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Abstract:  

Herein, we propose a successful technique to produce delafossite materials that can be applied as 

Hole Transport Layer (HTL) in inorganic lead halide Perovskite solar cells (PSCs). The delafossite 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2, where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶, 𝐶𝐶𝐶𝐶 types were investigated the M cation effect on the 

crystal structure, morphology, and optical properties. These properties were investigated using x-

ray, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and UV 

visible spectroscopy. The XRD results confirmed their hexagonal and rhombohedral-like 

structure, where the SEM image of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 shows the good formation of delafossite layers. The 

optical band gap of  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 varies from 2.2eV to 2.99eV, which is well in line with the literature. 

Similarly, we also perform the density functional theory (DFT) calculations for delafossite layers 

to find their electronic properties of them. Based on experimental and DFT calculations, we 

performed the numerical analysis in SCAPS-1D software on standard solar cell structure (𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 −

𝐶𝐶𝐶𝐶𝐹𝐹𝑂𝑂𝐴𝐴𝑂𝑂 / 𝐶𝐶𝐴𝐴𝑀𝑀𝑀𝑀𝐼𝐼3 / 𝑂𝑂𝑁𝑁𝐶𝐶2 ) and replaced 𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶𝐹𝐹𝑂𝑂𝐴𝐴𝑂𝑂 with all the deposited delafossite 

layers. Our numerical analysis found that HTL shows the highest power conversion efficiency 

(PCE%) of 22.90. The proposed work can give a good direction for manufacturing to improve the 

performance of Perovskite-based solar cells (PSCs). 

 

Keywords: Delafossite, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2, HTL, PSCs, Morphology, optical properties, perovskite, solar 

cells, DFT, HSE06 
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1. Introduction: 

There has been considerable interest in organic-inorganic metal halide perovskite solar cells 

(PSCs) in recent years because of their excellent photophysical properties [1]–[4] such as high 

absorption coefficients ( > 105 𝑐𝑐𝑐𝑐−1) [5]–[7], long diffusion lengths, and high charge carrier 

mobility (> 100 𝑐𝑐𝑐𝑐2/𝑉𝑉𝑉𝑉). As a result, over 25% of power is converted into electrical energy [5], 

[8]–[10]. 𝑂𝑂𝑁𝑁𝐶𝐶2 and spiro-OMeTAD have been used as electron transport layer (ETL) and hole 

transport layer (HTL) in most PSCs. It is however very costly and unstable under soaking, thermal 

stress, and/or humid conditions, making these organic-based HTL costs prohibitive and limiting 

their lifetime [11]. Eco-friendly delafossite material structures are optically transparent in the 

visible region, having an energy band gap greater than 3.1eV [12]–[15]. Since optically 

transparent materials typically have a large bandgap, they tend not to conduct electricity. On the 

other hand, TCOs are a class of materials that exhibit both electrical conductivity (104𝑆𝑆𝑐𝑐𝑐𝑐−1) 

and transparency in the visible range (90%), Delafossite ternary oxides have the chemical formula 

𝐴𝐴𝐴𝐴𝐶𝐶2 [13], where A is usually copper (𝐶𝐶𝐶𝐶+) or silver (𝐴𝐴𝐴𝐴+) in a monovalent state, and B is a 

trivalent metal (𝐶𝐶+3) such as chromium (𝐶𝐶𝐶𝐶+3), Cobalt (𝐶𝐶𝐶𝐶+3), aluminum (𝐴𝐴𝐴𝐴+3), gallium 

(𝐺𝐺𝐺𝐺+3), copper (𝐴𝐴𝐴𝐴+3), iron (𝐹𝐹𝐹𝐹+3), manganese (𝐶𝐶𝑀𝑀+3). Almost all TCOs fabricated are n-type 

semiconductors and play a very important role as transparent electrodes. Substitutional doping or 

inducing non-stoichiometry in the material induces holes in a p-type conductor's valence band 

[16], [17]. Before using any of the previous delafossite, a study made to know their suitable work 

function, preferable electronic properties, and especially their stability [18], [19]. Delafossite 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶 has a rhombohedral/ hexagonal symmetry of O-M-O and 

𝐶𝐶𝐶𝐶6  layers [17]. Copper-based delafossite oxides are the focus of many reports including 

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2 [20]–[22] 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 [23], 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 [24] and 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 [25] already have been intensively 

investigated. According to the literature, few papers were published on the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 delafossite. 

This made us to ask the question of which delafossite 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 =

𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶 can be trusted to use in an application as HTL in perovskite solar cells.  

