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Achieving a suitable electron-transporting layer for balancing electron- hole numbers, and the 

accumulation of electrical charges at HTL/anode interface layer, remains a key challenge for 

perovskite-organic solar cells (PSC) application. Here, ZnO, NiO, and spiro- OMeTAD (SOT) as 

electron-transporting layers (ETLs)/ perovskite/ SOT as hole-transporting layers (HTLs) of PSC have 

been widely analyzed. To find better ETL- materials in PSCP systems for balancing the difference 

between electron- hole (e-h) diffusion distance, and acting as a hole barrier material for  reducing the 

recombination ratio  of e - h at the active layer, Al (cathode), ZnO/NiO+10wt.% SOT as ETL, 

perovskite-SOT as the active layer, and SOT as HTL and anode layer of PSCP systems are investigated 

with the help of relevant spectroscopic techniques, home- set electrical systems, ABET Technologies, 

Sun 2000 solar simulator, and microscopic images. In the ETL layer, ZnO/10% wt. of SOT with zero, 

25, 50, 75, and 100 wt.% of NiO particles, shows that sample with 75% NiO particles, with higher 

carrier mobility (62.5 cm2/V.S), higher power conversion efficiency (PCE= 8.3%), higher fill factor 

(FF=67%), lower hysteresis loop, and lower SS (1.3 mV/dec.) can be used as desirable ETL for the 

next PSCP systems.  
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1. Introduction 

Today, the necessity of using clean energy and producing 
electricity for consumption is obvious to everyone. 
Everyone has welcomed the use of sunlight and the 
increasing development of solar cell manufacturing. Every 
day, reports are presented to increase the efficiency of solar 
cells and use different materials for this purpose. 
photovoltaic systems - solar cells (PSC) can be called the 
most important of these solar cells. Today, industries and 
manufacturers of advanced solar cells are giving great 
attention to the enhancement of advantages and elimination 
of defects in photovoltaic solar cells through perovskite 
(PSCP) systems. Although many studies [1-5] have studied 
and fabricated solar cells with silicon elements, PSCP is a 
desirable alternative solar cell due to its advantages such as 

higher efficiency. The clear reason for using perovskite-
based compounds instead of silicon (despite the cheapness 
and abundance of silicon) was that most of the light received 
in silicon solar cells was reflected from their surface and less 
was absorbed.  

To find higher efficiency (with lower electron (e)- hole 
(h) recombination, and better charge transport layers 
(CTLs), many workers [6-10] have reported that higher 
power conversion efficiency (PCE), PSCP devices can be 
achieved with using suitable HTL (hole transport layer) and 
ETL (electron transport layer) layers to get a lower 
recombination rate of e-h in the active- perovskite layer. For 
this purpose, spiro-OMeTAD (SOT) or 2,2′,7,7′-Tetrakis 
(N,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene 
(O;oxygen,Me: methyl groups and TAD: triaryldiamine, 
which refers to the N,N-di-p-methoxyphenylamine moiety), 

https://ppam.semnan.ac.ir/
https://ppam.semnan.ac.ir/article_10447.html
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as a HTL, has been widely used in PSCs. Also, ZnO (n-type 
semiconductor, Eg=2.97 eV direct band gap energy, and 
work function of 4.45-5.13 eV) with a good visible light 
transmittance, dissolution process, environmental- friendly, 
more stable wurtzite and zinc blende phases, optical 
modulator wave-guide and photonic crystal structure 
shows a good ETL layer behavior [8, references therein]. 
However, despite to its high electron mobility (μe)=205-300 
cm2/V.s, refractive index=2, Real component of dielectric = 
8.5, as ETL layer, it has large band gap energy and an 
extremely unstable ZnO/perovskite interface layer [8]. 
When it used as ETL layer and other p-type semiconductor 
materials such as NiO (nickel oxide), or SOT and some 
others are used as HTL layers (with hole carrier), the 
obtained results related to Fill Factor (FF), electron- hole (e-
h) balance, Power conversion efficiency (PCE), high 
accumulation of electrons at the active layer (which is 
located between ETL and HTL layers), subthreshold swing 
(SS) and hysteresis loop of the PSCP systems, failed to 
satisfy the manufacturers of clean energy systems and 
alternative electricity generation.  The reason could be due 
to unbalance of the recombination rate of electron (e)- hole 
(h) in the active perovskite layer (Electrons in ZnO-ETL can 
move faster than hole carriers in the Spiro-OMeTAD -HTL), 
which may cause aggregation and/or pinch-up on 
transportation channel, and less output current density.  

