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 Intrinsic zinc oxide (ZnO)/Al-doped ZnO (AZO) homojunction film was 

prepared using two-step immersion processes. The film was characterized 

using field emission scanning electron microscopy, X-ray diffraction (XRD), 

Raman spectroscopy, and ultraviolet–visible spectrophotometer to investigate 

their structural and optical properties. The surface morphology image 

displays that the ZnO deposited on the nanorod surfaces in layer form with 

average diameter of nanorods about 95 nm. The structural properties of XRD 

pattern demonstrate that the film possessed good crystallinity with the 

preferred orientation at (002) plane. The film also possessed excellent 

absorption in the ultraviolet (UV) region with optical band gap energy of 

3.22 eV. These results indicate that the film has a good potential for optical-

based device such a UV sensor. 
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1. INTRODUCTION 

Zinc oxide (ZnO) is an n-type which is used in various applications include sensors, solar cells, light 

emitting diodes, and transistors [1-4]. These wide applications are benefited from its properties such as wide 

bandgap energy, non-toxic, low cost, and also able to be produced into nanoscale structures. Previous studies 

reported that ZnO can be produced into various kinds of nanostructures such as nanowires, nanorods, 

nanospheres, nanoflowers, and nanoflakes. However, one-dimensional structures (nanorod and nanowires) 

are more promising in device fabrications due to ease of electron transfer and reducing grain boundary-

related defect [5]. To date, there are lots of fabrication methods that are used to produce ZnO nanostructures 

such as metal organic chemical vapour deposition (MOCVD), sputtering, electrodeposition, thermal chemical 

vapour deposition, and hydrothermal [6]. Among the fabrication methods, water-based preparation is 

favourable due to simple process and low temperature use. Besides, this method also capable of producing 

high quality nanostructure films, comparable to the methods which use high temperature and high vacuum 

conditions.  
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Based on the previous studies, intrinsic ZnO coating, forming whether homojunction or 

heterojunction, manage to improve the properties of a film. According to Mamat et al., by coating ZnO 

nanorod arrays with intrinsic ZnO manage to improve the ultraviolet (UV) sensing performance due to the 

reduction of dark current [7]. In other study, Jiang et al. reported that the efficiency of CuIn1−xGaxSe2 (CIGS) 

solar cells improved after coated with intrinsic ZnO [8]. In this study, we investigated the effect of ZnO/Al-

doped ZnO (AZO) homojunction film in term of structural and optical properties. To the best of our 

knowledge, detail discussion on such homojunction film is rarely reported. The understanding on their 

properties is crucial for future implementation in devices. 

 

 

2. RESEARCH METHOD 

The preparation of ZnO/AZO film involved three steps. First is a seed layer preparation. The detail 

preparation of seed layer has been reported in previous study [9]. For the preparation of AZO, zinc nitrate 

hexahydrate (0.1 M), hexamethylenetetramine (0.1 M), and aluminum nitrate nonahydrate (0.001M) were 

used as the main materials. The reagents were combined and then going through sonication process for 30 

min (50 °C). Then the solution was stirred for 3h, followed by immersion to grow the nanorod array 

structures. Finally, the film was annealed for 1 h (500 °C). Then, the second immersion for homojunction 

layer was conducted by mixing zinc nitrate hexahydrate (0.02 M) and hexamethylenetetramine (0.02M). 

Similar processes involving sonication, stirring, immersion, and annealing were used, where every 

parameters for each step were maintained. The illustration for the ZnO/AZO homojunction film preparation 

is depicted in Figure 1. For structural analyses, field emission scanning electron microscopy (FESEM, JEOL 

JSM-7600F), X-ray diffraction (PANalytical X’Pert PRO), and Raman spectroscopy (Horiba Jobin Yvon-79 

DU420A-OE-325) measurements were conducted. For optical characterizations, ultraviolet–visible (UV–vis) 

spectrophotometer (Varian Cary 5000) was used. 

