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Abstract 

 
In the past decade, Perovskite solar cells (PSCs) have witnessed remarkable advancements in 

enhancing power conversion efficiency (PCE), with a significant rise from 3.8% to over 25%. 

These PSCs consist of multiple layers stack, where the active perovskite layer is positioned 

between layers that facilitate selective charge transport to the electrodes. The performance of PSCs 

is dependent on the structure, morphology, and transport properties of these layers and interfaces. 

To further augment their performance, there is growing interest in exploring the utilization of two-

dimensional (2D) nanomaterials, such as MXenes, within PSCs. The incorporation of MXenes 

offers an exciting prospect to enhance the performance of PSCs. 

This work aims to study the PSCs properties with a high-quality NiOx hole transport layer (HTL) 

prepared by Ion beam sputtering method and to enhance the PCE by utilizing MXene as a dopant 

in the CH3NH3PbI2 (MAPI)  layer. Secondly, investigating the tailoring of electronic properties of 

MXene mixed ETL was one of the aims to boost the PCE. Finally, the in-situ GIWAXS 

characterization was applied to investigate the growth of perovskite over the MXene interlayer. 

Following the objective of Ph.D thesis, a high-quality 18 nm think NiOx was prepared by Ion 

beam sputtering that possesses homogeneous and pinhole-free morphology confirmed by atomic 

force microscopy (AFM). X-ray diffraction (XRD) revealed a small expansion in the crystalline 

lattice indicating the presence of a non-stoichiometric NiOx phase. Using NiOx HTLs and MXene-

doped MAPI, a 14.3% increase in PCE was observed-thanks to a decrease in work function that 

results in a higher fill factor and open circuit voltage. Secondly, the MXene-mixed SnO2 electron 

transport layer (ETL) was applied in n-i-p PSCs, causing the enhancement in PCE from 17.4% to 

18.3%. The enhancement is attributed to the improved conductivity of ETL and grain size of 

perovskite grown over MXene-mixed ETL. The energy-resolved electrochemical impedance 

spectroscopy (ER-EIS) confirmed the selectivity of MXene doping concentration up to 1 wt.%.  

Finally, the growth of the MAPI over MXene interlayer was studied for the system 

ITO/SnO2/MXene/MAPI  in comparison with that without MXene interlayer by in-situ Grazing 

Incidence Wide Angle X-ray Scattering measurement. For the perovskite layer grown on the 

MXene interlayer, an increase of the crystalline domain size of MAPI from  9 nm for SnO2 layer 

up to 20 nm for MXene interlayer was observed. Moreover, the MXene interlayer causes a slight 

increase in the misorientation of the perovskite crystals from 23.2° ± 1.3° to 27.2° ±1.6° as 

compared to perovskite growth in the absence of MXene interlayer.   
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Abstrakt 

Perovskitové solárne články zaznamenali významný nárast účinnosti konverzie (PCE) 

z 3% na 25% v priebehu 10 rokov. Perovskitové solárne články (PSC) sú multivrstvy, kde aktívna 

perovskitová vrstva je umiestnená medzi vrstvami umožňujcimi selektívny transport náboja 

k elektródam.  Štruktúra, morfológia a transportné vlastnosti vrstiev a rozhraní určujú funkčnosť 

PSC. Aplikácia nízkorozmerných (LD) nanomateriálov  v našom prípade nanovločiek MXénov v 

štruktúre PSCs   pre zlepšenie ich  funkcionality je predmetom aktuálneho záujmu výskumníkov. 

Práca je zameraná  na štúdium vlastností perovskitových solárnych článkov s NiOx vrstvou 

pre transport dier (HTL) pripravenou naprašovaním pomocou iónového zväzku.  Ako absorpčná 

vrstva bol použitý perovskit MAPI CH3NH3PbI3 dopovaný MXénmi s cieľom zvýšiť účinnosť 

konverzie (PCE) solárneho článku.  Daľším cieľom práce je cielene modifikovať elektrické 

vlastnosti SnO2 vrstvy s použitím MXénových nanovločiek. Následne sme vyšetrovali rast 

perovskitovej vrstvy na vrstve MXénov metódou in situ rtg rozptylu pri malom uhle dopadu 

(GIWAXS). 

V súlade s cieľmi práce sme pripravili NiOx vrstvu pre transport dier (HTL) metódou 

naprašovania pomocou iónového zväzku na ITO substrátoch. Ako absorpčná vrstva bol použitý 

perovskit MAPI CH3NH3PbI3 dopovaný  MXénmi s cieľom zvýšiť účinnosť konverzie (PCE) 

solárneho článku. Pripravené NiOx vrstvy hrubé 18 nm boli homogénne, bez dier, čo potvrdila 

analýza atómovou silovou mikroskopiou. Rtg difrakcia ukázala expanziu kryštalickej mriežky, čo 

poukazuje na prítomnosť nestechiometrickej NiOx fázy. Takto pripravené solárne články vykázali 

účinnosť konverzie zvýšenú o 14,3% v porovnaní s PSC s nedopovaným absorbérom. Toto 

zvýšenie bolo priradené poklesu výstupnej práce, čo malo za následok vzrast napätia na prázdno 

a zvýšený faktor plnenia. 

Ďalej sme vyvinuli SnO2 vrstvu pre transport elektrónov v n-i-p PSCs, ktorá zlešila 

účinnosť PCE zo 17.4 % pre PSC s SnO2 bez MXénov  na 18.3 % pre  0.1 wt% MXenov v ETL. 