People have tried to solve PSC problems by using some 
other materials [11-17], like Spiro-OMeTAD (SOT) and NiO 
materials as promising hole transporting material, HTLs, for 
stable PSCs. But, SOT- HTL layer also suffered from 
instability and doping-induced hygroscopicity, and NiO with 
lower electric conductivity and the mismatched energy level 
alignment of NiOx  could not fill this gap. These points caused 
people [15-20] to suggest changing ETL, HTL, and active 
layers with some composite, hybrid, and mixed materials. 

In the present work, ZnO and 10% in weight (wt.%) of 
Spiro-OMeTAD (SOT), named ZSOT, were combined with 
different concentrations of NiO in a hetero-junction 
structure as shown in the device architecture with a simple 
schematic of a solar cell device (Fig. 1), Al (cathode)/ 
ZSOT+NiO (ETL)/pervoskite (active layer)/ SOT (HTL)/ 
indium tin oxide (ITO) glass (or Si) (anode) was 
constructed. ITO glass and silicon substrate were used for 
measuring optical and electronic parameters, respectively.  

In the present work, NiO weight content in the ZSOT was 
zero, 25, 50, 75, and 100 wt.%, were labeled as X0, X1, X2, X3, 
X4, and X5 (or Xi, i=1,2,3,4,5), respectively. Their 
nanostructural, sample surface morphology, hysteresis 
loop, subthreshold swing (SS) are studied and compared 
with using some relevant techniques such as XRD (X Ray 
diffraction) patterns, UV-Vis, FESEM (Field emission 
scanning electron microscope), HRTEM (high resolution 
transmission electron microscope), ABET Technologies Sun 
2000 solar simulator and home set electrical systems, 
Prova, GPs 132A. We could study the present sample 
structure, morphology, crystallite’s sizes, phases, 
subthreshold swing (SS) voltage, absorption (A), optical 
band gap energy (E g,Optical) and Fill Factor (FF), Power 
conversion efficiency (PCE) of the solar systems. The 
obtained results indicate that X3 (50% ZSOT+ 50% NiO ETL) 
sample respect to other present samples, has higher carrier 
mobility (62.5 cm2/V.S), better surface morphology, higher 

PCE (8.3%), lower hysteresis loop, a lower SS (1.3 mV/dec.) 
and can be a desirable ETL for future of the PSCP systems.  

 
Fig. 1. The device architecture with a simple schematic of solar cell 
device. 

 

2. Experimental procedures and details 

Silicon (Si(100))  and glass substrates are effectively 
cleaned with H2SO4 and chromic solution, and then 
ultrasonicated with distilled water (20 minutes) to remove 
any contamination, respectively.  

Here, 10% in weight (wt.%) is spiro-OMeTAD (with 
2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene [9, 11] has been used. 90% of the sample 
composition consists of the sum of zinc oxide (ZnO) and 
nickel oxide (NiO). For simplicity, the samples based on NiO 
percentage content are labeled. Xi (0%, 25%, 50%, 50%, 
75%, 100% NiO are named X1, X2, X3, X4, and X5, 
respectively). 

