Se) layers deposited onto SLG substrate at 500°C with different laser fluences of 4, 5, 6 J cm-2.

[bookmark: _Toc87384999]Electrical Properties 

[bookmark: _Hlk81161355]Table 3.7 illustrates the electrical properties of the Zn(O,Se) layers grown in a high vacuum at 500°C as a function of changing laser fluences from 4 to 6 J cm-2. The negative sign of the Hall coefficient indicated the n-type conductivity of all the prepared Zn(O,Se) layers. The electron density gradually increased from 4 × 1014 cm-3 to 8 × 1014 cm-3 and the resistivity decreased from 6 × 103 Ω·cm to 4 × 103 Ω·cm as the laser fluence changed from 4 J cm-2 to 5 J cm-2. Similarly, a significant increase in the carrier concentration to 
4 x 1015 cm-3 and a significant reduction of the resistivity to 6 x 102 Ω·cm were observed as the laser fluence increased to 6 J cm-2. Furthermore, the carrier mobility was relatively constant for all applied laser fluences, with values around 2–3 cm2/Vs. To explain the electrical behavior of the Zn(O,Se) layers as a function of the laser fluence, we referred to the thermodynamic studies shown in section 3.1.4 and paper I. Hence, the study indicated the formation of oxygen/selenium vacancies (n-type intrinsic defects), in other words Frenkel defects, which increase the overall carrier concentration of the polycrystalline Zn(O,Se) layers [51,128]. Also, the scattering lifetime of the carriers was optimal and sufficiently long for the Zn(O,Se) layers grown at high laser fluences, which increased the carrier concentration [51,129]. Thus, the increased carrier concentration of the Zn(O,Se) layers at high laser fluences led to the reduction in the resistivity with laser fluence [51,129].   

[bookmark: _Hlk72248795]Table 3.7. The electrical properties of the Zn(O,Se) layers deposited at 500°C with different laser fluences of 4–6 J cm-2. 

		Laser fluences

		Resistivity

		Carriers density

		Carriers mobility



		(J cm-2)

		(Ω·cm)

		(cm-3)

		(cm2/Vs)



		4

		6 x 103

		4 x 1014

		3



		5

		4 x 103

		8 x 1014

		2



		6

		6 x 102

		4 x 1015

		3





    Hall effect measurements error is ± 1.0% 

[bookmark: _Toc87385000]Application of Zn(O,Se) as a Buffer Layer with CIGSe Solar Cells

[bookmark: _Hlk57133269][bookmark: _Hlk67682334]For proof of the concept demonstrated above, we applied Zn(O,Se) layers prepared by PLD at RT–500°C as a buffer layer with CIGSe solar cells in a substrate configuration (glass/Mo/CIGSe/ZnOSe/i-ZnO/ZnO:Al). The solar cell parameters were studied as a function of the thickness of the Zn(O,Se) buffer layer from 300 to 100 nm. Furthermore, the solar cell parameters of the CIGSe/Zn(O,Se) devices were compared to the solar cell parameters of reference cell CIGSe/CdS and presented in paper III. It was found that, the Zn(O,Se) buffer layers deposited at RT reported the best device performance. However, the Zn(O,Se) buffer layers deposited at 100–500°C had very low device performance, and were not considered for further investigation. Hence, this may be attributed to the absorber surface deterioration due to high temperature PLD process or may be diffusion of zinc or oxygen into the absorber at those deposition temperatures. Thus, all the following discussions are devoted to the Zn(O,Se) buffer layers deposited at RT. 

[bookmark: _Toc87385001]Optical and Elemental Analysis of Amorphous Zn(O,Se) Layers

Figure 3.9 shows the UV–Vis transmittance spectra of the amorphous Zn(O,Se) layers with three thicknesses of 300, 200, and 100 nm grown onto the SLG substrate by PLD in a high vacuum at RT. As can be seen, the Zn(O,Se) layer with the 100 nm thickness has an average transparency of about 85% in the visible region of the spectra, while the layers with 200 and 300 nm thicknesses exhibited an average transparency around 75%. Furthermore, the absorption edges shifted to shorter wavelengths (blue shift), from ~485 to ~375nm, with decreasing layer thickness from 300 to 100 nm. Thus, this is related to the disordered (defect) structure in the amorphous layers, which form localized defect states in the electronic structure of the Zn(O,Se) layers [111,113,122]. Hence, these defect states and the valence band experience valence band anticrossing, forming two separate bands [31,126], which lead to the blue shift of the absorption edges, as discussed earlier in sections 3.1.2 and 3.2.2. The optical Eg of the layer was estimated using the Tauc relation [114,115]. Hence, the optical Eg values of the Zn(O,Se) layers are 2.99, 3.00, and 3.05 eV for 300, 200, and 100 nm thicknesses, respectively, i.e., a minor increase in the optical Eg value to 3.05 eV is observed with the decrease in the Zn(O,Se) 

layer thickness to 100 nm.

