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In this paper, the electrical properties different diodes were reported. Pure and Al-doped ZnO thin 

films of different concentrations (Al: 1, 2 and 3 wt.%) were deposited by sol-gel dip-coating onto p-Si sub-

strate to form heterojunctions. Zinc acetate dehydrate, Hexahydrate aluminum chloride, ethanol and etha-

nolamine were used as a starting material, doping, solvent and stabilizer, respectively. The dip-coating 

process with drying was repeated 6 times to obtain multilayer films. The morphological and electrical 

properties of the thin films as a function of Al concentration have been investigated using atomic force mi-

croscopy (AFM) and current-voltage (I-V) measurements at room temperature. AFM images revealed that 

grain sizes and surface roughness increase with increasing Al concentration. I-V characteristics of the di-

odes exhibited high and low currents under forward and reverse bias, respectively. The ideality factors (n), 

rectification ratio (RR) and barrier heights (BH) were found to range from 1.97 to 8.34, 0.84 to 5958 and 

0.80 to 0.86 eV for different Al doping concentrations, respectively. These findings showed no monotonic 

behaviour of the calculated parameters with varying Al doping concentrations. The best electrical charac-

teristic was obtained for the sample n-ZnO: 2 % Al/p-Si, with an ideality factor of 1.97 eV, reverse-

saturation current of 1.6910 – 8 A, rectification ratio of 5958 at ± 2 V, and barrier height of 0.85 eV. 
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1. INTRODUCTION 
 

Zinc oxide (ZnO) is one of the most important oxide 

transparent conductors (TCO) materials, because of 

their direct large band gap (Eg  3.37 eV), exciton band 

energy (60 meV) at room temperature [1, 2], with a 

natural conductivity of type (n), besides its electrical 

conductibility along with its high transmittance in the 

visible region which make it a suitable material for 

optoelectronics [3, 4] and solar cells [5, 6]. ZnO thin 

films have been deposited using many techniques in-

cluding chemical vapour deposition [7], chemical bath 

deposition [8], doctor Blade [9], electrochemical deposi-

tion [10], pulsed laser deposition [11], magnetron sput-

tering [12], spray pyrolysis [13-15] and sol-gel process 

[16-18]. This last is advantageous since it is simple 

technique, inexpensive and secure, that is also suitable 

for large area thin films preparation with homogenous 

doping level [19]. ZnO/p-Si heterojunctions are of par-

ticular interest, due to large binding energy of ZnO 

thin films and the fact that silicon has an important 

place in the microelectronic industry, with advantages 

such as high quality and the inexpensiveness. Despite 

such drawbacks, researchers have focused on improv-

ing the performance of n-ZnO/p-Si heterojunction de-

vices by studying the effect of doping such as (Ag, Al, 

In, Ni, Cd, Cu, Co, Fe, Sn and Pb etc.) [20-24] due to 

the vital importance of ZnO for use in photovoltaic (PV) 

devices with improved performance [25]. In the present 

work, we have experimentally studied the effects of the 

Al doping on the n-AZO/p-Si hetero-junctions using 

current-voltage (I-V) measurements at room tempera-

ture. 

 

2. EXPERIMENTAL DETAILS  
 

2.1 Synthesis of the AZO/p-Si Heterojunction  
 

Pure and Al-ZnO thin films were successfully depos-

ited on p-type Si (100) substrates (resistivity in the 

range 1–20 cm and thickness of 350 m) using the 

sol-gel technique by Dip-coating method under atmos-

pheric conditions. For the pure ZnO sample, the start-

ing solution is a mixture of zinc acetate dehydrate 
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(ZAD) Zn(CH3COO)22H2O, dissolved in ethanol 

(C2H6O). Besides, we have used aluminum chloride 

hexahydrate (AlCl3.6H2O) as aluminum precursor ma-

terial to prepare three other 25 mL solutions of 1 %, 2% 

and 3 % aluminum to zinc molar ratio. The dip-coating 

process with drying was repeated 6 times to obtain 

multilayer films. Before performing the deposition 

process, p-type Si (Boron doped) substrates were ini-

tially cleaned with RCA (cleaning procedure) to remove 

the organic residues and metal ions. For current-

voltage (I-V) measurements, silver (Ag) eutectic was 

used to make electrical contacts (ohmic contact) on the 

top of AZO films and the back side of the p-Si sub-

strates. The active area of the devices is about 

1  1 cm2. The ZnO: x Al (x  0, 1, 2 and 3 at. %)/p-Si 

thin films deposition process is schematically summa-

rized in Fig. 1. 
 

 
 

Fig. 1 – A schematic view of sol‐gel dip coating process of 

Undoped and ZnO: x Al (x  1, 2 and 3 at. %) thin films 

 

2.2 Characterizations of the AZO/p-Si Hetero-

junction 
 

The film surface morphology was analyzed by Atom-

ic Force Microscope (AFM). The current-voltage (I-V) 

characteristics were analyzed to examine the hetero-

junction properties with Keithley 2400 source meter 

under dark and illumination conditions. All measure-

ments and spectra were taken at room temperature. 