After that, they were transferred into the solutions 
containing 200 mg of methyl ammonium iodate, 1 ml of 
dimethyl formamide, 0.1 ml of dimethyl sulfoxide, 0.5 g of 
lead iodide, 1 ml of dimethyl formamide and 0.1 ml of 
dimethyl sulfoxide. Then 0.5 g of lead iodide, 0.2 g of methyl 
ammonium iodate were added to the previous solution in a 
glove box containing nitrogen without the presence of 
oxygen and water vapor. In parallel, zinc acetate dihydrate, 
nickel chloride hexahydrate, cetyltrimethyl ammonium 
bromide (CTAB), and citric acid with using the sol-gel route 
were also prepared (more details can be found in our 
published papers [3,7,10]). After this step, the zinc 
acetatedihydrate (99%Zn (CH3COO)2.2H2O) and then 
nickel chloride hexahydrate (99.95% NiCl2. 6H2O) were 
dissolved in deionized water (DI) separately, in that the 
obtained zinc oxide, with 0.7 gr spiro-OMeTAD, solved in 
20 ml clrobanzan by sol-gel method. and was then poured 
into the solution prepared above, so that 10% in weight of 
any present sample was spiro-OMeTAD (with 2,2',7,7'-
tetrakis (N, N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene [9,11]. Nickel oxide (with 0, 25%, 50%, 
75%, 100% NiO content) and ZnO (with 90%, 65%, 40%, 
15%, 0% in weight percent; %wt.) were added to 10 ml 
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citric acid and finally gel-form samples were centrifuged 
three times using ethanol and deionized water (DI) to 
remove the impurities. The resultant samples were placed 
in an oven at 110◦ C for 2 when these metal salts 
dissociated in the solution (in this case, a coordination 
complex forming between the metal cation and solvent or 
water molecules), they were deposited drop-wise on the 
silicon (polished n-type Si(100) 2×1 with 2 mm thickness, 
10×10 cm2 surface area, 5 Ohm-cm resistivity) and/or 
indium tin oxide (ITO) glass substrate with using the spin-
coating technique. This layered structure consists of 
aluminum (Al) as the cathode placed with mask procedure 
on the spiro-OMeTAD as the hole-transport material, ZnO 
and NiO as the electron transport layer, and n-type Si(100) 
2×1 as the anode. The use of nano structured ZnO and NiO 
layers in this structure is of particular interest due to their 
unique optical and electronic properties. Meanwhile, the 
settings of the spin coating device: rotation time =50 
second, rotation speed =4000 rpm, and rotation of 
acceleration= 4000 rpm/sec.  In the end, the homogeneous 
mixture NiO/ZnO/ spiro-OMeTAD was be transferred to 
Teflon- linked autoclave which was the positioned into a 
temperature- programmed hot-air oven.  

UV-Vis. in the 200–600 nm wavelength range for 
absorbance of the sample, and FESEM (field effect scanning 
electron microscope) for analyzing the surface 
morphology, HRTEM (high resolution transmission 
electron microscope), and the other electrical home set 
systems (Prova, GPs 132A), were used for studying the 
present sample structure, morphology, crystallite’s sizes 
(D), phases (hkl), subthreshold swing (SS), absorption (A), 
optical band gap energy, and power conversion efficiency 
(PCE) of the solar systems. 

3. Results and Discussion 

3.1. XRD analyses 

The sample structure is important, however, while the 
leakage current is lower for the amorphous structure, in 
the context of solar cell systems, a structure with better 
surface morphology and higher mobility is more crucial. 
Here it is observed in the XRD patterns (Fig. 2) that there is 
no significant shift in the position of the peaks. In other 
words, the crystalline phases of the samples have not 
changed with the change in the amount of nickel oxide 

(shown the sample structure stability). In addition, in 
Figure 2a, the XRD spectrum of a sample containing zinc 
oxide shows that it has a crystalline structure.  

The dominated peaks, (hkl)= (110), (200) located at 2θ= 
41.8◦  of X1, and the (200) located at 2θ= 48.1◦  of X5, are 
used for estimating the crystallite sizes. It is confirmed 
from JCPDS File No. 80-0075 (for ZnO) and JCPDS File No. 
78-0429 (for NiO) that the crystalline structure of ZnO is as 
hexagonal and NiO is face center cubic (FCC). The XRD 
peaks at angles 36.8◦ , 48.1◦  and 64.5◦  denote the (111), 
(200), and (220) planes of NiO, respectively. The peaks 
attributed to the ZnO structure, which are also visible at 
angles 30.8◦ , 31.6◦ , 33.4◦ , 41.8◦  and 62.4◦  in the XRD 
pattern, correspond to (100), (002), (101), (110), and 
(102) reflections, respectively.  

The peaks of X2, X3, X4 samples in Figure 2c show no 
significant diffraction angle shifted demonstrated stability 
of composite structures.  It is clear in Figure 1, no impurity 
peaks are seen. As shown in Figure 1e of spiro-OMeTAD 
and using Scherrer equation given by Eq.(1) [18], the 
crystallite size for X1 and X5 samples are 40.5 and 25.1 nm, 
respectively. 

𝐷 =
𝐾 𝜆

𝛽 𝐶𝑜𝑠 𝜃
=

0.9 (1.54𝐴̇)

(𝐹𝑊𝐻𝑀)𝐶𝑜𝑠 𝜃
=

0.14 𝑛𝑚

(𝐹𝑊𝐻𝑀)𝐶𝑜𝑠 𝜃
 (1) 

      Where, FWHM (Full Width at half maximum), θ is 
diffraction angle. The other sample crystallite size and 
phase are outlined in Table 1. 
      As shown in Table 1, the smallest crystallite size (D) is 
for X3 (25.1 nm) sample, and according to the Hall-Pach 
relationship, Eq. 2, [18], the mechanical stability coefficient 
(σMechanical) of X3 is higher than that of the other samples.  