Tento nárast PCE je predovšetkým dôsledkom  vyššej vodivosti ETL, čo viedlo aj k vyššej hodnote 

prúdovej hustoty na krátko ako aj zvýšeniu veľkosti zŕn polykryštalickej perovskitovej vrstvy. 

Energeticky rozlíšena elektrochemická impedančná spektroskopia potvrdila vysokú selektivitu 

ETL pre obsah MXénov do 1wt%.  

Pre perovskitovú vrstvu, ktorá rastla na medzivrstve MXénov bol pozorovaný nárast 

finálnej kryštalickej domény MAPI z 9 nm pre SnO2 vrstvu na 20 nm pre MXénovú medzivrstvu. 
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Rozorientovanosť perovskitových kryštálov v MAPI vrstve mierne vzrástla z 23.2° ± 1.3° na 27.2° 

±1.6 pre perovskit, ktorý rástol na MXénovej medzivrstve 
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Thesis Aim and Objectives 

 
In Perovskite Solar Cells (PSCs), perovskite film morphology and crystalline structure play a 

crucial role in the performance of PSCs. Despite development made in PSCs, it is challenging to 

simultaneously control the film morphology and crystalline structure and to prepare high-quality 

perovskite films with uniform morphology, complete surface coverage and well crystalline grains. 

The non-compact and poor crystalline perovskite results in poor adhesion, charge traps at the grain 

boundaries (GBs) of perovskite layer and interfacial recombination with the connecting layers. 

The noncompact layers create open grain boundaries, which results in charge traps among those 

GBs, resulting in high trap density. Furthermore, compact perovskite layers have fused GBs 

resulting in low trap density. Moreover, the size of the grains is also crucial and it reduces the 

charge recombination by reducing the overall grain boundaries. Similarly, suitable charge-

selective layers are also crucial for overall device performance. The ideal charge-selective layers 

have high mobility, conductivity and perfect band alignment with the perovskite layer; thus, 

several strategies are required to improve the charge-selective layers as well as the active layer. 

Two-dimensional nanomaterials additives are therefore considered suitable to improve device 

performance and stability. In addition, a systematic investigation of how these additives contribute 

to the morphology and different photophysical processes at the device interfaces is required. 

Efforts need to be implemented concerning the materials, device architecture, perovskite film 

morphology and charge-selective layers properties to significantly enhance and stabilize the 

perovskite solar cells for commercial applications.  

 

Objectives 

1- Preparation of high quality, homogenous and pinhole-free NiOx layers by Ion beam 

sputtering method. 

2- To enhance the power conversion efficiency of inverted perovskite solar cells by utilizing 

Ti3C2 MXenes as a dopant in the active layer. 

3- To investigate the electron transport layer (ETL) morphological and electronic properties 

by mixing with MXenes. 

4- To study the growth of perovskite in high humidity. 

5- To investigate the perovskite growth over MXene-mixed ETL 
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6- To fabricate efficient n-i-p planar perovskite solar cells using MXene-mixed ETL. 

7- To study the perovskite growth over the MXene interlayer between ETL and perovskite by 

In-situ GIWAXS measurements. 
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Introduction 

 
As a result of the continuous increase in global energy consumption, there is a growing necessity 

to investigate and develop renewable and sustainable energy sources. This is important to mitigate 

the negative effects of energy usage on the environment and ensure energy security. Solar energy 

is widely regarded as the most promising resource to address future energy crises while minimizing 

adverse impacts on the climate. It offers an efficient and eco-friendly means of converting light 

energy into electricity. However, for solar technology to be globally established, improvements 

are needed in terms of devices and materials to enhance power conversion efficiency, stability, 

and reduce fabrication costs [1]. Recently, perovskite solar cells (PSCs) have been proposed as an 

environmentally friendly and efficient renewable energy source to tackle future energy challenges 

without harming the environment [2], [3]. 

Perovskite solar cells, also known as hybrid perovskite solar cells, have rapidly emerged as a 

highly promising technology in the field of solar energy conversion. These cells are composed of 

a material called perovskite, which possesses a unique crystal structure with exceptional electronic 

properties. These properties include a high absorption coefficient [4], long charge carrier lifetime 

[5], and low recombination rate [6]. Such characteristics make perovskite solar cells highly 

effective at converting sunlight into electricity, with recent power conversion efficiencies (PCE) 

surpassing 25% [7]. This represents a significant improvement compared to traditional solar cell 

technologies like silicon-based cells. 

One of the captivating features of perovskite solar cells is their low-cost production. The materials 

used in their fabrication are abundant and inexpensive, and the manufacturing process itself is 

relatively simple. Consequently, perovskite solar cells have the potential to be a cost-effective 

alternative to traditional solar cell technologies [8], [9]. 

Despite the remarkable progress achieved in the development of PSCs, there are still several 

challenges that must be addressed before they can be mass-produced and commercialized. One 

crucial challenge is ensuring the stability of the cells. PSCs are susceptible to degradation when 

exposed to moisture and heat, leading to a decline in their performance over time [10],[11]. 

Therefore, further research is necessary to develop methods that enhance the stability of perovskite 

solar cells, enabling them to withstand harsh environmental conditions. 



 

12 
 

 

In a typical PSC architecture, a perovskite layer is sandwiched between charge-selective layers 

(HTL and ETL) with electrodes at both ends. The selection of these layers depends on their 

compatibility with the perovskite absorber layer, including factors such as energy level alignment 

and conductivity with the active layer [12], [13]. Each of these layers plays a significant role in 

the overall performance of the device. In recent years, particular attention has been given to 

improving the quality of the perovskite layer and the properties of the ETL. The grain size of the 

perovskite materials is a critical factor that impacts the performance of perovskite solar cells. 