So, in this work, we proposed a spin coating technique for successfully depositing delafossite 

materials and performing characterization studies such as x-rays diffraction, SEM, TEM, and 

optical band gap of delafossite materials. Next, we find the electrical properties of these materials 

via density functional theory (DFT) and based on our experimental and computational findings 

we apply numerical analysis techniques to find the suitability of those materials for application of 

hole transport layers. Numerical analysis was performed in solar cell capacitance software 

(SCAPS-1D) developed by the University of Gent, Belgium [26]–[33]. SCAPS-1D has been 

extensively used for numerical analysis of perovskite and kesterite thin film solar cells in the last 

few years [33]–[39]. In our work SCAPS-1D was used to analyze the performance of perovskite 
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solar cell structure 𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶𝐹𝐹𝑂𝑂𝐴𝐴𝑂𝑂 / 𝐶𝐶𝐴𝐴𝑀𝑀𝑀𝑀𝐼𝐼3 / 𝑂𝑂𝑁𝑁𝐶𝐶2. The 𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶𝐹𝐹𝑂𝑂𝐴𝐴𝑂𝑂 was replaced 

with delafossite materials to be used as HTL. 

2. Experimental: 

2.1. Materials: 

Unless specified otherwise, all the chemicals in these experiments were purchased from Alfa 

Aesar or Sigma-Aldrich with analytical grade and used without further purification.  

2.2. Delafossite Manufacture:  

The delafossite films were prepared by one-step spin coating. In the first step, deionized water 

was used to dissolve 20 mmol of copper (II) nitrate hemi pentahydrate and 20 mmol of M (III) 

chloride hexahydrate where M can be 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶, A homogeneous colloidal suspension 

was obtained by adding 5.8 g of sodium hydroxide in aqueous solution to the above solution (70 

mL total volume). In the following step, the brownish solution was placed in a spin coating. 

 
Figure 1: Synthesis of delafossite 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶 by spin coating technique. 

2.3. Characterization Techniques: 

Diffractometry system = XPERT-PRO is the X-ray Diffraction monochromator used to establish 

the structural characterization of the samples with a wavelength of 0.15406 nm, 20 kV and Cu-

Kα radiation. We obtained the measurements based on Bragg's law. Scanning electron microscopy 

(SEM) was used to identify the surface morphology of the powders at 25kV as an acceleration 

voltage. Using a fiber linked optical microscope, the sample was targeted by the He-Cd laser (442 

nm) at 100× magnification. We are interested in the wavelength of 400–800 𝑐𝑐𝑐𝑐−1 range. A high-

resolution 100 kV (TEM 100) Transmission Electron Microscope was used to perform additional 

structural analysis. Its conditions of measurement were 2.5 kV at several magnifications.  
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2 Results and discussion: 

The 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 (𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝐺𝐺𝐺𝐺, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶) Delafossite films prepared by the spin coating [25] 

method were characterized by X-Ray diffraction [24]. Each diffractogram presents the existence 

of both the delafossite and FTO peaks, Figure. 2 mentions the hkl of the phase’s peaks where the 

delafossite 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2has (104) as the highest intensity, which is located at 2Ɵ=38°, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 has 

(004) as the highest intensity which is located at 2Ɵ=27°, for the 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2 delafossite gave us a 

result which is not far from the previous one, the copper-iron oxide 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2is as well as the 

𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 delafossite (Figure 2-E) and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2(Figure 2-B) diffractograms having the phases 

peaks, (310) at 2Ɵ=35°, (101) at 2Ɵ=37,8°, and (200) at 2Ɵ=37,6° respectively. 

 
Figure 2: The XRD pattern of the single-phase 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶. 

Figure 2 shows the XRD pattern of the single-phase 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, Co, 

the diffractograms indicate the existence of both the delafossite peaks and the FTO peaks. FTO is 

indicated by stars in all the graphs. The 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2  pattern was well defined where the peaks: (101), 
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(012), (104), (107), and (018) (Figure 2-A) are referenced to the database JCPDS card No 74-

2361 and located at 36,22°; 37,40°; 41,81°; 52,38°; and 56,70 respectively. It appears that in 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 the film is randomly oriented based on the XRD results. Figure 2-B indicates the pattern 

of the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 containing both the delafossite phase and FTO peaks (based on the database JCPDS 

card No. 074-1855) (222) at 2Ɵ=31,26°, (100) at 2Ɵ=36,77°, (110) at 2Ɵ=37,91°, (211) at 

2Ɵ=42,22°, and (332) at 2Ɵ=56,84°. 