𝜎𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 ∝
1

√𝐷
 (2) 

      In other words, when the crystallite size decreases, the 
mechanical strength of that structure increases. Sample X3 
has the lowest σMechanical which means this sample has the 
most stable mechanical structure. As reported by many 
researchers [1-10], one of the disadvantages of PSCP is its 
instability structure, so X3 can be introduced as an 
alternative element of the next solar cell system with this 
perspective. This helps the layer transport electric charge 
carriers by removing the pinch-up or constriction in their 
transport path.  
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Fig. 2. XRD patterns of (a) ZnO, (b) X1, X5, (c) X1, X2, X3, X4, X5, (d) spiro-OMeTAD and (e) an example for determining crystallite size, here for Spiro-

OMeTAD. 

 
Table 1. Crystallite size and phase of X1, X2, X3, X4, X5. Mechanical stability of the sample (σ Mechanical) is also pointed. 

(hkl) 2θ (deg.) D (nm) σMechanical 

X1 110 40.5 0.157 
X2 111 36.7 0.165 
X3  110 25.1 0.199 
X4 102 33.4 0.173 
X5 200 29.5 0.184 

 

3.2. UV–Visible spectroscopy analysis 

      Figs. (3) through (7) display the UV- absorbance spectra 
of the Xi (i=1,2,3,4,5) samples, obtained in the 190–590 nm 
wavelength (λ) region. The absorption coefficient (α ), 
optical band gap energies (Eg), Real (εReal) & imaginary (εIm.) 
components of dielectric function and optical conductivity 
(σOptical) of samples were estimated and outlined in Tables 
(2,3) by using the absorption edge of incoming photon 
energy (hν) and Tauc relationship.  
      Absorption (A), reflection (R) and transmittance (T) 
spectra of the present samples, shown in Figure 3 display 
that for (λ)> 400 nm, the region of low absorbance and/or 
higher transmittance (T) for incoming photons appears. 
Here, extinction coefficient (k) indicates the amount of 
absorption loss when incoming photons propagate through 
the sample. Refractive index (n), k, and optical conductivity 
coefficient (σ) are dependent on the wavelength. The other 

point is that, X3 sample has higher absorption rate with 
respect to the other prepared samples, which can cause 
efficient exciton generation and dissociation, mechanical 
and environmental stability. It is worth noting that, higher 
transmittance (See Fig. 4) is desirable for PSCP systems. 
      The optical band gap energy of samples were estimated 
by using the absorption edge energy in Figure 5 and using 
Tauc relationship, given by Eq. (3) [19]; 

(𝛼ℎ𝜐) = 𝐴 (ℎ𝜐 − 𝐸𝑔,𝑂𝑝𝑡𝑖𝑐𝑎𝑙)𝑛 (3) 

where, ν is the frequency, h is Planck’s constant, A is a 
constant, and n (Not to be confused with the refractive 
index) is equal to 1/2 and 2 for a direct and indirect 
transition, respectively. 
Now, we have to find which transition, direct or indirect 
should be considered for estimating optical band gap 
energy from UV-vis, absorption spectra of Xi (i=1,2,3,4,5) 
samples. For PSCP systems and opto- electronic devices, the 
lower optical band gap energy (here X3 has lower optical 

https://www.sciencedirect.com/topics/engineering/band-gap-energy
https://www.sciencedirect.com/topics/engineering/absorption-edge
https://www.sciencedirect.com/topics/engineering/absorption-edge


  K.M. H.Alshami / Progress in Physics of Applied Materials 6 (2026) 205-215                                                209 
 

band gap energy), as well as direct and/or indirect 
transition is so important. 
      Before that, let us point aspect ratio and surface 
plasmon (localized surface plasmon) in this process (more 
details can be found in [19-21]). Under the excitation of an 
applied sunlight, nanocrystallites in the present sample 
may be polarized, generated localized surface plasmons, 
and even caused negative real part of dielectric functions. 
In the present thin layer, it cannot travel much (remaining 
localized in the interface layers). This issue is sensitive to 
the aspect ratio of a crystallite geometric shape (the ratio of 
its sizes in different dimensions). In HRTEM images in 
Figure 8 and also UV-Vis. spectra in Figure 3, the shape of 
the crystallites is not spherical. We will discuss it in our 
future study. But some issues need to be pointed. 