Moreover, the elemental ratios of the amorphous Zn(O,Se) layers were 50.0, 36.5, and 13.5 at% for Zn, O, and Se, respectively, based on EDX analysis for all three different thicknesses, i.e., these values did not change with the change in the layer thickness. Thus, the selenium–to–oxygen composition ratio [Se]/([O]+[Se]) of the amorphous Zn(O,Se) layers was constant at 0.27.
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Figure 3.9. UV–Vis transmittance spectra of amorphous Zn(O,Se) layers deposited at RT onto SLG substrate with different thicknesses of 300, 200, 100 nm.

[bookmark: _Toc87385002]XPS Depth Profile Analysis of the CIGSe/Zn(O,Se) Interface 

Figure 3.10 shows the XPS depth profile analysis of the CIGSe/Zn(O,Se) structure. In the topmost zone up to 100 nm, only the composition of the Zn(O,Se) layer is shown. Zn 2p, O 1s, and Se 3d presented relatively constant concentrations with an average around 52.5, 36.0, and 11.5 at%, respectively as seen in Table 3.8. These minor deviations in Zn, O, and Se concentrations from the results obtained by EDX can be related to the XPS measurement accuracy. However, at the CIGSe/Zn(O,Se) interface region, the content of Zn 2p and O 1s steadily decreased until reaching 16.5 and 11.5 at% at a thickness of 
140 nm. Moreover, Cu 2p, In 3d, Ga 2p, and Se 3d belonging to the CIGSe absorber started evolving gradually in the interface area. Cu 2p, In 3d, and Se 3d increased 
steadily up to 16.5, 24.4, and 30.5 at% at 140 nm thickness. Nevertheless, the Ga 2p concentration varied in an extremely narrow range and was semi constant at 0.26 at% for the whole etching depth scanned. Furthermore, the elemental content of the 
CIGSe absorber was determined by XRF as well [83]. Thus, it had an average atomic 
ratio of [Cu]/([Ga]+[In]) = 0.89, [Ga]/([Ga]+[In]) = 0.23, [In]/([Ga]+[In]) = 0.77, and [Se]/([Cu]+[Ga]+[In]) = 1.10.





[image: ]

Figure 3.10. XPS depth profile analysis for a typical CIGSe/Zn(O,Se) structure showing the composition gradient of the Zn(O,Se) layer and CIGSe/Zn(O,Se) interface.

Table 3.8. Comparison of the average atomic concentrations of Zn(O,Se) layers deposited at RT measured by different techniques EDX and XPS.

		Structure 

		Technique 

		

		atomic conc. (at%)

		



		

		

		Zn

		O

		Se



		Glass/Zn(O,Se)

		EDX

		50.00

		36.50

		13.50



		CIGSe/Zn(O,Se)

		XPS

		52.50

		36.00

		11.50





   Measurement uncertainty of EDX is ± 1.0% and XPS is ± 10.0% 

[bookmark: _Toc87385003]HR-SEM Analysis of CIGSe/Zn(O,Se) Devices

[bookmark: _Hlk84120594]Figures 3.11a–c represent the cross–sectional HR-SEM micrographs of the CIGSe/Zn(O,Se) devices as a function of the thickness of the Zn(O,Se) buffer layer at 300, 200, and 100 nm. It can be seen that the CIGSe absorber surface is covered uniformly by the Zn(O,Se) buffer layer. The grown layers are homogenous and dense, with good adherence to the Mo/glass substrate and between other layers. The sputtered Mo back contact and 
co–evaporated CIGSe absorber layer had an average thickness of 0.3 and 1.7 μm, respectively, according to HR-SEM cross–sectional analysis, while the combined Zn(O,Se) and i-ZnO/ZnO:Al layers showed thicknesses of 1050, 800, and 850 nm for the 300, 200, and 100 nm thick Zn(O,Se) buffer layer, respectively (see also Figs S.3 of HR-SEM 
cross–sectional micrographs of the Zn(O,Se)/SLG structures in appendix 2). The thickness of the buffer layer and the top electrode is estimated as one unit altogether using 
HR-SEM. The thickness of the second layer associated with 200 nm thick Zn(O,Se) buffer layer is deviated by 150 nm from it is expected actual thickness. However, this deviation corresponds to the i-ZnO/ZnO:Al sputtering because the thickness of the i-ZnO/ZnO:Al layer varies based on the location of the structure inside the sputtering chamber.  

