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Figure S1. High resolution XPS spectra at (a) Zn 2p3/2 and (b) Al 2p binding energy regions of the surface of 

the four ZnO films. 
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Figure S2. (a) XRD patterns of ZnO:Al and ZnO:Al/AlOx films. (b) Transmittance (T) and reflectance (R) 

spectra of the four types of ZnO films. (c) Photoluminescence spectrum of ZnO thin film. (d) 

Photoluminescence spectrum of ZnO:Al thin film. 

 

 

 

Using the transmittance (T) and reflectance (R) spectra and thickness (d) values, the absorption 

coefficient (α) spectra of ZnO films are calculated by using the following equation [S1]: 

 

𝛼 = −
1

𝑑
𝑙𝑛 (

−(1−𝑅)2+√(1−𝑅)4+4𝑇2𝑅2

2𝑇𝑅2 )       (1) 

 

The electrical properties of ZnO films are determined through the following relations [S1]:  

(d) (c) 



S3 
 

Resistance R: 

𝑅 =
𝑉

𝐼
           (2) 

Resistivity : 

𝜌 = 𝑅 ∙
𝑤∙𝑡

𝐿
          (3) 

 

In Eq.2 and 3, the unit of R is Ohms, that of the current I is in Ampere, V is the applied voltage of 

the sample in Volts. In Eq.3, 𝜌 is the resistivity, w is the electrode length, t is the film thickness and 

L is the separation between the two parallel electrodes. The conductivity  of ZnO films is 

calculated as follows: 

𝜎 =
1

𝜌
           (4) 
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Figure S3. Bode diagrams at 0 V in dark and under illumination, at 900 mV in dark and under illumination of 

ZnO/AlOx and ZnO:Al/AlOx samples. 
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Figure S4. Cyclic voltammetry (CV) curves of the four ZnO samples in an electrolyte of 0.1 M 

(CH3CH2CH2CH2)4N(PF6) in acetonitrile. 
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Figure S5. Electrochemical impedance spectroscopy measurements of the four ZnO samples. 
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Calculation for EC – EF: 

 

For a n-type semiconductor, the Fermi level EF can be described as: 

 

𝐸𝐹 =  𝐸𝐹0 + 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝐷

𝑁𝑖
),        (5) 

 

where EF0 and Ni is the Fermi level and impurity concentration of the intrinsic semiconductor, 

respectively, k is the Boltzmann constant and T the absolute temperature. It is evident that for each 

type of semiconductor at the same temperature, its Fermi level depends on the concentration of 

dopant, ND. It is reported that polycrystalline ZnO thin films prepared by atomic layer deposition 

with an ND of about 1018 cm-3 give a difference between the conduction band edge (EC) and Fermi 

level (we will call it as EF18) of about 0.04 eV at room temperature [S2]. By using Eq.5,  

 

𝐸𝐶 − 𝐸𝐹18 = 0.04 (𝑒𝑉) = 𝐸𝐶 −  {𝐸𝐹0 + 𝑘𝑇 𝑙𝑛 (
1018

𝑁𝑖
)} .    (6) 

 

Considering that: 

𝑙𝑛 (
1018

𝑁𝑖
) = 𝑙𝑛 (

1017

𝑁𝑖
) + 𝑙𝑛(10) =  𝑙𝑛 (

1016

𝑁𝑖
) + 𝑙𝑛(102),     (7) 

 

we can estimate the EC –EF values of the four types of ZnO by assuming that the Ni value is 

independent on the ZnO preparation process. The obtained values are listed in Table S1 by using 

the following deduction: 

 

0.04 = 𝐸𝐶 − {𝐸𝐹0 + 𝑘𝑇 𝑙𝑛 (
1018

𝑁𝑖
)}    

           =  𝐸𝐶 −  {𝐸𝐹0 + 𝑘𝑇 {𝑙𝑛 (
9.109×1016

𝑁𝑖
) + 𝑙𝑛(10.978)}} = 𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂 − 0.062  

          =  𝐸𝐶 −  {𝐸𝐹0 + 𝑘𝑇 {𝑙𝑛 (
7.621 × 1016

𝑁𝑖
) + 𝑙𝑛(13.122)}} = 𝐸𝐶 − 𝐸𝐹,𝑍𝑛𝑂/𝐴𝑙𝑂𝑥 − 0.066  

         =  𝐸𝐶 − {𝐸𝐹0 + 𝑘𝑇 {𝑙𝑛 (
1.093 × 1017

𝑁𝑖
) + 𝑙𝑛(9.148)}} =  𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂:𝐴𝑙 − 0.057 
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          =  𝐸𝐶 −  {𝐸𝐹0 + 𝑘𝑇 {𝑙𝑛 (
7.128 × 1016

𝑁𝑖
) + 𝑙𝑛(14.029)}} =  𝐸𝐶 − 𝐸𝐹,𝑍𝑛𝑂:𝑎𝑙/𝐴𝑙𝑂𝑥 − 0.068 

 

Consequently,  

 

𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂 = 0.102 𝑒𝑉 

𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂/𝐴𝑙𝑂𝑥    =  0.106 𝑒𝑉 

𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂:𝐴𝑙 = 0.097 𝑒𝑉 

𝐸𝐶 −  𝐸𝐹,𝑍𝑛𝑂:𝑎𝑙/𝐴𝑙𝑂𝑥 = 0.108 𝑒𝑉 

 

 

 

Table S1. Flat-band, charge carrier concentration and electronic levels of ZnO, ZnO/AlOx, ZnO:Al 

and ZnO:Al/AlOx films. 

 

Sample 
VFB(Ag/AgCl) 

(V)* 
ND (cm-3)*  

EF 

(eV) 

EC – EF 

(eV) 

EC 

(eV) 

EV 

(eV) 

ZnO 0.165 9.109x1016 -4.58 0.10 -4.48 -7.62 

ZnO/AlOx 0.079 7.621x1016 -4.49 0.11 -4.38 -7.52 

ZnO:Al 0.146 1.093x1017 -4.56 0.10 -4.46 -7.62 

ZnO:Al/AlOx 0.057 7.128x1016 -4.47 0.11 -4.36 -7.52 

*VFB(Fc/Fc+) = VFB(Ag/AgCl) - 0.68V; EF = -5.1 - eVFB(Fc/Fc+); EV = EC – Eg (3.14 or 3.16 eV) 

*ND= (2/( 𝜀 𝜀0 A2e (slope)) (V-VFB- kT/e)      

*𝜀 = 8 to 10.9, depending on the range frequency measurement and film deposition process of ZnO [S3-S6]. 

 

 

 

 

The hysteresis phenomenon in a solar cell can be quantified with the hysteresis index (HI), defined 

as follows [S7]: 

 

           (13) 

 

𝐻𝐼 =
∫ 𝐽(𝑟)dV−∫ 𝐽(𝑓)𝑑𝑉

𝑉𝑂𝐶
0

𝑉𝑂𝐶
0

∫ 𝐽(𝑟)
𝑉𝑂𝐶

0  𝑑𝑉
 x 100%,   
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where J(r) is the current density measured in the reverse direction, and J(f), the current density 

measured at forward direction. 
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Figure S6. Reverse and forward J-V curves and hysteresis index (HI) of freshly prepared ZnO, ZnO/AlOx, 

ZnO:Al and ZnO:Al/AlOx based PSCs.  
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Figure S7. J-V curves of 5 freshly prepared perovskite solar cell samples for each type of ZnO:  

 (a) ZnO, (b) ZnO:Al, (c) ZnO/AlOx and (d) ZnO:Al/AlOx modified films. 
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Figure S8. Photovoltaic parameters of ZnO, ZnO:Al, ZnO/AlOx and ZnO:Al/AlOx based PSCs as a function 

of shelf life time (storage time) in ambient conditions. 
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