      Our previous works [3, 7, 10, 21] for some other 
materials demonstrated that UV-Vis. spectra with just one 
symmetric peak show spherical structure of crystallite; 
otherwise, two peaks exhibit rod or elliptical shape of 
crystallite. Here, as shown in Figure 3, at least two 
dominated peaks are displayed.  As shown in TEM images 
(See Fig. (5)); the geometric structure of the crystallites 
resembles a rod and/or elliptical shape and is not spherical. 
The main message of this point, as discussed in details in 
our previous work [21], we have to consider and discuss the 
role of surface plasmons as well as the rate of electron-hole 
recombination and the production/ annihilation of 
excitons. This point is the reason for X3 sample 
performance; it has a lower eflection coefficient (R) and 
higher transmittance (T). 

 
 
 

 

 
Fig. 3. UV-Vis. spectra of the prepared samples; Absorption (A), Reflection (R), Transmittance (T).  
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Fig. 4. UV-Vis. spectra of the prepared samples; (Left): refractive index, (Middle): optical conductivity coefficient (σ), and (Right): extinction 
coefficient (k) versus wavelength. The measurement data are given in Table 2. 

 
Fig. 5. Optical band gap energy (Eg, Optical) for prepared samples. Eg, Optical for X1, X2, X3, X4, X5 is 3.971, 3.062, 2.705, 2.913, and 2.775 eV, respectively. The 
lowest optical band gap energy (more charge carrier transitions) is for sample X3. 

 
Fig. 6. Real and imaginary component of dielectric function of the prepared samples. 

 
Fig. 7. optical and electrical conductivity of the prepared samples. 
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Fig. 8. HRTEM images of the prepared samples. Sample X3 has no cluster or island structure, which can reduce leakage and tunneling currents.  

      As reported and discussed in our recent work [19], 
direct transition and or indirect transition can be 
distinguished from the relationship of dipole matrix- 
wavenumber. To find the dipole matrix, we introduced 
initial (𝛹𝑖 = Ψ (𝑉𝐾𝑖

; valance band) and final (𝛹𝑗 =

Ψ(𝑉𝐾𝑗
; conduction band))wave-functions. Since the 

present samples as ETL and HTL layers of the PSCP devices 
are semiconductors, here, valance and conduction of 
energy bands are taken into account. The probability per 
unit time (W), perturbation term of Hamiltonian (H1) with  
𝑃𝑖→𝑗   probability for 𝛹𝑖  to 𝛹𝑗  transitions of electrons (the 

same scenario can be done for hole transitions from 
conduction band to valance band) with absorption of one 
photon of energy ħ𝜔. Neglecting higher order of the vector 
potential of the electromagnetic field, where Energy = 𝑛ħ𝜔 

and/or 𝑃 ∝
Energy

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒
= 𝑁(𝑞, 𝜔)ħ𝜔, from Eq. (4), the net 

number of transitions per unit time (W) can be found with 
Eq. (5); 

< 𝛹𝑐𝑘𝑗|𝑒𝑖(𝒒.𝒓) 𝒆 ∙ 𝑷|𝛹𝑉𝑘𝑖 > 

=  ∫ 𝛹𝑐𝑘 𝑗(𝑟)

∗

 

 

 𝑒𝑖(𝒒.𝒓) 𝒆

∙ 𝑷𝛹𝑐𝑘 𝑖 (𝑟)
𝑑𝑟    

(4) 

      Here, by considering modulus of the electronic charge 
(e) and generalized momentum operator (p), Fermi 

distribution function for initial (𝑓(𝐸𝑖)) and final (𝑓 (𝐸𝑗)) 

occupation states, from elementary many body discussion, 
we have; 

   𝜀(𝑞&𝜔)   = 1 + 𝑖
2𝜋ħ(𝑚𝑐)2

(𝜔𝐴0)
2𝑉

𝑁(𝑞, 𝜔) 

𝜀𝑅𝑒𝑎𝑙(𝑞&𝜔) = 1 −
4𝜋

𝜔
𝜎𝐼𝑚.(𝑞&𝜔), 𝜀𝐼𝑚.(𝑞&𝜔)

=
4𝜋

𝜔
𝜎𝑅𝑒𝑎𝑙  

(5) 

𝜀𝐼𝑚.(𝑞&𝜔)

=  
2𝜋ħ(𝑚𝑐)2

(𝜔𝐴0)
2𝑉

𝑁(𝑞, 𝜔)                                            
(6) 