For 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2, (Figure 2-C) the database JCPDS card No. 006-0720 is the reference that had been 

based on to identify the copper-nickel oxide’s peaks, those last are: (111), (002), and (200) located 

at 37,01°; 41,34°; and 43,80° respectively. Figure 2-E is the diffractogram corresponding to the 

𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 delafossite based on the card of the database JCPDS No. 035-1402 [40], [41], the sample 

contains: (006), (101), and (009) at 31,27°; 35,22°; and 47,67° respectively. Four peaks appeared 

of the 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2 delafossite which have the planes hkl: (006), (012), (009), and (105), situated at 

the 2Ɵ=31,23°; 35,69°; 47,64°; and 55,21° respectively [42]–[44]. 

Figure 2-F shows the XRD patterns of  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2. The diffractogram mentioned the peaks 

referenced to the reference JCPDS card No 089-0540 [45]: (004), (101), (102), (103), (006), and 

(105) that are located at: 31,36°; 35,75°; 38,36°; 42,40°; 47,83°; and 53,67° respectively. The 

diffraction pattern showed peaks for 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2, as well as for FTO-covered substrates. Diffraction 

patterns did not show any other reflections that could have been indicative of diffusion between 

the different layers, such as reflections from another compound containing 𝐶𝐶𝐶𝐶 and 𝐶𝐶𝐶𝐶. Comparing 

to the six types of delafossite, the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 is the good one that can give us a result with an excess 

of the phase peaks. All peaks arose from 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 delafossite, no diffraction peaks of 𝐶𝐶𝐶𝐶(𝑁𝑁𝐶𝐶2)3 

and 𝑁𝑁𝐺𝐺𝐴𝐴𝐴𝐴𝐶𝐶2 appeared in the patterns of the products obtained. Possibly due to the very small grain 

sizes (Table 1), the peaks of the nanocrystal diffraction pattern were more intense than those in 

the film pattern. 

  
Figure 3: FWHM and grain size for the characteristic peaks in terms of the CuMO2 delafossite  
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Table 1: A summary of both Grain size and FWHM corresponding to six different 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 delafossite 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 CuCoO2 CuCrO2 CuGaO2 CuNiO2 CuAlO2 CuFeO2 

2θ 38.070 35.928 35.554 54.844 38.088 35.938 

FWHM (°) 0.205 0.279 0,162 0.22 0.222 0.205 

Grain size (nm) 428 313 536 433 395 428 

The film’s crystallite size (D) was calculated by Scherer’s equation (1): 

D= 𝜆𝜆𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

      (1) 
Where: 

λ = Wavelength (0.1540 nm),  

k = Scherer’s constant (0.9),  θ = Bragg’s diffraction angle, 

β = FWHM (Full-Width at half maximum), 

To have an idea about the deformations and the imperfections of the grains in the level of the films 

synthesized, Lattice strain (ε) [46]can help us with the following equation 2. 

                                                           𝛿𝛿 = 1
𝑂𝑂2                 (2) 

From calculations of X-ray diffraction data (XRD), we can have more precision on a specific area 

of the powders by the dislocation density (δ) [47], [48]. It was evaluated using the following formula: 

3. 

               𝜀𝜀 = 𝛽𝛽
4𝑡𝑡𝐺𝐺𝑀𝑀 𝛽𝛽 

                 (3) 
We summarized the obtained results in Table 2.  
Table 2: The average crystallite size (D), dislocation density (δ), and lattice strain function (ε) of the 
characteristic peaks  

Samples ID 2θ 
Β 

(𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭) 

D  

(𝒏𝒏𝒏𝒏) 

δ  

(𝒏𝒏𝒏𝒏)−𝟐𝟐 
ε  

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 38.16 0.180 0.173 33.41 0.161 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 37.56 0.193 0.758 1.740     0.141 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 31.16 0.180 0.173 33.41 0.161 

𝑪𝑪𝑪𝑪𝑭𝑭𝑪𝑪𝑪𝑪𝟐𝟐 36.77 0.181 0.806 1.539 0.136 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 35.74 0.117 1.248 0.642 0.088 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 35.77 0.181 0.806 1.539 0.136 

The Full-Width at half maximum shows close values between the two characteristic peaks of each 

growth delafossite, the good results are given by 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺 unlike delafossite the 

rest 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶 and this is due to the good crystallinity Figure 3.  
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Figure 4: SEM images of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶. 

Scanning electron microscopy (SEM) was used to identify the surface morphology of the powders 

at 25kV as an acceleration voltage [49]–[51]. Figure 4 depicts SEM’s results indicating the 

morphology of the surface of all the samples 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶. By 

changing the cation M, the body type normally changes between different shapes, from the small 

grains of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 (Figure 4-f) to the bigger ones of 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 (Figure 4-e). The histogram confirms 

this observation in Figure 3. It clearly showed that the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 delafossite gave the best result 

compared to the other samples, where the scan was a picture of shapes of poles intertwined with 

each other, clear and, white due to its reception machine’s light. 