 

3. RESULTS AND DISCUSSION  
 

3.1 AFM Analysis  
 

Atomic force microscopy (AFM) is an effective tech-

nique used to determine the topography, surface mor-

phology and roughness of films.  
 

 
 

Fig. 2 – The 3D AFM images of: a) undoped ZnO, b) ZnO: 1% 

Al, c) ZnO: 2% Al and d) ZnO: 3% Al thin films 
 

Fig. 2 shows the three-dimensional (3D) surface 

morphology of ZnO: x Al (x  0, 1, 2 and 3 at. %) thin 

films deposited by sol-gel dip-coating onto p-Si sub-

strate. The films are dense and continuous; the surface 

is well covered with a relatively large grains and pin-

holes free. The average height of the roughness profile 

(Ra) and the mean square deviation of the roughness 

profile (RRMS) of the surface were determined using 

Gwyddion-SPM (scanning probe microscopy) data visu-

alization and analysis on a surface of (5  5) m2. The 

morphological parameters (RRMS and Ra) of the films are 

gathered in Table 1. 
 

Table 1 – Morphological parameters of Undoped and ZnO: 

x Al (x  1, 2 and 3 at. %) thin films 
 

Samples Ra (nm) RRMS (nm) 

Undopped ZnO 1.07 1.38 

ZnO-Al 1 % at. 2.66 3.45 

ZnO-Al 2 % at. 34.57 44.86 

ZnO-Al 3 % at. 5.17 6.92 
 

RRMS mean deviation of roughness profile, Ra Average 

height of the roughness profile. 
 

Table 1 represent the values of AFM parameters. 

For all the films, the 3D images show the presence of 

well-developed grains. The RRMS values are 1.38 nm 

(Undoped ZnO), 3.45 nm (film doped at 1 %), 44.86 nm 

(film doped at 2 %) and 6.92 nm (film doped at 3 %), 

which confirms the enhancement of the roughness of 

the films. As the doping concentration increases, the Ra 

of the films also increases from 1.07 nm (Undoped ZnO) 

to 34.57 nm (film doped at 2 %) and decreases to 

5.17 nm (film doped at 3 %) with Al-doping. 

 

3.2 Electrical Properties 
 

Fig. 3a and b show the linear and semilog I-V charac-

teristics under dark conditions of n-ZnO:Al/p-Si hetero-

junctions at different Al concentrations, respectively. All 

these heterojunctions show a recovery of the characteris-

tics with the increase in the doping rate. An increase in 

direct current with doping is also observed from these 

curves. It is clearly seen that the current increases non-

linearly for the applied voltages. This nonlinear behavior 

might be due to nonuniform distribution of doping atoms 

and the existence of defects or series resistance (Rs) 
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interface states [26, 27]. The results suggest that the 

film doped with 2 % Al proved to be better, allowing to 

obtain a diode with a rectifying character of better quali-

ty and a low reverse current. Low threshold potential 

value diodes are very important for different applica-

tions including photodiodes and light emitting diodes 

(LEDs) due to their low power consumptions. 
 

 
 

 
 

Fig. 3 – The measured current-voltage characteristics of  

n-ZnO:Al/p-Si heterojunctions at different Al concentrations, 

in the dark: a) linear I-V, and b) semilog I-V 
 

The electrical parameters of n-ZnO:Al/p-Si hetero-

junctions at different Al concentrations such as: the 

rectification factor (RR), the ideality factor (n), the 

saturation current (IS) and the potential barrier (Фb) 

are given by following equations [28]: 
 

 𝐼 = 𝐼𝑆 exp (
𝑞𝑉

𝑛𝑘𝐵𝑇
− 1) (1) 

 

where q, V, k, T and n denote charge of electron, ap-

plied bias voltage, Boltzmann’s constant, temperature 

(300 K) and ideality factor, respectively. IS is the re-

verse saturation current expressed as [29], 
 

 𝐼𝑠 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝(−
𝑞𝜙𝑏

𝑘𝐵𝑇
) (2) 

 

where A is the contact area of a diode, A* is the theoreti-

cal Richardson’s constant (32 Acm2/K2). By using Eq. 2, 

the ideality factor n can be can be written as [30] 
 

 𝑛 =
𝑞

𝑘𝑇
𝑙𝑛 (

𝐼𝑠

𝐴𝐴∗𝑇2
) (3) 

 

Also, if Eq. (3) is reorganized according to the barri-

er height, it can be written by [31] 
 

 𝛷𝑏 =
𝑘𝑇

𝑞
(

𝑑𝑉

𝑑(ln 𝐼)
) (4) 

 

 

Table 2 – Electrical parameters of n-ZnO:Al/p-Si heterojunc-

tions at different Al concentrations 
 

Al-doping 

(%) 

RR  I(+ 2v)/ 

I(– 2v) 

n IS (A) Фb (eV) 

0 91.92 8.34 1.0510 – 8 0.86 

1 527.17 3.82 1.0110 – 7 0.80 

2 5958 1.97 1.6910 – 8 0.85 

2 0.84 6.27 1.5710 – 8 0.85 
 

 
 