      Imaginary component of dielectric function can be 
determined from real component of the dielectric function 
with using the Kramers-Kronig relation. Direct transition 
means that there is no significant rule of phonon, so that for 
q =0, ω>0, the bipolar matrix (𝑴𝑐𝑣(𝐾)); can be found as 
follow; 

𝑴𝑐𝑣(𝐾) =< 𝛹𝑐𝐾|𝑃|𝛹𝑣𝐾 >              (7) 

And; 

𝜀𝐼𝑚.(𝜔) =
8𝜋2𝑒2

𝑚2𝑉𝜔2
∑   

𝑑𝑘

2𝜋
|𝒆. 𝑴𝑐𝑣(𝐾)|2𝛿 (𝐸𝑐𝐾

𝐶𝑉

− 𝐸𝑣𝐾 − ħ𝜔) 

(8) 

      Therefore, the absorption relation (α(𝜔)) can be 
achieved by; 

α(𝜔) =  
1

𝑛(𝜔)

2𝜋ħ𝐶

𝑉𝐴0
2𝜔 

𝑁(𝑞 = 0, 𝜔 ) (9) 

where 𝑛(𝜔) is refractive index. As shown in Figures (6,7), 
the tendency of absorption and imaginary part of dielectric 
constant for all prepared samples are mostly similar, in that, 
it is evident from these figures, the optical transitions are 
direct transitions, since the bipolar matrix (Mcv(𝑘)) is 
nearly independent of wave-number (k), i.e. M𝐶𝑉(𝑘) ≃
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. due to nearly homogeneous structures inside the 
samples, shown in the TEM (Fig. 8), but surface 
morphology of the samples, shown by FESEM images (Fig. 
9), display cluster structure, which can affect on photon 
scattering processes.  
      An important point that is evident in the above 
relationships is related to the crystallite volume, which is 
inversely related to the absorption coefficient. In other 
words, the smaller the crystallite volume (The size of 
crystallite for X3 (25.1 nm) is smaller than that of other 
samples), the more incident radiation can be absorbed, 
which is beneficial for PSCP systems and enhances the 
efficiency of the solar cell by increasing the amount of 
absorbed energy (along with a smaller optical band gap 
energy; 2.25 eV) through increasing electron or hole 
transitions. Moreover, as shown in HRTEM images (Fig. 8) 
and also FESEM images in Figure 9, the X3 sample structure 
is not cluster or island structure, which can give less 
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scattering of the particles. In fact, the scattering matrix and 
their ability to affect the conversion of ultraviolet light to 
visible light, can also play an important role in the 
transition of photons of said light to the sample surface, 
depending on the morphology of the sample surface and 
the internal structure of the sample. Sample X3 has better 
surface morphology (see Fig. 9) and a homogenous 
structure, both on the sample surface (Fig. 9) and inside the 
sample (Fig. 8). So, the effect of phonon is less for the X3 
sample and the carrier mobility of X3 is also higher than 
those the other present samples. Sample surface with lower 
roughness can lead to faster carrier mobility (μ), as 
confirmed with capacitor fabrication with Al/Xi/Si devices 
(synthesized with solution – spin coating processes), with 

capacitance per area (Ci (or C)) and Q =
C(V𝐴𝑙−𝑆𝑖−Vth)

wL
) using 

probe and GPS 132 A tools and the below equations [7]; 

μ𝑒 𝑜𝑟 ℎ =
2l

wC
(

∂√IAl−Si

∂VX𝑖−Al

)

2

 (10) 

      Also, subthreshold swing (SS) and carrier mobility (see 
Fig.10) which have vital rule for solar cell device operation, 
can be determined from slopping of VX𝑖−Al –Log IAl−Si (Eq. 

11) and √IAl−Si −  VX𝑖−Al curves, Eq. (11), respectively.  

𝑆𝑆 =
𝑑𝑉X𝑖−Al

𝑑 𝐿𝑜𝑔𝐼𝐴𝑙−𝑆𝑖

 (11) 

      The stability advantage of ZnO+10 wt.% Spiro-
OMeTAD+ NiO as ETL with Spiro-OMeTAD, as HTL of the 
present work. It can exhibit better energy level alignment 
with the perovskite for efficient charge extraction, with 
acceptable charge carrier, in that, sample with higher 
mobility and lower subthreshold swing can allow good 
extraction, and lower interfacial defects. It can lead 
consequently to low recombination losses at interfaces, 
which is a desirable point [9–19]. 
      As shown in Figure 7, there is nearly linear behavior of 
electrical conductivity function and NiO content, which 
indirect transition should be taken into account and with 
considering the second-order perturbation theory, the 
absorption relation 𝑁(𝜔) and the join density of states, 