 
Figure 5: Element mapping EDS spectrum 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2  where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶. 

The chemical composition of the delafossite was analyzed by energy-dispersive X-ray 

spectroscopy (SEM-EDX) mapping to characterize the films 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 =

𝐴𝐴𝐴𝐴, 𝐺𝐺𝐺𝐺, 𝐹𝐹𝐹𝐹, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐶𝐶𝐶𝐶. The images in Figure 5a-f show the containing elements of a specific 

selected area. Furthermore, the homogeneity of the samples can be observed such that all the 

elements are distributed in the whole substrates’ areas; To know the name of these elements, we 
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mapped the delafossite in Figure 6. This Figure shows the compounds of the six substrates and 

their positions exactly in the sample to ensure the copper-M-oxide elements. This mapping 

confirms the scanning electron microscopy (SEM) results.  

 

Figure 6: Element mapping 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where M= 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶.  

Figure 7 shows a TEM analysis of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 thin film monocrystal with lattice fringe spacing of 

0.17 nm corresponding to (110) or (220) of the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 phase. This result has already been 

confirmed by the XRD pattern (Figure.7), where Figure shows the selected area of the electron 

diffraction spectrum, revealing that 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 thin films are polycrystalline. 

The TEM revealed no second phase in a fully reacted sample. An image of the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 crystal 

lattice in Figure 7 is shown. The 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 The layer does not have any grain boundaries or other 

planar defects. An ion stripe line is shown in Figure 7 at intervals of 0.17 nm.  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 films were further characterized by TEM. It is easy to distinguish the hexagonal structure 

from other structures, as shown in Figure. 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 films were observed to be between 80 and 170 

nm in size. 
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Figure 7: HRTEM image of CuMO2 𝑤𝑤ℎ𝐹𝐹𝐶𝐶𝐹𝐹 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶 taken from the substrate and 

0.1m Torr O2 pressure. Accompanied with the Fourier transforms of the data. 

Figure 8 represents the AFM analysis of the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 films in an area of 2 µm × 2 µm. The surface 

morphology and roughness vary depending on the composition of the film. Roughness has been 

calculated by the root-mean-square method (𝐶𝐶𝑐𝑐𝑉𝑉) showing dramatic changes for all different 

compounds. The results are summarized in Table 3. Nonetheless, the 𝐶𝐶𝑐𝑐𝑉𝑉 decreases to 36.99 nm 

for 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 (Figure 8). The larger hills and troughs make the surface rougher in the AFM analysis. 

The morphology is correlated to SEM Analysis until a certain point. 

v 
Figure 8: AFM images of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶 in 3D 
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Figure 9: Transmission of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶 
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Figure 10: Band gap of the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 delafossite samples where 𝐶𝐶 = 𝐴𝐴𝐴𝐴, 𝐶𝐶𝐶𝐶, 𝑁𝑁𝑁𝑁, 𝐹𝐹𝐹𝐹, 𝐺𝐺𝐺𝐺, 𝐶𝐶𝐶𝐶. 

We record the transmission spectra for 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 delafossite samples, these records are displayed in 

Figure 9.  

As for the optical band gap 𝐸𝐸𝐴𝐴 of the layers, they are deduced from the Tauc plots. The Tauc 

equation describes the evolution of (𝛼𝛼ℎ𝑣𝑣)1/𝑛𝑛  vs. ℎ𝑣𝑣, as follows:   

                                                  (𝛼𝛼ℎ𝜈𝜈)1/𝑛𝑛 = (ℎ𝜈𝜈−𝐸𝐸𝐴𝐴)                                                            (4) 
Where: 
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● 𝛽𝛽 a constant independent of ℎ𝑣𝑣. 

● ‘’n’’ depends on the type of band gap transition.    

In our case the transition is direct hence n=1/2 and:                                              
            (𝛼𝛼ℎ𝜈𝜈)2 = (ℎ𝜈𝜈−𝐸𝐸𝐴𝐴)                                                                         (5) 

The results for recorded energy gaps (pertaining to measurable absorption edges) for all the 

samples. We’re interested in the visible range (400-800 nm). Compared to all the graphs, the one 

that gives the good transmission percentage is the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2, where it can transmit light up to 60% 

in the visible range. The 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 has approximately a similar transmission of around 60% 

between 400 and 800nm. 