Controlling the grain size can be achieved by adjusting synthesis conditions such as temperature, 

precursor concentration, and reaction time [14]. However, the presence of defects and impurities 

often limits the grain size of perovskite materials, hindering the growth of larger grains. 

Furthermore, improving the electron transport and band alignment of the ETL with the perovskite 

is crucial for enhancing overall device efficiency. Recently, two-dimensional MXenes have 

emerged as fascinating materials for improving perovskite quality and ETL properties [15], [16], 

[17]. 

MXenes are two-dimensional materials composed of nitrides, carbonitrides, and carbides with 

varying flake sizes. They are highly conductive due to their metallic nature. The surfaces of 

MXenes are terminated with functional groups, and their conventional formula is written as 

Mn+1XnTn, where T represents various functional groups such as OH, F, or O. In this formula, M 

represents a transition metal, A represents elements from the 13th or 14th group of the periodic 

table, and X represents carbon and/or nitrogen. The value of n ranges from 1 to 3 [18], [19], [20]. 

MXenes have garnered considerable attention as promising materials due to their high 

transmittance, high mobility (1 cm2 V-1 s-1), high electronic conductivity (2×104 S cm-1), and high 

charge carrier density (3.8×1022 cm-3) [21]. Their unique surface termination and rich chemistry 

provide immense potential for modifying their electronic properties. MXenes have shown great 

promise in perovskite solar cells. The addition of MXenes can significantly improve the film 

morphology of the perovskite layer, thereby reducing defect states and charge recombination at 

the interfaces [15]. Moreover, MXenes can serve as an alternative electron transport layer (ETL) 

in PSCs by tuning the work function (WF) and enhancing layer mobility. By selecting appropriate 

transition metals and X elements, MXenes offer the ability to adjust the WF. Additionally, during 

synthesis, the surfaces of MXenes undergo natural functionalization, altering the electrostatic 

potential near the surfaces and influencing the electronic structure, resulting in a shift in the WF. 

In this thesis, MXenes were explored as dopants in the perovskite absorber layer for planar p-i-n 
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architecture and mixed into the ETL for planar n-i-p architecture PSCs. Various properties were 

investigated, including perpendicular conductivity, work function (WF), density of states (DOS) 

measured by energy-resolved electrochemical impedance spectroscopy, ultraviolet photoelectron 

spectroscopy, and photoluminescence spectroscopy. Structural information was collected using 

atomic force microscopy (AFM) and scanning electron microscopy (SEM). The results indicate 

that the use of MXenes as dopants in the active layer enhance grain size and reduces charge 

recombination. Furthermore, when MXenes are mixed into the ETL, it leads to an enhancement in 

electrical conductivity. Additionally, the perovskite layer grown over MXene-mixed ETL exhibits 

a larger grain size compared to the layer grown over unmixed ETL. Furthermore, the perovskite 

layer annealed in 40% and 60% humidity showed beneficial effects on grain size enhancement, 

resulting in improved power conversion efficiency (PCE). The grain size of the perovskite layer 

annealed at 60% humidity with MXene-mixed ETL was particularly enhanced. 

Finally, in-situ GIWAXS measurements were conducted on the methylammonium lead iodide 

(MAPI) layer grown over an MXene interlayer between MAPI and SnO2 NP, as well as without 

an interlayer. The size of the crystalline domains in the MAPI layer fabricated over an MXene 

interlayer remained stable at 20 nm, whereas without the MXene interlayer, it was maintained at 

9 nm. Additionally, the MXene interlayer led to a slight increase in the misalignment of perovskite 

crystals compared to perovskite growth without an MXene interlayer. These attributes highlight 

the potential of MXenes in perovskite solar cells. 

Materials and Methods: 

 
Ion beam sputtering: 

IBS, an innovative technique for depositing thin films onto a substrate, involves directing an ion 

beam toward a target material, resulting in the sputtering and deposition of atoms onto the 

substrate. This versatile process allows for the deposition of various materials such as metals, 

semiconductors, and insulators, making it commonly used in the manufacturing of electronic 

devices like solar cells, thin-film transistors, and optical coatings. Furthermore, ion beam 

sputtering offers precise and uniform thin film deposition, while also enabling the modification of 

substrate surface properties. 

To create the HTL in a planar p-i-n structure, the NiOx layer was fabricated using the following 

method. Initially, the ITO substrates were passed through standard cleaning procedures typically 
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employed in PSC preparation. Subsequently, the cleaned substrates were placed in an IBS vacuum 

chamber manufactured by Bestec, Germany, featuring a base pressure of (1-3) x 10-8 mbar. They 

were then annealed at 120°C for one hour to eliminate any potential contaminants. Additionally, 

the Ni target was pre-sputtered with pure Ar gas for 20 minutes to eliminate impurities or oxide 

layers from previous depositions. The actual NiOx sputtering was conducted using a mixture of 

Ar and O2 with a flow rate ratio of Ar:O2 = 5:1, resulting in a working pressure of 6.4 x 10-4 mbar. 

The ion source was powered at an RF of 65 W, while the total ion current and accelerating voltage 

were set at 23 mA and 600 V, respectively. The deposition rate was maintained at 0.08-0.1 Å s-1, 

and the process was carried out at room temperature for 30 minutes. Subsequently, the NiOx layers 

were annealed in air, initially at 250°C for 30 minutes, followed by a final annealing step at 300°C 

for 5 minutes. 