[bookmark: _Toc87385004]Effect of the Zn(O,Se) Thickness on the Solar Cell Performance

Table 3.9 and Figure 3.12a represent the CIGSe solar cell parameters as a function of the thickness of the Zn(O,Se) buffer layer at 300, 200, and 100 nm. Also, a comparison of the CIGSe/Zn(O,Se) solar cells with the CIGSe/CdS reference cell is represented. The solar cell



















Figure 3.11. Cross–sectional HR-SEM images of the complete CIGSe/Zn(O,Se) solar cells with different thickness of the Zn(O,Se) buffer layer (a) 100 nm, (b) 200 nm, (c) 300 nm.









parameters were strongly dependent on the thickness of the Zn(O,Se) buffer layer. Hence, the JSC significantly increased from 20.9 to 27.1 mA/cm2 as the thickness of the Zn(O,Se) buffer layer decreased from 300 to 100 nm. This is explained by the sufficient light absorption of the CIGSe/Zn(O,Se) device with the 100 nm thickness due to high transparency (about 85%) in the visible region as shown in Fig 3.9 and the high Eg of 
3.05 eV, which leads to an enhanced spectral response in EQE. The CIGSe/Zn(O,Se) device with a 100 nm thick buffer layer has an enhanced spectral response in EQE over a wide range of wavelengths (300–760 nm) compared to the devices with 200 and 300 nm thick buffer layers, which is directly reflected in the high JSC values of the 100 nm thick sample. Furthermore, the low JSC values for the 200 and 300 nm thick layers can be attributed to the fact that “PLD ablated materials contains macroscopic globules of molten materials’’ [130]; these ablated materials have a high kinetic energy and strong collision force 
as well. Thus, when these particulates reach the substrate, the properties of the 
already–deposited layers are affected and damaged. As 200 and 300 nm thick layers took a long time to deposit in the PLD chamber, the amount of damage (defects) is relatively high compared to the 100 nm thick layer. As a result, this decreases the carriers collection by impeding the photogenerated electrons [131–135]. In contrast, the FF decreased 
from 47.4% to 40.3% with decreasing thickness of the Zn(O,Se) buffer layer to 100 nm. This can be explained by the high series resistance (RS) and low shunt resistance (RSH) for the cells fabricated with the 100 nm thick Zn(O,Se) buffer layer as indicated in Table 3.9. 

The VOC values significantly increased from 395 to 454 mV as the thickness of the Zn(O,Se) buffer layer decreased from 300 to 100 nm. The recombination losses at the absorber/buffer interface are responsible for the low VOC values at higher thickness [131,135]. In the thicker buffer layer, a high potential drop takes place in the buffer layer because the Fermi energy at the absorber/buffer interface moves far away from the conduction band edge [131,135]. Similarly, the potential will decrease in the whole heterostructure by the same amount as in the buffer layer, and the hole barrier will not change. In other words, the electron concentration will decrease [136], while the hole concentration will remain unchanged with increasing buffer layer thickness. Therefore, this reduces an inversion in the topmost part of the absorber layer. As a result, the recombination rate will increase through the CIGSe/Zn(O,Se) interface, resulting in a low VOC [122,136–138].

The junction parameters were evaluated by fitting the J–V curves of the individual solar cells using a one diode model. An ideality factor (n) and the saturation current density (J0) were extracted and represented in Table 3.9. The theoretical view suggests
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Figure 3.12. (a) J–V curves and (b) EQE spectra of the CIGSe/Zn(O,Se) devices with different thicknesses of the Zn(O,Se) buffer layer 300, 200, 100 nm, and comparison with CIGSe/CdS reference cell.