3 Electronic structure: theoretical simulations 

First-principles calculations were performed to obtain an accurate description of the electronic 

structure and properties of the six delafossite-type oxides 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 under study and to compare the 

effect of the metal M on the electronic configuration (𝐶𝐶 = 𝐴𝐴𝐴𝐴,  𝐶𝐶𝐶𝐶,  𝐶𝐶𝐶𝐶,  𝐹𝐹𝐹𝐹,  𝐺𝐺𝐺𝐺,  𝑁𝑁𝑁𝑁). For all the 

materials the atomic positions were optimized within the Density Functional Theory (DFT) 

approach, based on the framework of the generalized Kohn-Sham scheme [52], [53] in 

combination with the projector augmented-wave (PAW) method [54] and the Heyd-Scuseria-

Ernzerhof hybrid functional with the modified fraction of screened short-range Hartree Fock 

exchange (HSE06) [55]–[57] as implemented in the Vienna ab initio simulation package (VASP) 

[58]–[60]. 

The modeled system 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 was defined through a tetragonal unit cell with 12 atoms 

(𝐶𝐶𝐶𝐶3𝐶𝐶3𝐶𝐶6). The electronic wavefunctions were expanded in a plane wave basis setup to a kinetic 

energy cutoff of 400 𝐹𝐹𝑉𝑉 , the atomic positions were optimized using the conjugate gradient method 

until the force on each atom was less than 0.01 𝐹𝐹𝑉𝑉Å−1 and an energy convergence less than 

10−8 𝐹𝐹𝑉𝑉. For the Brillouin zone integration, a 12 × 12 × 6 Monkhorst-Pack scheme k-point was 

used [61]. 

Figure 11 shows the arrangement of atoms for the studied materials. The delafossite structure can 

be appreciated fairly: an alternate stacking of 𝐶𝐶 − 𝐶𝐶𝐶𝐶 − 𝐶𝐶  dumbbells parallel to the 𝑧𝑧  axis, and a 

layer of M-centered octahedra in the 𝑥𝑥𝑥𝑥  planes. The stacking follows an ABCABC pattern, 

forming a rhombohedral Bravais lattice with a space group 𝑅𝑅3𝑐𝑐 (a trigonal system, symmetry 

number 166). Table 3 summarizes the optimized lattice parameters for all the studied structures. 
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Figure 11: Trigonal structure of the studied delafossite-type semiconductors with the form 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2. In this 

Figure, 𝐶𝐶𝐶𝐶 atoms are shown in red; 𝐶𝐶  atoms are shown in green, and the metal atoms 𝐶𝐶  in pink.  

The cell presented corresponds to 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2, and the structure is the same for the rest of the simulated 

semiconductors, varying only the cell parameters as shown in Table 3. 

Table 3: Lattice parameters 𝐺𝐺  and 𝑐𝑐  for the trigonal cells, and volume cell for the studied materials. 

Delafossite 𝑪𝑪 �Å� 𝒄𝒄 �Å� Cell volume �Å𝟑𝟑� 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 2.87 17.05 121.5 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 2.86 16.98 120.1 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 2.92 16.92 125.5 

𝑪𝑪𝑪𝑪𝑭𝑭𝑪𝑪𝑪𝑪𝟐𝟐 2.98 17.35 133.4 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 2.97 17.22 131.6 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 2.98 17.10 131.3 

Table 4 summarizes the bandgap values obtained from our simulations and the optical 

measurements from Figure 10. It also shows other experimental values found in the literature. 

Including hybrid functionals allows the possibility of avoiding the typical underestimation of gaps 

in pure DFT approaches while computational costs remain reasonable. All of these are indirect 

bandgaps and range from 2 − 3.5 𝐹𝐹𝑉𝑉  in good agreement with previously reported theoretical 

simulations and the current experimental results. 
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Table 4: Bandgap values (in eV) obtained by HSE simulations in comparison with literature and 
experimental study. 

Materials 
Bandgap (eV) 

Literature DFT Experimental 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 1.9-3.4  [62]–[64] 3.39 2.65 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 3.65 [65] 2.18 2.99 

𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2 1.41-3.01 [66]–[68] 2.65 2.3 

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2 1.43-3.2 [69], [70] 1.36 2.45 

𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 2.42-3.58 [64], [71] 2.32 2.51 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 1.93-3.09 [72]–[74] 2.85 2.75 

Figure 12a shows the total and element projected density of states (DOS) for 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 delafossite. 

The valence band edge shows a well-defined peak dominated by 𝐶𝐶𝐶𝐶 − 3𝑑𝑑  states, while the rest of 

this upper part of the valence band also has contributions from 𝐶𝐶𝐶𝐶 − 3𝑑𝑑  states and a large 

dispersion of 𝐶𝐶 − 2𝑆𝑆  states. The conduction band minimum shows almost equal contributions 

from 𝐶𝐶𝐶𝐶  and 𝐶𝐶  states. 