MXenes preparation:  

The water-based multilayer MXene paste was acquired from Drexel University located in 

Philadelphia, USA. By utilizing 1g of the paste, approximately 0.77g of MXene was obtained. At 

the Polymer Institute, Slovak Academy of Sciences, the delamination reaction was carried out to 

obtain a few layers MXene flakes. This involved mixing 1g of dried MXene with 1g of LiCl 

(Sigma Aldrich), followed by stirring the mixture overnight and subsequently centrifuging it 

multiple times in water at 3500 rpm. To determine the concentration of the resulting product, the 

few-layer MXenes were filtered using vacuum-assisted filtration to create thin films. Once the 

MXene films were dried, the concentration was found to be 3 mg/ml. 

Preparation of Lead halide perovskite solution: 

MAI (CH3NH3I, 99.5% purity) was acquired from Deysol lmt Sweden, while PbI2 was purchased 

from TCI Chemicals. Dimethyl formamide (DMF, 99%) and dimethyl sulfoxide (DMSO, 99.9%) 

were obtained from Sigma Aldrich. A total of 175 mg of MAI was combined with 507 mg of PbI2 

material. Subsequently, 900 µl of DMF and 100 µl of DMSO were added to the mixture to prepare 

a perovskite solution with a molar concentration of 1.1 M. The perovskite solution was then stirred 

overnight at room temperature inside a glovebox. 

Planar n-i-p architecture:  

The planar n-i-p architecture was used for fabricating the PSCs. The PSCs were created on pre-

patterned ITO substrates measuring 19.2 × 19.0, which had a sheet resistance of approximately 
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7Ω. The substrates underwent a cleaning process involving detergent, acetone, and isopropanol. 

They were then treated in a UV-Ozone chamber to enhance hydrophilicity and eliminate organic 

contaminants. Next, a colloidal solution of SnO2 nanoparticles (80 µl) was applied to the surface 

and spun using a spin coater at 3000 rpm for 35 seconds. The SnO2 nanoparticles layers were 

annealed at 150 °C for 35 minutes and further treated with UV-ozone for 30 minutes. The resulting 

SnO2 nanoparticles layer had a thickness of approximately 30 nm. Following this, the samples 

were immediately transferred to a glove box for the perovskite spin coating. The perovskite layer 

was prepared using a two-step method: first, the spin coater was rotated at 1000 rpm for 10 seconds 

and then at 5000 rpm for 50 seconds. After 5 seconds of the second round, chlorobenzene (CB) 

(150 µl) was dropped onto the perovskite layer to initiate crystallization. The perovskite layers 

were annealed at 50 °C in the dark inside the glove box, followed by annealing at 100 °C at 

approximately 60% relative humidity. After annealing, the perovskite layers were allowed to cool 

down in the glove box for 30 minutes before the HTL spin coating process. The perovskite layer 

had a measured thickness of around 380 nm. Subsequently, a spiro-OMeTAD (HTL) solution (60 

µl) was spin-coated over the perovskite layer at 4000 rpm for 30 seconds. The substrates were then 

kept in a dry environment for 16 hours before Ag evaporation. The spiro-OMeTAD layer had a 

thickness of approximately 60 nm. Finally, a layer of Ag (125 nm) was evaporated over the spiro-

OMeTAD layer, completing the fabrication of the n-i-p device. The devices were then subjected 

to J-V and EQE measurements. 

Planar Inverted p-i-n architecture:  

In the planar inverted p-i-n architecture, the same cleaning process, perovskite spin coating, and 

Ag evaporation were performed as described for the n-i-p architecture. After the substrate cleaning, 

a deposition method called Ion beam sputtering was employed to deposit a layer of NiOx (18 nm) 

as explained previously. The thickness of the NiOx layer was measured using a profilometer. 

Following the NiOx deposition, perovskite layers were spin-coated onto the substrates and 

annealed in the glove box at 50 °C in the dark and then at 100 °C. Afterward, a layer of PC61BM 

was spin-coated at 1020 rpm for 30 seconds, resulting in a thickness of approximately 70 nm. 

Subsequently, a layer of BCP was spin-coated at 4000 rpm for 30 seconds. Finally, a layer of Ag 

(125 nm) was evaporated to complete the fabrication of the p-i-n PSCs. 
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Characterization Techniques: 

J-V measurements of the perovskite solar cell: J-V measurements were carried out in a solar 

simulator (ABET Technologies) under the Air Mass 1.5 Global (AM1.5G) illumination and 

ambient atmosphere with an intensity of 100 mW.cm−2 and a source meter (Model 2400, Keithley 

Instruments).  The solar simulator intensity was calibrated using a standard Si solar cell (Model 

91150V, Newport). The external quantum efficiency (EQE) was measured using the SpeQuest 

system (ReRa Solutions) equipped with a 150 W Xe arc lamp and a monochromator (Omni-λ300, 

Zolix). 

Ultraviolet photoelectron spectroscopy (UPS): An ultraviolet photoelectron spectroscopy 

system (UPS, Omicron multi-probe system) with a hemispherical analyzer was used to determine 

the valence band spectra and Fermi levels. A windowless discharge lamp (Focus HIS13) emitting 

light in the ultraviolet region (He I, 21.22 eV) was applied for illuminating the sample. For all 

presented UPS measurements, the energy resolution was less than 100 meV.  

Energy resolved-electrochemical impedance spectroscopy (ER-EIS): ER-EIS was employed 

to investigate the influence of MXene mixing on the electronic density of states (DOS) in the pure 

and MXene-mixed SnO2 NP layers. This technique measures the DOS as a function of the energy 

against vacuum. The details of the method are given elsewhere [22-24]. 