the n of the diode in a range 1 ≤ n ≤ 2 is dependent on the recombination center energy and the respective capture cross sections for holes and electrons. In the case of n > 2, the recombination cannot be explained through a single center of recombination. 
A several–stage recombination process through a series of trap states deployed in space and energy can describe such a high n for a recombination process at the space–charge region [138–141]. The previous discussion clarifies that the n is heavily affected by the recombination mechanism. The ideality factor is near to but relatively higher than 2 in the case of the reference cell, which means that the space–charge region recombination is the dominant recombination mechanism in the absorber [126]. The higher fitted ideality factor values of the devices fabricated using the Zn(O,Se) buffer layer suggest that the deposition of such a layer using PLD led to additional recombination centers in the space–charge region and recombination at the absorber/buffer interface. Furthermore, the saturation current is an estimation of the "leakage" of carriers across the p–n junction in reverse bias. This leakage is a result of the carrier recombination in the neutral regions. Thus, this means the saturation current is a measure of the recombination in a device [142,143]. A diode with a larger recombination will have a larger J0. The saturation current strongly affects the VOC with a good agreement with the VOC values in Table 3.9. The higher the J0 corresponds to a lower VOC.

The CIGSe/Zn(O,Se) device fabricated with the 100 nm thick buffer layer showed an improved spectral response in the 350–760 nm wavelength range of the EQE spectra as in Fig 3.12b. This can be explained by the relatively high transparency and high Eg of the Zn(O,Se) buffer layer with 100 nm thickness compared to the other thicknesses (200 and 300 nm), as discussed in the optical properties of the Zn(O,Se) buffer layer in section 3.3.1. However, in a very narrow wavelength range (1000–1113 nm) near the IR region, the CIGSe/Zn(O,Se) devices fabricated with 200 and 300 nm thick buffer layers showed enhanced spectral responses as in Fig 3.12b. Generally, the reduction of EQE in the IR region for TFSCs is related to several points, such as insufficient light absorption close to the CIGSe band gap, rear surface recombination, and incomplete collection of the photogenerated carriers [144–148]. The influence of these causes is identical in all three cells, but because of the high RS of the device fabricated with a 100 nm thick buffer layer, their influence became more significant and decreased the EQE in the IR region for that specific cell. Furthermore, the Eg of the CIGSe absorber was 1.0 eV, as determined from the EQE spectra.

The solar cell parameters of the CIGSe/Zn(O,Se) devices was compared to the CIGSe/CdS reference cell (prepared and measured at Ångström Solar Center, Uppsala University), as shown in Fig 3.12a. The JSC value of the CIGSe/Zn(O,Se) devices is relatively low in comparison to the reference cell. However, a significant difference in the VOC and FF values was observed, confirming the presence of recombination losses and the parasitic resistance, such as high RS and low RSH, as discussed previously. Moreover, 
the short period of unavoidable air exposure of the CIGSe surface during transfer to the PLD deposition chamber oxidizes the Cu, In, Ga, and Se [136,149–152]. However, the ammonia in the CBD–CdS process etches the oxides, leaving a chemically clean 
CIGSe surface [136,149,150]. Since the ammonia etching effect is absent in the dry  


Table 3.9. CIGSe solar cells parameters as a function of Zn(O,Se) buffer thickness, series and shunt resistance, saturation current, ideality factor, comparison to the reference cell using the CdS buffer layer.

		Thickness (nm) 

		100 

		200 

		300 

		CdS ref *



		Cell size (cm2) 

		0.06 

		0.06 

		0.06 

		0.05 



		η (%) 

		5.0 

		4.5 

		3.9

		14.7 



		FF (%) 

		40.3 

		47.3 

		47.4 

		68.5 



		VOC (mV) 

		454.0 

		395.0 

		395.0 

		560.0 



		JSC (mA/cm2) 

		27.1

		23.9 

		20.9 

		38.2 



		RS (Ω·cm2) 

		6.0 

		3.1 

		3.5 

		0.2 



		RSH (Ω·cm2) 

		81.0 

		139.0 

		242.0 

		1.0 x 103 



		J0 (mA/cm2) 

		1.8 x 10-4 

		2.4 x 10-4 

		2.0 x 10-4 

		2.0 x 10-6 



		n 

		3.7 

		3.3 

		3.2 

		2.2 





   * prepared and measured at Uppsala University

buffer layer deposition process, such as PLD, all residual aging products left on the 
CIGSe surface during the PLD deposition process stay at the absorber/buffer interface. Hence, decreasing and damaging the quality of the CIGSe/Zn(O,Se) interface, consequently, presents opportunities for recombination losses at the interface [136,153]. The combination of the PLD system with a glove box is a promising idea and can possibly prevent the CIGSe surface from oxidation and deterioration.