The 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 shows a reasonably large bandgap above 3 𝐹𝐹𝑉𝑉, making it transparent in the visible 

region. Our theoretical result is in good agreement with previously reported values. Table 5 

compares the bandgap values obtained for the 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 in our simulations with values obtained 

using different hybrid functionals. It can be seen these calculated gaps range from 2.8 𝐹𝐹𝑉𝑉  with an 

sX-LDA, which is expected to underestimate the gaps due to the LDA contribution, to 3.9 𝐹𝐹𝑉𝑉  the 

highest value reported. In particular, the three HSE reported values (our HSE06 and the two 

referenced HSE03 and HSE06) seem to agree in a smaller range of values from 3.1 − 3.6 𝐹𝐹𝑉𝑉 . 

Table 5. Bandgap values (in eV) of CuAlO2 obtained by simulations using different hybrid 

functionals. All the values are for indirect bandgaps. 
 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔 (𝐹𝐹𝑉𝑉) 

HSE06 (our simulation) 3.39 

sX-LDA [75]  2.8 

HSE03 [76] 3.1 

HSE06 [76] 3.6 

B3LYP [77] 3.9 

Figure 12e shows the DOS for 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2, which is very similar to the previously discussed, but with 

a considerably lower bandgap value. The valence band edge comes mainly from 𝐶𝐶𝐶𝐶 − 3𝑑𝑑  atoms, 

as described before, and the rest of the band shows the presence of 𝐶𝐶𝐶𝐶 − 3𝑑𝑑 states, with little 

contribution from 𝐺𝐺𝐺𝐺 and 𝐶𝐶 states showing a wide dispersion in this region. Despite these 

similarities, the bandgap value is smaller than the one from 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 and smaller than others found 

in the literature [76], [77]. It deviates from the expected result, which should be similar to 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 

as the density of states. However, the experimental bandgap in Figure 10 is similar to our 
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simulated result. Also, the one reported in Ref. [77] with hybrid functionals HSE, which includes 

a 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 bandgap, is in good agreement with ours. 

In the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 (Fig. 12b), the valence band shows a different composition. The edge remains 

dominated by 𝐶𝐶𝐶𝐶 − 3𝑑𝑑  states, and 𝐶𝐶 states continue showing a wide dispersion through the band, 

but the presence of 𝐶𝐶𝐶𝐶 − 3𝑑𝑑 states is high in this region, and except for the peak at the edge of the 

band, is comparable with the contribution from 𝐶𝐶𝐶𝐶 states. Also, the first peak in the conduction 

band is mainly due to 𝐶𝐶𝐶𝐶 − 3𝑑𝑑 states followed by a second peak similar to the one found in 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2 

and 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2. 

The total and element projected DOS for 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2(c),  𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2(d) and 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2(f) are also shown in 

Figure 12. These compounds have magnetization properties; therefore, spin-polarized simulations 

were performed. The DOS is split into the majority and minority spin contributions, noted up and 

down, and plotted in solid and dotted lines, respectively. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 valence band shows, both in the majority and minority spin DOS, an edge dominated by 

𝐶𝐶𝐶𝐶  − 3𝑑𝑑  atoms as in the previous compounds. In the majority spin structure, the rest of the band 

shows strong contributions from 𝐶𝐶𝐶𝐶  and 𝐶𝐶𝐶𝐶  states, and the 𝐶𝐶𝐶𝐶  states are located in a higher energy 

than those of the 𝐶𝐶𝐶𝐶 . The minority spin structure is mainly due to 𝐶𝐶𝐶𝐶  states. On the other hand, 

the conduction band’s first peaks are mainly due to the 𝐶𝐶𝐶𝐶 states in both minority and majority 

spin cases. 

In 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2 and 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2 the differences in the DOS distribution in the majority and minority spin 

are visibly more important. Also, it’s no more evident that the edge of the valence band is mainly 

due to the 𝐶𝐶𝐶𝐶  states, especially in 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2. The conduction band firsts peaks for these two elements 

are dominated by 𝐶𝐶𝐶𝐶  states in the majority spin configuration and by 𝑁𝑁𝑁𝑁 /𝐹𝐹𝐹𝐹 − 3𝑑𝑑  states in the 

minority spin configuration. The obtained DOS for 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2 is in good agreement with the ones 

obtained in Ref. [78] for the bandgap value and the position of 𝐹𝐹𝐹𝐹  peaks in the valence band. 
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Figure 12: Density of states obtained by HSE simulations for  𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2(a),  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2(b),  𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2(c),  

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2(d),  𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2(e) y  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2(f). Black line accounts for total DOS, and colored lines follow the 

order given in Figure 12: red for 𝐶𝐶𝐶𝐶 atoms, green for 𝐶𝐶  atoms and pink for the 𝐶𝐶 metal atoms. In the case 

of spin polarized materials, solid lines show the DOS for the majority spin configuration and dashed lines 

for the minority spin configuration. 