Fig. 4 – The log I-V characteristics of ZnO:Al/p-Si heterojunc-

tion diode at different Al concentrations, in the dark 
 

Table 2 shows the calculated values of electrical pa-

rameters of n-ZnO:Al/p-Si heterojunctions. I-V charac-

teristics of the diodes exhibited high and low currents 

under forward and reverse bias, respectively. The ide-

ality factors (n), rectification ratio (RR) and barrier 

heights (BH) were found to range from 1.97 to 8.34, 

0.84 to 5958 and 0.80 to 0.86 eV for different Al doping 

concentrations, respectively. These findings showed no 

monotonic behaviour of the calculated parameters with 

varying Al doping concentrations. The best electrical 

characteristic was obtained for the sample n-ZnO: 2 % 

Al/p-Si, with an ideality factor of 1.97 eV, reverse-

saturation current of 1.6910 – 8 A, rectification ratio of 

5958 at. ± 2 V, and barrier height of 0.85 eV.  

Fig. 4 shows the logarithmic I-V characteristics of 

ZnO:Al/p-Si heterojunctions at different Al concentra-

tions, in the dark. We note that there are three differ-

ent regions depending on the junction voltage value: 

– The first region (0  V  0.2): This is the low cur-

rent region controlled by the space charge limited cur-

rent (SCLC) mechanism [32]. 

– The second region (0.2  V  0.5): has an exponential 

shape for V  3 kT/q, the logarithmic plot allows us to de-

duce the ideality coefficient n and the saturation current IS. 

- The third region (0.5  V  2): highlights the  

effect of high bias voltages; the characteristics follow 

a power law (I ∼ VL). 

 

4. CONCLUSIONS  
 

In this study, the electrical properties of different 

diodes were reported. Pure and Al-doped ZnO thin 

films of different concentrations (Al: 1, 2 and 3 wt. %) 

were deposited by sol-gel dip-coating onto p-Si sub-

strate to form heterojunctions. The morphological and 

electrical properties of the thin films as a function of Al 

concentration have been investigated using AFM and  
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I-V measurements at room temperature. AFM images 

revealed that grain sizes and surface roughness increase 

with increasing Al concentration. The RMS roughness of 

the films are found to be 1.38 nm, 3.45 nm, 44.86 nm 

and 6.92 nm for undoped ZnO, films doped at 1 %, 2 % 

and 3 %, respectively. This implies that the films have a 

smooth surface. I-V characteristics of the diodes exhibit-

ed high and low currents under forward and reverse 

bias, respectively. The best electrical characteristic was 

obtained for the sample n-ZnO: 2% Al/p-Si, with an ide-

ality factor of 1.97 eV, reverse-saturation current of 

1.6910 – 8 A, rectification ratio of 5958 at. ± 2 V, and 

barrier height of 0.85 eV. 
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Вплив домішок алюмінія (Al: 0, 1, 2 і 3 мас.%) на електричні властивості гетеропереходу 

ZnO:Al/p-Si для застосувань в оптоелектроніці 
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У цій статті розглядаються електричні властивості різних типів діодів. Тонкі плівки ZnO чистого 

та легованого Al різної концентрації (Al: 1, 2 та 3 мас. %) були нанесені золь-гелевим методом на під-

кладку p-Si для формування гетеропереходів. Цинк ацетат дегідрат, гексагідрат алюмінію хлорид, 

етанол і етаноламін використовували як вихідний матеріал, домішка, розчинник і стабілізатор відпо-

відно. Процес нанесення покриття зануренням із сушінням повторювали 6 разів для отримання бага-

тошарових плівок. Морфологічні та електричні властивості тонких плівок як функцію концентрації Al 

були досліджені за допомогою атомно-силової мікроскопії (АСМ) і вимірювань струму-напруги (I-V) 

при кімнатній температурі. АСМ-зображення показали, що розміри зерен і шорсткість поверхні збі-

льшуються зі збільшенням концентрації Al. ВАХ діодів показали високі та низькі струми при прямо-
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му та зворотному зміщенні відповідно. Коефіцієнт ідеальності (n), коефіцієнт випрямлення (RR) і ви-

сота бар’єру (BH) коливаються в діапазоні від 1,97 до 8,34, 0,84 до 5958 і 0,80 до 0,86 еВ для різних 

концентрацій легування Al відповідно. Ці дослідження показали відсутність монотонної поведінки 

розрахованих параметрів при зміні концентрацій домішок Al. Найкращі електричні характеристики 

отримано для зразка n-ZnO: 2 % Al/p-Si, з коефіцієнтом ідеальності 1,97 еВ, зворотним струмом наси-

чення 1,6910 – 8 А, коефіцієнтом випрямлення 5958 при ± 2 Вт, а висота бар'єру становила 0,85 еВ. 
 

Ключові слова: Al-легований оксид цинком, Кремній, Гетероперехід, Золь-гель, Покриття занурен-

ням, Електричні властивості, Оптоелектронні застосування. 

 