Figure 3.12b also, compare the EQE spectra of the CIGSe/Zn(O,Se) devices with EQE spectra of the CIGSe/CdS reference cell. The CIGSe/Zn(O,Se) devices shows an enhanced spectral response in the short wavelength region (360–550 nm) than the CIGSe/CdS reference cell. Thus, this can be explained by the high Eg ≥ 3.00 eV of the Zn(O,Se) buffer layer compared to that of the CdS around 2.45 eV. For the rest of the wavelengths, the spectral responses of the CIGSe devices fabricated with both buffers (Zn(O,Se) or CdS) are quite similar.













[bookmark: _Toc87385005]Conclusions

This thesis is focused on the development and study of the Zn(O,Se) layers prepared 
by PLD with a systematic investigation of the effect of the deposition conditions on 
the structural, morphological, and optoelectronic properties of the obtained layers. 
In addition, the Zn(O,Se) layers prepared by PLD were applied as buffer layers in complete solar cell structures with a CIGSe absorber. The main outcomes of the thesis are:

1. [bookmark: _Hlk78807583]Uniform, adhesive, amorphous, and polycrystalline Zn(O,Se) layers were deposited onto SLG substrates by PLD and characterized.

2. It was determined that the properties of the Zn(O,Se) layers were strongly dependent on the TS. All layers prepared below 500°C were amorphous, 
and polycrystalline ternary Zn(O,Se) layers were formed at 500°C. Between 
550–600°C, the formation of two different solid solutions ZnSe1-yOy and 
ZnO1-zSez was observed where y and z << 1. This phenomenon is connected to the limited solubility of selenium and oxygen in ZnO and ZnSe, respectively, i.e., ternary Zn(O,Se) can only be formed in a relatively narrow composition range close to the binary ZnO and ZnSe. 

3. [bookmark: _Hlk82768183]All prepared Zn(O,Se) layers showed n-type conductivity with relatively high resistivity of the amorphous layers and significantly increased electrical conductivity of the polycrystalline layers. 

4. Polycrystalline ternary Zn(O,Se) layers with stable composition were formed at 500°C for all applied laser fluences of 4, 5, and 6 J cm-2. Also, a significant increase in the electrical conductivity with an increase in the laser fluence was observed.  

5. UV–Vis transmittance spectra showed relatively high transparency of all deposited Zn(O,Se) layers in the visible range as a function of the TS and laser fluences. Thus, the optical band gap of the Zn(O,Se) layers was tunable in a wide range from 2.76 to 3.29 eV depending on the TS and the laser fluences. 

6. [bookmark: _Hlk77206994]The complete solar cell structures based on the co–evaporated CIGSe absorber and Zn(O,Se) buffer layer deposited by PLD were fabricated in the substrate configuration and characterized. It was found that the solar cells with the Zn(O,Se) buffer layer deposited at RT shows the best device performance with an average photoconversion efficiency of 5.0%. However, the solar cells with Zn(O,Se) buffer layers deposited at 100–500°C had very low device performance. The absorption capability of the CIGSe/Zn(O,Se) devices is enhanced in the blue region of the EQE spectra, which is an advantage of Zn(O,Se) compared to CdS.

7. Based on these preliminary results, we suppose that the Zn(O,Se) layers have the potential to replace the CdS buffer layer in complete solar cell structures. However, the door is still open for optimizing the complete solar cell structures based on the Zn(O,Se) buffer layer and different absorbers, optimizing PLD deposition conditions, and adjusting the conduction band offset at the absorber/buffer interface.
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Pulsed Laser Deposition of Zn(O,Se) Layers for Optoelectronic Applications 

[bookmark: _Hlk80809847]TFSCs are one of the most promising sources of renewable energy. They consist of different functional layers, such as the absorber layer, buffer layer, front and back contacts, etc. Usually, the buffer layer should be an n-type semiconductor with a wide band gap and appropriate electrical properties. Also, the buffer layer should have a minimal defect density at the absorber/buffer interface in a complete TFSCs structure. An implementation of an intermediate buffer layer between the p-type absorber layer and the front contact can improve the photovoltaic properties of the rectifying junctions significantly. For example, implementing a buffer layer reduces the interfacial charge recombination by accelerating an electron–hole pairs separation. 

CdS is a well–known or standard buffer layer used in TFSCs with different absorbers, which allows the highest recorded efficiencies of these devices to be obtained. In these devices, CdS is usually prepared by the wet CBD method. Despite the high performance of CdS, there is a current trend to substitute CdS with other materials due to some drawbacks, such as a parasitic light absorption that leads to optical losses in the wavelength range of 350–550 nm and the environmental impact due to the toxicity of Cd. Thus, a number of buffer layers were investigated, such as zinc and indium based buffer layers, as an alternative for CdS. Recently, a Zn(O,S) buffer layer combined with a Cu(In,Ga)(Se,S)2 absorber has achieved the highest recorded photoconversion efficiency of 23.35%.   