𝐽𝜔𝑞 & 𝑎𝑏𝑠
𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (𝜔), are given as follow; 

𝑁(𝜔) =
2𝜋

ℏ
(

𝑒𝐴0

𝑚𝑐
)

2

𝑛𝑞|𝐶|2
Ω

V
∙ 2

∙ ∑ ∑ 𝛿(𝐸𝐶𝑘2
− 𝐸𝑉𝐾1

− ℏ𝜔 − ℏ𝜔𝑞)

𝑘2𝑘1

 

𝛼(𝜔, 𝜔𝑞) =
8𝜋2𝑒2𝑛𝑞

𝑚2𝑒𝑛𝜔
|𝐶|2
Ω

V2
∑ ∑ 𝛿(𝐸𝐶𝑘2

− 𝐸𝑉𝐾1

𝑘_2𝑘1

− ℏ𝜔 − ℏ𝜔𝑞) 

(12) 

with  𝐸𝐶𝑘2
= 𝐸𝑔 +

ℏ2𝑘2
2

2𝑚𝑐
∗ , 𝐸𝑉𝐾1

= −
ℏ𝑘1

2

2𝑚𝑉
∗ , 𝑑𝒌𝒎 = 4𝜋𝑘𝑚

2 𝑑𝑘𝑚,  

𝐽𝜔𝑞 & 𝑎𝑏𝑠
𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (𝜔) = ∫ ∫

16𝜋2

(2𝜋)3(2𝜋)3
∏  𝑑𝒌𝒎

𝟐

𝒎=𝟏𝐵.𝑍𝐵.𝑍

 𝛿(𝐸𝐶𝑘2

− 𝐸𝑉𝐾1
− ℏ𝜔 − 𝑘𝐵𝑇) 

(13) 

𝐽𝜔𝑞 & 𝑎𝑏𝑠
𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (𝜔) =

(𝑚𝑉
∗ 𝑚𝐶

∗ )
3
2

16𝜋3ℏ6
(ℏ𝜔 − 𝐸𝑔 + 𝑘𝐵𝑇 )

2
  ;   ℏ𝜔

> 𝐸𝑔 − 𝑘𝐵𝑇 

(14) 

      If the dipole matrix element vary linearly with k, the 
second-class of allowed transitions; 𝜀2𝐴(𝜔) ≡ 𝜀 2(𝜔), Eq. 
(19) can be appeared; 

𝜀 2𝐴(𝜔) ≡ 𝜀 2(𝜔) =
𝐴2

𝜔2
(ℏ𝜔 − 𝐸𝑔)

3
2 (15) 

      Whilst at the vicinity of the threshold - forbidden 
transitions; 𝐸𝑞. (15) will be the first-order transitions, 
given by Eq. (20); 

𝜀2F(𝜔) =
𝐴1

𝜔2
(ℏ𝜔 − 𝐸𝑔)

1
2 

And 

(𝛼ℎ𝜐) = 𝐴 (ℎ𝜐 − 𝐸𝑔)
1
2 

(16) 

      Therefore, for nearly direct transition, as shown in 
Figures (5-7), real (ε1) imaginary (ε2) dielectric and optical 
conductivity (σ) all rise with NiO content, which could be 
studied in the other research to find the role of excitations 
and surface plasmon’s rules.  

3.3. Cell PCE, FF, SS and μ measurements 

      The main aim of the present work is finding a suitable 
material for balancing e-h transportation and reducing 
recombination rate. For this purpose, Fill Factor (FF) and 
power conversion efficiency (PCE) of the prepared samples 
with a standardized spectrum (The radiation intensity is 
1KW/m2) are measured with using an ABET Technology 
Sun 2000 solar simulator. The measurement results are 
estimated from Eqs. (17, 18) and given in Figure 10 and 
Table 4, in that current density (Imp, which 0.04 m2 cell 
surface area, usually Jmp(mA/cm2) has been used in PCE 
calculations) and voltage (Vmp) at maximum output power 
are key parameters in this regard. As reported with many 
researchers [7-15], in PCE calculation using Eq. (18), 
AM1.5D standard optical condition can be considered, in 
where for incident photon flux on the cell Pin= 1 KW/m2. In 
addition, short circuit current density (JSc (mA/cm2) and 
open circuit voltage (Voc (V)) should be also considered for 
finding Power conversion efficiency (PCE) and Fill Factor 
(FF), as follow [10]: 