Photoluminescence: Steady-state photoluminescence (PL) and time-resolved photoluminescence 

(TRPL) were measured on a PL spectrometer (Edinburgh Instruments, FLS 920) with excitation 

at 403 nm and a probing laser pulse frequency of 1 MHz.  The samples for PL experiments were 

prepared under the same conditions as for the solar cells, except that the top HTL layer was 

missing. Instead, the samples were covered by an insulating spin-coated polymer layer of PMMA 

to protect the perovskite from air during PL measurements. 

Results and Discussions: 

Following the Ph.D thesis assignments, Figure 1a shows the PSCs that were examined. Figure 1b 

illustrates the surface topography of the NiOx layer fabricated by ion beam sputtering on an ITO 

substrate, as observed using AFM. The NiOx layer exhibits a uniform and without pinhole 

structure, with a surface roughness of 4.2 nm. In Figure 1c, a GIXRD pattern of the NiOx layer is 

presented, captured at a grazing angle of 0.2°. The pattern reveals three diffraction peaks, which 

are observed at lower angles compared to the stoichiometric NiO phase possessing a face-centered 
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cubic (fcc) lattice. This observation suggests a 0.75% expansion of the cubic lattice parameter 

caused by the excess oxygen, characteristic of the non-stoichiometric NiOx phase. Furthermore, 

some ITO diffractions originating from the substrate are visible in the pattern. Figure 1d exhibits 

the optical transmittances of the bare ITO substrate and the NiOx layer on ITO. The data clearly 

indicates that the presence of NiOx does not significantly affect the optical transmittance in the 

visible region, as compared to the bare ITO. 

 

Figure 1. a) PSC design. b) AFM image and c) GIXRD pattern of the NiOx layer on ITO. 

d) Transmittance spectra of bare ITO and the NiOx layer on ITO 

 

                     Figure 2. DOS of IBS NiOx and undoped MAPI layers obtained with ER-EIS. 
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The DOS evaluation of MAPI and NiOx involved using ER-EIS measurements, as depicted in 

figure 2. In the conduction band (E≈-3.5 eV), NiOx exhibited a significantly lower DOS, about 

two orders of magnitude less than that of MAPI. This finding confirms that NiOx functions as an 

electron-blocking hole transport layer (HTL). Conversely, in the valence band (E≈-6 eV), the DOS 

of MAPI and NiOx exhibited good alignment, which facilitates the efficient transport of generated 

holes. 

 

Figure 3. a) Delaminated MXene sheets. AFM images of b) undoped and c) MXene-doped 

MAPI layers. The grain size distributions of d) undoped and e) MXene-doped MAPI layers 

calculated from AFM images. f) measured optical absorbance. 

In Figure 3a, a scanning electron microscope (SEM) image shows the delaminated multilayer 

MXene sheets. Figures 3b and 3c present atomic force microscope (AFM) images of MAPI and 

MAPI layers doped with MXene, respectively. These layers exhibit a uniform spatial distribution 

and do not have any observable pinholes that could negatively affect their optoelectronic 

properties. The main advantage of MXene doping is the enlargement of MAPI grain size, resulting 

in a reduction of the overall grain boundary area. The average grain size of MAPI has increased 

from 430 ± 80 nm to 620 ± 190 nm due to MXene doping, as shown in the grain size distributions 

in Figures 3d and 3e, respectively. The larger grain size of MAPI achieved through MXene doping 

can be attributed to the presence of Ti3C2Tx termination groups, which slow down MAPI 
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crystallization. Furthermore, doping enhances optical absorbance (Figure 3f) by increasing the 

light absorption by MXene sheets. 

The impact of MXene doping on the performance of perovskite solar cells (PSCs) was 

investigated. PSC devices were prepared using a NiOx layer as the hole transport layer (HTL) and 

either undoped or MXene-doped methylammonium lead iodide (MAPI) as the photoconversion 

layer. The best devices showed a 14% power conversion efficiency (PCE) for undoped devices 

and a 16% PCE for MXene-doped devices, indicating a 14.3% improvement. A 10% average 

improvement in PCE was observed across 12 devices, consistent with previous studies. 

The analysis of current-voltage (J-V) curves and photovoltaic parameters revealed that MXene 

doping primarily affected the open-circuit voltage (Voc) and fill factor (FF) of the PSCs, rather 

than the short-circuit current density (Jsc) (Figure 4a). This was attributed to the larger grain size 

and reduced number of grain boundaries in MAPI due to doping, which minimized charge 

recombination at trap states typically found at grain boundaries. The decrease in non-radiative 

recombination rate led to an increase in Voc and FF. The EQE measurements showed that MXene 

doping maintained a nearly wavelength-independent behavior, suggesting that the positive impact 

of MXene was solely due to improving MAPI crystallization rather than actively participating in 

charge carrier photogeneration (Figure 4b). 

 

Figure 4. The best undoped and MXene-doped MAPI devices a) J-V curves b) External quantum 

efficiencies. 
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Interestingly, despite MXene's high conductivity, it did not result in better Jsc. This could be 

because the large MXene sheets extended to the interfaces between the MAPI layer and the charge 

extracting layers, creating additional trap states. Moreover, aggregates of MXene sheets on the 

surface of the MAPI layer were observed, which could act as recombination centers for carriers. 