 

 

 
 

Figure 1. The illustration for the ZnO/AZO homojunction film preparation 

 

 

3. RESULTS AND ANALYSIS 

The FESEM images in Figure 2 depict the surface morphology of the prepared samples. The images 

were taken at 100,000 × magnifications. Figure 2(a) shows the surface morphology of granular ZnO seed 

layer film. The average diameter of the grain is about 25 nm. Figure 2(b) demonstrates the AZO film grown 

on the ZnO seed layer film. The average diameter of the nanorods is about 70 nm. It is observed that the film 

consist of large pore areas in between the nanorods. Figure 2(c) depicts the ZnO film (0.02 M solution 

concentration) which was grown on the seed layer film. It is witnessed that only small part of the film is 

covered by the nanorods. Besides, the diameter of the nanorods is relatively small compared to AZO film, 

about 35 nm. Other than that, we also observed nanoflake structure appears on the film in addition to the 

nanorod structures. Figure 2(d) displays the ZnO/AZO homojunction film. Compared to the bare AZO film, 
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it is witnessed that the nanorod arrays of ZnO/AZO is covered by a slightly light color layer, which is 

intrinsic ZnO. The average diameter of the film is about 95 nm. Based on the image, it is indicates that the 

deposition of the intrinsic homojunction layer begin from the side surface, follows by the deposition on the 

top of the nanorods. This is based on the observation from the FESEM images that shows the less coverage 

of the intrinsic layer on the top surface of the nanorods. Interestingly, the growth process of the intrinsic ZnO 

does not develop into any form of nanostructures, but a layer. Such formation occurs may be due to the same 

crystal structure of ZnO and AZO, which enhances the homoepitaxy growth on the previous crystal (AZO). 

 

 

 
 

Figure 2. Surface morphology of (a) seed layer, (b) AZO, (c) ZnO, and (d) ZnO/AZO films at 100,000 × 

magnifications 

 

 

Figure 3 depicts the XRD pattern of the synthesized films. The diffraction angles measured are from 

25° to 60°. The XRD pattern of each film is plotted individually and the intensity of the X-ray is shown in 

count-per-units (cps) to show the different in the intensity of each film. From the plots, there are several 

peaks occurred on the pattern, namely; (100), (002), (101), (102), and (110). For AZO film (Figure 3(a)), the 

dominant diffraction peak is at (002) plane orientation (along c-axis). For intrinsic ZnO film (Figure 3(b)), 

the dominant peak is at (100) and (101) plane orientations. Meanwhile, the growth of ZnO/AZO film also 

exhibits a preferential growth along c-axis (Figure 3(c)). In case of ZnO film, the preferential crystal growth 

may be dominated by the seed layer film and small number of nanoflake structures (from FESEM images), 

which preferentially grown along (100) and (101) plane orientations. Once the ZnO layer is grown on the 

AZO, we can observe that the peak intensity at (100) and (002) slightly increased. The increment of 

preferential a-plane growth may explain the formation of layer on the AZO surface which is expected to 

originate from the side surface of the nanorods of the AZO film as discussed earlier. Figure 3(d) depicts the 

magnified image of the XRD patterns at (002) plane orientations. The plot shows the significant increases of 

peak intensity for the film which was grown with AZO. Comparing both AZO and ZnO/AZO films, only a 

slight increment to the peak intensity can be detected. Interestingly, no peak shifting can be witnessed after 

the second growth process, indicating no residual stress forced on the ZnO/AZO film. 

To investigate more on the crystal structure, we characterized the films using Raman spectroscopy 

as shown in Figure 4. The characterization was done under argon (Ar) laser operating at 514 nm as excitation 

source. Two inherent Raman peaks at 437 and 581 cm
-1

 which correspond to E2(high) and E1(LO) mode, 

respectively [10]. Other insignificant peak can also be observed which situated at 332 cm
-1

, which represents 

2E2(M) mode [11]. E2(high) mode indicates the Raman vibration of hexagonal ZnO structure and the 

intensity of Raman vibration of E2(high) increased which shows that better crystalline structure of AZO and 

ZnO/AZO. This result is in agreement with the previously discussed XRD patterns. Further, the Raman 

vibration of E1(LO) mode shifted from 565 cm
-1

 of seed layer and AZO to 581 cm
-1

 of ZnO/AZO. E1(LO) 

mode can be related to the lattice defect (oxygen vacancy). 