𝐹𝐹 =
𝑉𝑚𝑝 × 𝐼𝑚𝑝

𝑉𝑜𝑐 × 𝐼𝑠𝑐

 (17) 

PCE =
𝑉𝑜𝑐 × 𝐼𝑠𝑐 × 𝐹𝐹

𝑃𝑖𝑛

   (18) 

      As shown in Figure 11 (Current Density-Voltage 
diagram of the cell) and Table 4, it is clear that the cell 
efficiency is increased after each deposited layer. 
      Unlike silicon solar cells, which are independent of the 
hysteresis phenomenon, perovskite solar cells have 
encountered challenges due to the presence of hysteresis, 
and the inequality of oxidation and reduction, as well as the 
exchange and transport of ions. The presence of hysteresis 
is mostly due to the methylammonium lead iodide halide, 
surface plasmon [21-23], carrier trapping/entrapment, 
and ion migration in perovskite structure, which has 
ferromagnetic characteristics. This issue causes that 
organic- perovskite photovoltaic and solar cell systems’ 
stability and performance to still suffer from its current 
density-voltage (J-V) hysteresis, as can be clearly seen from 
the voltammetry cycle (CV) curves for forward and reverse 
scans in Figure 11, where sample X3 has a smaller area 



  K.M. H.Alshami / Progress in Physics of Applied Materials 6 (2026) 205-215                                                213 
 

inside the loop. There are many reasons for the existence of 
a hysteresis loop. Here, it could be due to the ion 
transpiration in oxidation-reduction processes, where a 
smaller hysteresis loop (see Fig. 12), could give better 
oxidation-reduction processes and more output current 
flux, and of course it is a more desirable conclusion. The X3 
sample is therefore better than the other samples in the 
present work. 

      In conclusion, a sample with better and smoother 

surface morphology, higher mobility, and lower SS (here 

X3) can help to reduce the impact of these problems on 

photovoltaic systems and solar cells. Of course, it is beyond 

the scope of this discussion, but the presence of more 

hysteresis is suitable for memristive switching devices. 

 

 
Fig. 10. Carrier mobility, SS, and other electrical conductivity of the prepared samples (Data are given in Tables 2,3). 

 

Table 2. Optical and electrical measurement data of the prepared samples. 

Samples α (104)( cm-1) (n) μ(cm2/V.s) SS (mV/decade) 

X1 0.139 1.024 93.8 3.5 
X2 0.174 1.029 40.2 2.5 
X3 0.188 1.036 62.5 1.3 
X4 0.244 1.041 30.1 1.9 
X5 0.278 1.047 25.7 2.8 

 

Table 3. Optical band gap energy, dielectric function components and conductivity parameters for X1, X2, X3, X4, X5 samples. 

 

 

 

Samples (εReal) (εIm.) Eg-Optical (eV) σoptical (s)-1 
σElectrical  

((μm)2s-1) 
X1 1.048 0.007 3.971 0.034 140 
X2 1.061 0.009 3.062 0.042 160 
X3 1.047 0.003 2.705 0.069 180 
X4 1.085 0.012 2.913 0.059 170 
X5 1.097 0.014 2.775 0.065 220 
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Fig. 11. Current Density-Voltage (J-V) curve of prepared samples (Data are given in Table 4). 

Table 4.  Solar Cell Parameter measurement data for all samples. 

Samples Voc(mV) JSC(mA/cm2) FF (%) PCE (%) 
X1 587 21 42 5.1 
X2 560 23 55 7.1 
X3 540 23 67 8.3 
X4 580 21.5 43 5.4 
X5 620 18 39 3.5 

 

 

Fig. 12. Hysteresis Loop of all the samples. 

4. Conclusions 

As discussed above, ETL structure should be modified 

for balancing the carrier recombination and getting lower 

subthreshold swing, lower hysteresis and higher PCE. 

These points are important for the future of organic- 

perovskite solar cell operations. The reason is that; the 

presence of hysteresis in perovskite solar cells (PSCs), 

along with the structural instability of these cells and the 

great influence of humidity on their durability can reduce 

FF and PCE. In the above discussions and curves, it has been 

shown that the sample with 50 wt% nickel oxide with 10% 

spiro-OmeTAD and 40% zinc oxide had less hysteresis 

compared to the other samples in the present work, making 

this sample a suitable candidate for future of the organic- 

perovskite solar cells generations. 
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