To follow this prospective approach, in this thesis, we proposed and investigated the properties of Zn(O,Se) layers as an alternative buffer layer for the conventional toxic 
CdS in optoelectronic devices. Zn(O,Se) layers were deposited by the PLD technique 
using a target prepared from hot–pressed premixed fine powders of ZnO = 75 at% and ZnSe = 25 at%. The effect of the TS and the effect of the laser fluences on the structural, optical, and electrical properties of the Zn(O,Se) layers were systematically studied using different techniques, such as XRD, Raman, XPS, HR-SEM, EDX, UV–Vis, and Hall effect measurements. Also, the Zn(O,Se) was applied as a buffer layer in complete TFSCs structures of the substrate configuration with the CIGSe absorber. The PV parameters of the CIGSe/Zn(O,Se) solar cells were analyzed by measuring the J–V curves and EQE spectra. 

[bookmark: _Hlk78970569]For the effect of the TS on the properties of the Zn(O,Se) layers deposited by PLD in nitrogen back–pressure, the structural investigation showed that all Zn(O,Se) layers grown at RT–400°C were amorphous, while a polycrystalline ternary Zn(O,Se) phase formed at 500°C. However, at the TS of 550–600°C, two different solid solutions were formed as ZnSe1-yOy and ZnO1-zSez due to the limited solubility of O and Se in ZnSe and ZnO, respectively. The thickness of the Zn(O,Se) layers monotonically decreased from 733 nm to 459 nm with increasing TS from RT to 600°C. The UV–Vis spectra showed a relatively high transmittance around 80% in the visible part of the spectrum for the deposited Zn(O,Se) layers with thicknesses of 647–454 nm. Furthermore, with increasing TS, the absorption edges shifted to a shorter wavelength region, and the optical band gap varied from 2.76 to 3.29 eV. The 50 mTorr of nitrogen back–pressure effectively maintained stable ratios of the elemental content of the deposited layers in the whole range of the TS. The Hall effect measurements revealed the n-type conductivity of the Zn(O,Se) layers, further showing that all Zn(O,Se) layers deposited below 500°C were relatively highly resistive. However, the electrical conductivity of the Zn(O,Se) layers deposited at 500–600°C increased significantly.

For the effect of the laser fluences on the properties of the Zn(O,Se) layers deposited at 500°C, the XRD analysis showed the formation of the polycrystalline ternary Zn(O,Se) for all three laser fluences. The crystallite sizes and the layer thickness increased from 34 to 42 nm and from 340 to 445 nm, respectively, with increasing laser fluences from 4 to 6 J cm-2. The UV–Vis transmittance spectra showed relatively high transparency of Zn(O,Se) layers around 80% for all applied laser fluences. Moreover, by increasing the laser fluences, the absorption edges shifted to a longer wavelength and the optical band gap gradually decreased from 3.03 to 2.87 eV. The Hall effect measurements revealed the n-type conductivity of all deposited Zn(O,Se) layers. The carrier concentration increased to 4 x 1015 cm-3 with an increase in the laser fluence to 6 J cm-2.

The application of Zn(O,Se) as a buffer layer in combination with a CIGSe absorber was successful; however, the obtained photoconversion efficiency of 5.0% is less than the photoconversion efficiency (14.7%) of the reference cell using a CdS buffer layer. It was found that the performance of the solar cells was dependent on the thickness of the amorphous Zn(O,Se) buffer layer. Thus, the open circuit voltage, short circuit current, and photoconversion efficiency were increased significantly to 454 mV, 27.1 mA/cm2, and 5.0%, respectively, by decreasing the thickness of the amorphous Zn(O,Se) buffer layer to 100 nm. Furthermore, the parasitic absorption of the CIGSe/Zn(O,Se) devices in the blue region was reduced in comparison with the CIGSe/CdS reference cell due to the high optical band gap ≥ 3.0 eV of the amorphous Zn(O,Se) buffer layers. On the basis of the preliminary results of these Cd–free solar cells, we suppose that Zn(O,Se) has the potential to replace CdS in solar cells. Thus, follow–up optimization of the deposition conditions and also the selenium–to–oxygen ratios in Zn(O,Se) seems to be a prospective way to improve the performance of the Zn(O,Se) buffer layer in optoelectronic devices.  
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Impulsslaser-sadestatud Zn(O,Se) kiled optoelektroonseteks rakendusteks