In the second part of Ph.D dissertation, the effect of Ti3C2Tx MXene mixed SnO2 nanoparticles on the 

electronic properties of ETL was investigated. The concentration range of MXene mixing studied was 

up to 7.4 wt.%. The effects were analyzed using perpendicular conductivity measurements, density of 

states (DOS) mapping through energy-resolved electrochemical impedance spectroscopy (ER-EIS), 

ultraviolet photoelectron spectroscopy (UPS), and photoluminescence. The research confirms that the 

SnO2 NP ETL exhibits a hole-blocking behavior for Ti3C2Tx MXene concentrations up to 1.0 wt.% as 

determined by ER-EIS. The highest conductivity is achieved at a concentration of 0.1 wt.% of MXene. 

At a high MXene concentration of 7.4 wt.%, the MXene's valence band dominates the DOS, peaking 

at -6.5 eV, suggesting a suppression of the blocking behavior of the MXene-mixed SnO2 ETL for holes. 

The study was initiated with the delamination of MXene paste at the Polymer Institute Slovak Academy 

of Sciences. The delaminated MXenes were analyzed with SEM and STEM. A uniform and dense 

MXene flakes distributed over the silicon substrate is shown in Figure 5 a and b. 

 

 

Figure 5. (a) SEM and (b) STEM images of the mono-layer and few-layer MXene nanoflakes. 

The conductivity of the MXene mixed ETL was investigated using perpendicular geometry with the 

sample architecture ITO/ SnO2-MXene/Ag. The conductivity was calculated using the following 

equation.  

I = σ0Ad−1V 
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Where I is the total current, V is voltage, A is the active area (0.015 cm2) and d is the thickness of the SnO2 

layer (30 nm). The average conductivity values calculated are given in Table 1. An increase in 

conductivity was observed for all concentrations with a maximum conductivity at 0.1 wt.% 

MXene. 

                                                   

Table 1. Electrical conductivity values of the MXene-mixed SnO2 NP layers with different MXene 

concentrations 

MXene mixing concentration 

[wt.%]  

Conductivity 

[mS/cm] 

0 0.254 ± 0.045 

      0.075 0.390 ± 0.062 

  0.1 0.408 ± 0.092 

  0.15 0.280 ± 0.074 

  0.2 0.262 ± 0.049 

  0.4 0.320 ± 0.058 

  0.6 0.383 ± 0.050 

  0.8 0.344 ± 0.072 

1 0.373 ± 0.084 

 

The GIXRD diffraction patterns show SnO2 regular tetragonal phase after mixing and illustrate not 

visibly affected by the presence of MXenes. Moreover, ultraviolet photoelectron spectroscopy (UPS) 

and UV absorption measurements were conducted for the MXene-mixed SnO2 layers. All the MXene 

mixing concentrations up to 1 wt.% show a negligible difference in the bandgap and shows low 

absorption as required for the ETL performance.  
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The ER-EIS technique was employed to examine the effect of MXene mixing on the density of 

states (DOS) in the SnO2 NP layer. In the energy range covered by the ER-EIS technique, the 

valence band edge of the pristine SnO2 NP layer, which is expected to be located at -8.4 eV below 

the vacuum level, is not observable. Conversely, the valence band edge of the pure MXene layer 

can be detected at -6.0 eV (refer to Fig. 6). 

 

Figure 6. The DOS of the valence band of the pure MXene layer and the SnO2 NP layers mixed 

with 0 wt.%, 0.08 wt.%, 0.7 wt.% and 7.4 wt.% MXene on ITO substrates obtained by the ER-

EIS. 

In order to assess the limitations of incorporating MXene into the SnO2 to enhance the performance 

of the electron transport layer (ETL), we conducted experiments involving the deposition of MAPI 

layers on ITO substrates. These substrates were coated with PEDOT:PSS and SnO2 NP layers 

containing different weight percentages (0%, 0.7%, and 7.4%) of MXene. The measurements were 

carried out using ER-EIS (Fig. 6). 

For an accurate ER-EIS measurement of the valence band in a MAPI layer, which is exclusively 

probed by holes, there needs to be unimpeded hole transport from the MAPI layer across its 

interface with the underlying layer. As depicted in Fig. 6, the SnO2 NP layer mixed with 7.4 wt.% 

MXene exhibits a valence band maximum that is 1.5-2 orders of magnitude higher at –6.5 eV 

compared to the other layers. This suggests that effective hole transport is facilitated by the valence 

band in this heavily MXene-mixed SnO2 NP layer. However, the density of states (DOS) curve of 
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MAPI on this layer, as shown in Fig. 7, closely resembles that of MAPI on the well-known hole 

transport PEDOT:PSS layer. Consequently, the heavily MXene-mixed SnO2 NP layer is deemed 

unsuitable as an ETL. 

On the contrary, both the pure SnO2 NP layer and the one mixed with 0.7 wt.% MXene exhibit a 

lack of adequately high DOS for hole transport around –6.5 eV (Fig. 6). As a result, these layers 

act as barriers for holes, leading to distorted valence band curves of MAPI measured by the ER-

EIS (Fig. 7). 

 

Figure 7. The DOS of the valence band of MAPI layers on the PEDOT:PSS and SnO2 NP layers 

with 0 wt.%, 0.7 wt.% and 7.4 wt.% MXene on ITO substrates obtained by the ER-EIS. 

The steady-state PL spectra of the ITO/SnO2 NP/MAPI/PMMA and ITO/0.1wt.% MXene-mixed 

SnO2 NP/MAPI/PMMA samples with MAPI layer annealed at 40% and 60% RH show that the 

PL peak intensity is lower for the 0.1 wt.% MXene-mixed SnO2 NP ETL at both values of RH 

suggesting that the electron transfer from the perovskite to the ETL is more efficient and carrier 

recombination is suppressed when incorporating MXene into the SnO2 NP ETL. 