5.  SCAPS Device Modeling  

After having a detailed characterization of delafossite layers using experimental and DFT studies, 

we further study the effect of these devices in SCAPS-1D software. This was done to analyze that 

delafossite materials can be used as an alternative to hole transport layers (HTL). this simulation 

results is based on delafossite band gaps, absorption profiles, mobility and band alignment with 

absorber and back contact layer. 

For this, we simulate standard structure perovskite solar cell in SCAPS-1D ( 𝐻𝐻𝑂𝑂𝐻𝐻 / 𝐴𝐴𝑀𝑀𝑉𝑉𝐶𝐶𝐶𝐶𝑀𝑀𝐹𝐹𝐶𝐶 /

 𝐸𝐸𝑂𝑂𝐻𝐻  ). In this standard perovskite solar cell structure, ETL layer was 𝑂𝑂𝑁𝑁𝐶𝐶2 , Absorber layer is 
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𝐶𝐶𝐴𝐴𝑀𝑀𝑀𝑀𝐼𝐼3 ;The reason for the selection of MA cation is due the high efficiency of 𝐶𝐶𝐴𝐴𝑀𝑀𝑀𝑀𝐼𝐼3 based 

solar cells and the relevant data regarding this material like experimental band gap and absorption 

coefficient. For HTL layer is 𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶𝐹𝐹𝑂𝑂𝐴𝐴𝑂𝑂. Now to analyze the effect of different delafossite 

layers on solar cell 𝐽𝐽 − 𝑉𝑉 and quantum efficiency (QE%) characteristics, we replace 𝑆𝑆𝑆𝑆𝑁𝑁𝐶𝐶𝐶𝐶 −

𝐶𝐶𝐹𝐹𝐶𝐶𝑂𝑂𝐴𝐴𝑂𝑂 with all the characterized delafossite layers in SCAPS-1D by incorporating their 

physical parameters as drawn in Table 6 and absorption profile extracted from our experiment. 

the results presented in this work for delafossite materials is based on numerical assumption. And 

this assumption was taken as by fixing defects density in delafossite layer equal to that of spiro-

OMeTAD layer. For analysis we only changes delafossite layer thickness (achieved 

experimentally), band gap, achieved absorption profile and mobility of carriers. This was done by 

simply replacing spiro layer with each of delafossite layers and simply by changing those 

parameters discussed above. 

Table 6. Physical input parameters used in the simulation. [79][65]–[68], [71]–[74], [80][81][82] 

Parameters 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝑭𝑭𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 

𝑭𝑭 (𝒏𝒏𝒏𝒏) 200 200 210 200 225 210 

𝑬𝑬𝒈𝒈 (𝑪𝑪𝒆𝒆) 2.65 2.99 2.2 2.45 2.51 2.75 

𝝌𝝌 (𝑪𝑪𝒆𝒆) 2.43 [83] 2.3 [84] 3.3 [85] 2.65 [69] 3.1 [64] 2.99 [86] 

𝑪𝑪𝒄𝒄(𝒄𝒄𝒏𝒏−𝟑𝟑) 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 

𝑪𝑪𝒗𝒗 (𝒄𝒄𝒏𝒏−𝟑𝟑) 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 

𝒏𝒏, 𝒑𝒑 (𝒄𝒄𝒏𝒏−𝟑𝟑) 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 1 ×  1019 

𝝁𝝁𝑪𝑪 (𝒄𝒄𝒏𝒏𝟐𝟐/𝒆𝒆𝑽𝑽) 11.3 0.6 1 0.64 0.2 0.15 

𝝁𝝁𝒑𝒑 (𝒄𝒄𝒏𝒏𝟐𝟐/𝒆𝒆𝑽𝑽) 11.3 0.6 1 0.64 0.2 0.15 

The 𝐽𝐽𝑉𝑉 result for different delafossite layers is drawn in Figure 13 and Figure 14. The drawn 

Figure shows that each layer has its 𝐽𝐽𝑉𝑉 characteristics. From Figure 13, it is clear that 𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2 

delafossite has good results in comparison to other layers. The reason for no difference in QE 

graphs for different devices is because the reelection is not take in the account while simulating 

solar cell in SCAPS-1D environment. The calculated 𝐽𝐽𝛽𝛽𝛽𝛽 is well in the range of experimental solar 

cells [87]–[93]. 
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Figure 13: JV characteristics of solar cell having different delafossite layers along with spiro-OMeTAD layer.  