[bookmark: _Toc76239632]Mitmest erineva funktsionaalsusega kihist koosnevad õhukesekilelised päikeseelemendid on kõige lootustandvamad taastuvenergia allikad. Õhukesekihilised päikeseelemendid  koosnevad päikesevalgust neelavast kihist, puhverkihist, kontaktkihtidest ja valgust tagasipeegeldavast kihist. Tavapäraselt kasutatakse puhverkihina laia keelutsooniga ning sobivate elektriliste ja optiliste omadustega n-tüüpi pooljuhtmaterjali. Lisaks peab puhverkiht sobituma valgust neelava absorberkihi struktuursete omadustega, et viia miinimumini kontaktpinna defektide kontsentratsioon. Puhverkihi kasutamine absorberkihi ja läbipaistva aknakihi vahel võimaldab tunduvalt parandada päikeseelemendi töövõimet. Näiteks kiirendab puhverkihi kasutamine elektronide ja aukude eemaldumist üksteisest, seega vähendab laengukandjate rekombinatsiooni kontaktalal.

Kõige tuntum puhverkihina kasutatav materjal on CdS, mida kasutatakse paljudes õhukesekilelistes päikeseelementides koos erinevate absorbermaterjalidega. Õhukesekileliste päikeseelementide rekordkasutegurid on saavutatud just 
CdS-puhverkihiga. Päikeseelementides kasutatav CdS-puhverkiht sadestatakse tavaliselt keemilise vanni meetodil. Vaatamata sellele, et CdS on väga hea puhvermaterjal ja suurepäraste optoelektroonsete omadustega, on CdS kasutamisel ka puudusi. Nimelt neelab ka CdS valgust põhjustades optilist kadu 350–550 nm lainepikkustel, lisaks on Cd vees lahustuvad ühendid mürgised. Seetõttu võivad CdS sadestusel tekkivad jääklahused avaldada mõju keskkonnale. Seetõttu on uus suund asendada CdS teiste materjalidega, nagu näiteks erinevate tsingil ning indiumil põhinevate puhverkihtidega. Viimased tulemused näitavad, et päikeseelement Zn(O,S) puhverkihi ning Cu(In,Ga)(Se,S)2 valgust neelava kihiga on saavutanud 23.35 %-lise kasuteguri. 

Tuginedes neile lootustandvatele tulemustele kasvatati antud doktoritöö raames Zn(O,Se) kui alternatiivse puhvermaterjali kilesid ning uuriti nende kilede omadusi. Zn(O,Se) kiled sadestati impulsslaser-sadestuse meetodil kasutades sihtmärki, mis on valmistatud kuumalt pressitud eelsegatud peenest pulbrist, mille oli ZnO-i 75 mol% ja ZnSe-i 25 mol%. Süstemaatiliselt uuriti sadestustemperatuuri (TS) ning laserkiirguse impulsi energiatiheduse mõju Zn(O,Se) kilede struktuurilistele, optilistele ning elektrilistele omadustele, kasutades järgnevaid meetodeid: röntgendiffraktsiooni (XRD), Raman spektroskoopiat, röntgenfotoelektronspektroskoopiat (XPS), kõrgelahutusega skaneerivat elektronmikroskoopiat (HRSEM), energiadispersiivset röntgenmikroanalüüsi (EDX), UV–Vis spektroskoopiat ning Halli efekti mõõtmisi. Lisaks kasutati Zn(O,Se) puhverkihina Cu(In,Ga)Se2 (CIGSe) valgust neelava kihiga õhukesekilelistes päikeseelementides. CIGSe/Zn(O,Se) päikeseelementide parameetrite analüüsiks kasutati voolu-pinge kõveraid ning kvantefektiivsuse (EQE) mõõtmisi. 