We have addressed the humidity problem associated with the MAPI perovskite layers that were 

deposited on SnO2 NP layers containing 0 and 0.1 wt.% MXene. The deposition of MAPI layers 

was carried out inside a glovebox, followed by annealing at approximately 40% and 60% relative 

humidity (RH) using a humidity chamber.  
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Figure 8. SEM images of the MAPI layer on the (a) 0 wt.% and (b) 0.1 wt.% MXene-mixed 

SnO2 NP layer annealed at ~60% RH and the (c) 0 wt.% and (d) 0.1 wt.% MXene-mixed SnO2 

NP layer annealed at ~40% RH. The insets show the grain size distribution of the respective 

SEM images. 

Table 2. The average grain size of MAPI layers on the SnO2 NP ETLs mixed with 0 and 0.1 

wt.% MXene and annealed at ~40% and ~60% RH. 

 

ETL 
grain size at ~40% RH  

[nm] 

grain size at ~60% RH 

[nm] 

SnO2 393 475 

SnO2 + 0.1 wt.% MXene 
463 492 

 

When examining SEM images (Figs, 8a,c), we observed that for the pure SnO2 NP layer, the 

average grain size of MAPI was 393 nm and 475 nm after annealing at approximately 40% RH 

and 60% RH, respectively. The addition of 0.1 wt.% MXene to the SnO2 NP layer resulted in 

further enlargement of the MAPI grain size. Specifically, during annealing at approximately 60% 
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RH, the average MAPI grain size increased to 492 nm compared to 475 nm on the pure SnO2 NP 

layer (Figs. 8a,b, Table 2). The effect of MXene mixing was even more significant during 

annealing at approximately 40% RH, where the average MAPI grain size increased from 393 nm 

on the pure SnO2 NP layer to 463 nm on the SnO2 NP layer mixed with 0.1 wt.% MXene (Figs 

8c,d, Table 2). 

These results show that both humidity as well as MXene incorporation into ETL promote the 

crystallization and grain growth in the MAPI perovskite layer with a beneficial effect on the PCE 

of the respective device 

The SnO2 NP layer mixed with 0.1 wt.% MXene, which showed the highest conductivity, was 

chosen to fabricate the ITO/SnO2-MXene/MAPI/Spiro-OMeTAD/Ag solar cells. The J-V curves 

of the devices with the pure and 0.1 wt.% MXene-mixed SnO2 NP ETLs and MAPI annealed at 

~40% RH and ~60% RH are shown in Fig 9a. The EQE spectra of the devices with the pure and 

0.1 wt.% MXene- mixed SnO2 NP ETLs and MAPI annealed at ~60% RH are shown in Fig 10. 

The incorporation of MXenes results in an almost uniform increase of EQE amplitude in the entire 

spectrum ranging from 350 nm to 700 nm. It is in line with the fact that MXene mixing caused just 

increasing the size of perovskite grains. The modulation of EQE spectra is caused by the 

reflectance of the solar cell surface. 

 

Table 3. The best PCE of the devices with the SnO2 NP ETLs mixed with 0 wt.% and 0.1 wt.% 

MXene and the MAPI layer annealed at ~40% and ~60% RH.  

  

MXene concentration 

 

PCE at ~40% RH 

 

[%] 

PCE at ~60% RH 

 

[%] 

0 wt.% 
 

16.6 

 

17.4 

   0.1 wt.% 
 

17.2 

 

18.3 
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The best PCE increased from 16.6% to 17.2% and from 17.40% to 18.3% after the 0.1 wt.% 

MXene mixing for the ~40% and ~60% RH annealing, respectively (Table 3). This PCE increase 

is related mainly to the increase in Jsc, which can be explained by the improved quality of grain 

boundaries in the MAPI layer annealed at 60% RH, generating fewer defect states in the band gap, 

as well as by better connectivity between them.  

 

Figure 9. (a) J-V curves of the devices with the 0 wt.% and 0.1 wt.% MXene-mixed SnO2 NP 

ETLs and MAPI annealed at ~40% RH and ~60% RH; (b) Temporal evolution of PCE of the 

devices with the 0 wt.% and 0.1 wt.% MXene-mixed SnO2 NP ETLs and MAPI annealed at 

~60% RH. 

 

Figure 10. EQE spectra of the devices with the 0 wt.% and 0.1 wt.% MXene-mixed SnO2 NP 

ETLs and MAPI annealed at ~60% RH. 
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To check the stability of the devices, their PCE was tested every 150 hours. The ~60% RH 

annealed devices with the pure and 0.1 wt.% MXene-mixed SnO2 NP ETLs retained 98.5% and 

97 % of PCE, respectively, after 900 hours of storage in a glove box (Fig. 9b). Considering the 

sensitivity of MXene to humidity and oxygen, such high stability qualifies the MXene-mixed SnO2 

NP layer as a viable option for the ETL in future commercial perovskite solar cells. 

In the final part of Ph.D. dissertation, perovskite crystallization was analyzed over the MXene 

interlayer using in-situ GIWAXS measurement. In the study, we conducted in-situ grazing-

incidence wide-angle X-ray scattering (GIWAXS) measurements using a tabletop laboratory set-

up. Then used a microfocus X-ray source with Montel optics to generate X-ray photons with an 

energy corresponding to CuKα radiation. The photon flux of the X-ray source was 3x108 photons/s, 

and the X-ray beam had a divergence of 5 mrad. The X-ray source was positioned on a hexapod, 

which adjusted the angle of incidence to 4°. The sample, placed on a hotplate within a plastic box, 

was subjected to controlled water evaporation to maintain a humidity level of 60% at a temperature 

of 60 °C. The X-ray measurements were carried out with a sample-detector distance of 103 mm. 