 
Figure 14:  Quantum efficiency of HTL layers 

The major reason for this change in device characteristics is their band alignment with the absorber 

layer. As discussed in our previous work [7], [32], [94], [95] that conduction band offset between 

ETL/Absorber and valence band offset (VBO) between Absorber/HTL plays an important role in 

enhancing device efficiency.  

Normally at Absorber/HTL, there are two types of band interfaces that occur 

● Cliff (+ VBO) 

● Spike (-VBO) 

The cliff-like band interface will lead to interface recombination at the absorber/HTL layer 

because the weak built-in potential and higher value of cliff offset will lead to a high 
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recombination current at the interface. In contrast, in spike-like band offset, we had high built-in 

potential, which will lead to good charge separation between absorber/HTL layer, thus resulting 

in higher conversion efficiency for solar cells. Still, a higher spike value will result in high 

impedance at the interface, which is undesirable in solar cells. Therefore, a moderate spike value 

at the interface is desirable to achieve a good conversion efficiency from the solar cell. This is 

shown with the aid of a band diagram and capsule plot for relating interface recombination with a 

valence band offset at the 𝐶𝐶𝐴𝐴𝑀𝑀𝑀𝑀𝐼𝐼3/𝑂𝑂𝐹𝐹𝐴𝐴𝐺𝐺𝐷𝐷𝐶𝐶𝑉𝑉𝑉𝑉𝑁𝑁𝑡𝑡𝐹𝐹 in Figure 15 and Figure 16. From Figure 15 

band diagram, delafossite materials (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶2, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2, 𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶2) offered a cliff-like band offset 

have a higher interface recombination current with respect to others, as drawn in Figure 16, thus 

limiting the device efficiency.  

In contrast, devices with spike-like interfaces have a higher conversion rate (𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶2, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2,

𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2). Among these delafossite materials (𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2) is proven to be a promising candidate to 

be used as an HTL layer by offering the highest Power conversion efficiency (PCE) with respect 

to other devices. This is because the spike that (𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐶𝐶2) introduce at the interface is quite 

moderate and suitable for the fabrication of perovskite-based solar cell. The PCE for all the 

devices are shown in Table 7. 
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Figure 15: Band diagrams of solar cell structures  

Table 7: PCE for all solar cell structures. 
Structure 𝒆𝒆𝑪𝑪𝒄𝒄 (V) 𝑱𝑱𝑽𝑽𝒄𝒄 (𝒏𝒏𝑪𝑪/𝒄𝒄𝒏𝒏𝟐𝟐) 𝑭𝑭𝑭𝑭 (%) 𝑷𝑷𝑪𝑪𝑬𝑬 (%) 

𝑺𝑺𝒑𝒑𝑪𝑪𝑪𝑪𝑪𝑪 − 𝑪𝑪𝑭𝑭𝑪𝑪𝑶𝑶𝑪𝑪𝑶𝑶 / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐   0.94 24.55 82.98 19.65 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐  0.86 24.59 76.88 16.18 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐 / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐  0.85 24.57 74.79 15.79 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐  / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐 1.07 25.47 72.87 19.71 

𝑪𝑪𝑪𝑪𝑭𝑭𝑪𝑪𝑪𝑪𝟐𝟐  / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐  0.74 24.27 77. 33 13.94 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐  / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐  1.07 25.96 82.42 22.90 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐  / 𝑭𝑭𝑪𝑪𝑷𝑷𝑴𝑴𝑰𝑰𝟑𝟑 / 𝑶𝑶𝑪𝑪𝑪𝑪𝟐𝟐  1.07 24.86 82.70 22.08 
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Figure 16: Capsule plot for interface recombination due to different band structures 

Conclusion:  

As a result of this work, we propose a successful technique to manufacture delafossite materials 

that can be used as Hole Transport Layers (HTLs) in organic lead halide Perovskite solar cells 

(PSCs). Several types of CuMO2 delafossite were examined for their crystal structure, 

morphology, and optical properties influenced by the M cation. Delafossite layers can be seen on 

the XRD and SEM images, which confirms the hexagonal and rhombohedral structure of the 

crystals. The optical band gap ranges from 2.2eV to 2.99eV. We also perform density functional 

theory (DFT) calculations for delafossite layers to determine their electronic properties. Using 

experimental results and DFT calculations, we used SCAPS-1D software to perform numerical 

analysis on standard solar cell structures and replace them with all the deposited delafossite 

layers. As a result of our numerical analysis, the CuGaO2 HTL shows the highest power 

conversion efficiency (PCE%) of 22.90. This finding could provide a good direction for 

manufacturing Perovskite-based solar cells (PSCs) with improved performance. 
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