Esimesena uuriti sadestustemperatuuri mõju lämmastiku vasturõhu tingimustes sadestatud Zn(O,Se) kilede kristallstruktuurile. Kõik toatemperatuuri ning 400°C vahel sadestatud Zn(O,Se) kiled olid  amorfsed, kuid alates 500°C temperatuurist moodustus polükristalne kolmikühend Zn(O,Se). Samas tekkisid temperatuuride vahemikus 
TS = 550 °C kuni TS = 600°C erineva koostisega tahked lahused ZnSe1-yOy ja ZnO1-zSez. Erinevad koostised tekkisid vähenenud O ja Se lahustuvuse tõttu vastavalt ZnSe-s ja 
ZnO-s. Zn(O,Se) kile paksus vähenes ühtlaselt 733-lt 459 nm-ni temperatuuri tõustes toatemperatuurilt 600°C-ni. UV–Vis spektroskoopia näitas Zn(O,Se) kilede suhteliselt kõrget läbilaskvust (umbes 80 %, kile paksus 647–454 nm) nähtavas piirkonnas. Lisaks sellele nihkus sadestustemperatuuri TS tõustes neeldumispiir lühikeste lainepikkuste piirkonda. Optilise keelutsooni laius muutus 2.76 eV ja 3.29 eV vahel. Lämmastiku vasturõhk 50 mTorr hoidis ühtlast vahekorda kilede elementaarses keemilises koostises kogu TS piirkonnas. Halli mõõtmised näitasid, et Zn(O,Se) kiled olid n-tüüpi juhtivusega ning lisaks kõik kiled, mis olid kasvatatud temperatuuridel alla 500°C olid suhteliselt 
kõrge takistusega. Samas temperatuuridel TS = 500–600°C sadestatud Zn(O,Se) kilede elektrijuhtivus tõusis märkimisväärselt. 

Järgmisena uuriti laserikiirguse impulsi energiatiheduse mõju Zn(O,Se) kilede omadustele. XRD analüüs näitas, et temperatuuril TS = 500°C kavatatud kiledel tekkis kõigi kolme kasutatud laserkiirguse impulsi energiatiheduse puhul polükristalne kolmikühend Zn(O,Se). Laserkiirguse suurenedes 4-lt 6 J cm-2-ni suurenesid kristalliitide suurus 34-lt 42 nm-ni ning kile paksus 340-lt 445 nm-ni. UV–Vis spektroskoopia näitas Zn(O,Se) kilede suhteliselt kõrget läbilaskvust (umbes 80 %) kõikide kasutatud laseri impulsi energiatiheduse väärtuste puhul. Lisaks sellele nihkus laserkiirguse suurenedes neeldumispiir pikematele lainepikkustele, keelutsooni laius aga vähenes järk-järgult 3.03-lt 2.87 eV-ni. Halli mõõtmised näitasid n-tüüpi juhtivust kõikides erineva laserkiirgusimpulsi energiatihedusega sadestatud kiledes, sealjuures 6 J cm-2 juures tõusis laengukandjate tihedus 4 x 1015 cm-3-ni. 

Rakendades Zn(O,Se)-d puhverkihina koos valgust neelava kihiga CIGSe andis edukaid tulemusi, oli siiski saadud 5.0%-ne kasutegur väiksem võrreldes CdS puhverkihti kasutava päikeseelemendi 14.7%-sest kasutegurist. Leiti, et päikeseelementide tootlikus sõltus amorfse Zn(O,Se) puhverkihi paksusest. Amorfse Zn(O,Se) puhverkihi paksuse vähenedes 100 nm-ni suurenesid märgatavalt avatud ahela pinge, lühisvool ning päikeseelemendi kasutegur vastavalt 454 mV-ni, 27.1 mA/cm2-ni ning 5.0 %-ni. Peale selle vähenes sinises spektriosas optiline kadu CIGSe/Zn(O,Se) päikeseelemendis võrreldes CIGSe/CdS päikeseelemendiga, kuna amorfne Zn(O,Se) puhverkiht on kõrge keelutsooni laiusega 
≥ 3.0 eV. Cd vaba päikeseelemendi esmaseste mõõtmistulemuste põhjal oletame, et Zn(O,Se) puhverkiht näitab potentsiaali asendada tavapärast CdS puhverkihti. Saadud tulemused näitavad, et kasvatustingimuste ning seleeni ja hapniku osakaalu optimiseerimine Zn(O,Se) kiledes on perspektiivne viis parandada Zn(O,Se) puhverkihi omadusi optoelektroonsetes seadmetes.
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Figure S.1. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 550°C (a) wide survey, (b) Zn 2p, (c) O 1s, and (d) Se 3d.
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Figure S.2. XPS spectra of Zn(O,Se) layers deposited onto SLG substrate at 600°C (a) wide survey, (b) Zn 2p, (c) O 1s, and (d) Se 3d.







Figure S.3. HR-SEM cross-section images of Zn(O,Se) buffer layers deposited at RT with different thickness of (a) 100, (b) 200 nm and (c) 300 nm.
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