To capture the GIWAXS maps, a 2D X-ray detector with a pixel size of 172 μm and a resolution 

of 487 pixels horizontally and 407 pixels vertically was employed. The exposure time for each 

measurement was set to 1 second. 

 

Figure 11. The GIWAXS map of the perovskite layer at the end of thermal annealing for 

perovskite prepared on the standard substrate a) without MXenes and b) with MXenes. 

Comparing the GIWAXS maps at the end of thermal annealing for the perovskite layer prepared 

on the standard substrate without MXenes and modified with MXenes is plotted in Fig. 11. We 

observe 110/002 diffraction ring with some intensity enhancement around qz axis. This 

enhancement means that some preferential orientation of perovskite crystals is present around 



 

28 
 

 

normal to the sample surface. The quantification of the preferential orientation in perovskite layers 

is discussed in the text below using the concept of χ angle and χ cuts.  

Comparing the 110/002 diffraction peaks for perovskite prepared on the standard ITO-SnO 

substrate without MXenes and with MXenes at the end of thermal annealing is plotted in Fig. 12.  

 

 

Figure 12. The 110/002 diffraction peak at the end of thermal annealing for perovskite deposited 

on the standard substrate a) without MXenes (black dots) and b) with MXenes (red squares). 

 

Figure 13. The temporal evolution of area under diffraction peak (black dots) and the crystalline 

domain size (red squares) for perovskite deposited on the standard substrate a) without MXenes 

and b) with MXenes. 
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Fig. 12 clearly shows the narrowing of the 110/002 diffraction peak of perovskite prepared on the 

substrate modified with MXenes, which suggests larger perovskite crystalline domains for that 

case. 

The evolution of the area under peak and crystalline domain size during thermal annealing for 

perovskite prepared on the ITO-SnO substrate without MXenes and ITO-SnO substrate with 

MXenes is plotted in Fig.13. The crystalline domain size of perovskite prepared on the standard 

substrate without MXenes was stabilized at the value of the 9 nm, while for the substrate with 

MXenes, it was stabilized at the value of 20 nm. It suggests the growth of the larger crystalline 

grains on the substrate modified by MXenes.  

Conclusions 

 
This thesis focused on investigating the effects of introducing high-quality NiOx HTL layers 

produced through the IBS technique and MAPI perovskite layers doped with Ti3C2Tx MXene on 

the performance of PSCs. The inclusion of MXene sheets improved the crystallization of the 

perovskite, resulting in larger grains and fewer grain boundaries, which reduced non-radiative 

recombination. However, the doping process also introduced defects in the MAPI band gap, 

offsetting the benefits of larger grains. The enhancements in VOC and FF were attributed to a 

decrease in the work function of MAPI. The research demonstrated a 14.3% improvement in PCE 

for PSCs containing 0.15 wt% MXene-doped MAPI layers, with an average improvement of 10%. 

Furthermore, partially delaminated multilayer MXene sheets showed promise, indicating potential 

cost and time savings for scaling up production. These findings have important implications for 

enhancing the performance of inverted PSCs with p-i-n architecture by utilizing high-quality IBS-

deposited HTLs and MXene doping of the perovskite layer. 

The study also investigated the impact of incorporating Ti3C2Tx MXene in different concentrations 

(0-7.4 wt%) into SnO2 NP ETL on its electronic properties. Mixing up to 1.0 wt% MXene 

improved the conductivity of SnO2 NP ETL, with the highest conductivity observed at 0.1 wt% 

MXene mixing. The optical bandgap slightly increased with higher MXene concentrations, but the 

LUMO and HOMO energies remained largely unchanged. ER-EIS confirmed the ETL selectivity 

of SnO2 NP with up to 1.0 wt% MXene mixing. However, at 7.4 wt% MXene mixing, the MXene's 

valence band dominated the DOS, indicating a hindrance in hole blocking by SnO2 NP. The 

performance of the SnO2-0.1wt% MXene mixed ETL was superior to pristine SnO2 NP ETL, as 
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observed through PL and TRPL data, resulting in improved PCE (from 16.6% to 17.2%) due to 

enhanced charge transfer and MAPI crystallization, leading to larger grain size and reduced non-

radiative recombination. Annealing the MAPI layer at ~60% RH further improved PCE to 17.4% 

for pure ETL and 18.3% for MXene mixed ETL. Long-term stability tests showed excellent 

retention of PCE, with 98.5% and 97% maintained after 900 hours in a glove box for pure and 

MXene mixed ETLs, respectively. Overall, these findings demonstrate that incorporating MXene 

into SnO2 NP ETL holds promise for enhancing the performance of n-i-p perovskite solar cells 

based on MAPI. 

In-situ GIWAXS measurements were conducted to compare the growth of MAPI with and without 

an MXene interlayer between MAPI and SnO2 NP. The inclusion of an MXene interlayer 

maintained the crystalline domains in the MAPI layer at 20 nm, while without the interlayer, it 

stabilized at 9 nm. The MXene interlayer also caused a slight increase in the misalignment of 

perovskite crystals compared to growth without the interlayer. These findings highlight the 

potential of MXenes in improving the performance of perovskite solar cells. 
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