100 nm 100 nm 

100 nm 100 nm 

(a) (b) 

(c) (d) 
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Figure 3. XRD pattern of (a) AZO, (b) ZnO and (c) ZnO/AZO films 

 

 

The optical properties of the films were measured using UV-vis spectrophotometer in the 

wavelength range of 350 – 800 nm. Figure 5 depicts the transmittance measurement of the films. All films 

exhibit good optical transparency in the visible region and steep edge around 380 nm, represent the band gap 

energy of the ZnO. The average transmittances of each film are 94.4%, 87.8%, and 66.5% for seed layer, 

AZO and ZnO/AZO homojunction films, respectively. The seed layer film possessed the lowest 

transmittance may be due to the lowest thickness compared to other films. Similar to other film, the variation 

of average transmittance is expected from the difference in film thicknesses, which is the cause for optical 

scattering effect [12]. 
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Figure 4. Raman spectra of (a) seed layer, (b) AZO 

and (c) ZnO/AZO films 

Figure 5. Transmittance spectra of (a) seed layer, (b) 

AZO and (c) ZnO/AZO films 
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From the transmittance plot, the absorption coefficient of the films was plotted using the following 

Equation [13]: 

 











Tt
a

1
ln

1

         (1) 
 

Here, α is the absorption coefficient, t is the thickness, and T is the transmittance. The absorption 

coefficient is shown in Figure 6. The films show good absorption at UV region, with ZnO/AZO 

homojunction film possessed the highest UV absorption compared to other samples. The possible reason 

which leads to this result is high scattering effect at the homojunction interface which causes more photon 

trapping in the film. 
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Figure 6. Absorption coefficient of (a) seed layer, (b) AZO and (c) ZnO/AZO films 

 

 

For direct band gap semiconductor, the optical band gap energy, Eg can be correlated through the 

given formula [14]: 

 

 2
1

gEhvBahv 
        (2) 

 

Here, B is a constant and hν is the incident photon energy. Figure 7 demonstrates the (αhν)
2
 versus 

photon energy for Eg estimation. The Eg of the seed layer, AZO and ZnO/AZO are 3.26, 3.27, and 3.22 eV, 

respectively. No significant changes to the Eg can be observed. However, one the interesting alteration to the 

Eg is when the intrinsic ZnO is used on the film. We can see that the Eg shifted to low value for the ZnO/AZO 

homojunction film. This alteration may be appeared due to the intrinsic nature of ZnO which has Eg value 

from 3.2 – 3.3 eV [15]. In addition to that, for ZnO/AZO film, the decrement of Eg may be caused by the 

scattering effect at the interface between the oxide homojunction [16]. 
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Figure 7. Tauc’s plot of (a) seed layer, (b) AZO and (c) ZnO/AZO films 
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4. CONCLUSION 

Intrinsic ZnO/Al-doped ZnO (AZO) homojunction film was prepared using two-step immersion 

processes. The FESEM images display that the intrinsic ZnO film depositions on the seed layer grew into 

ZnO nanostructures (nanorods and nanoflakes). However, when the intrinsic ZnO film is deposited on the 

nanorod surfaces, it just formed a layer which covered the nanorods of AZO film. The average diameter of 

the ZnO/AZO homojunction also increased up to 95 nm, higher than bare AZO. The XRD patterns 

demonstrate that the films possessed good crystallinity. AZO and ZnO/AZO homojunction films showed 

preferred orientation at (002) plane while ZnO film shows preferential growth along (100) and (101) plane 

orientations. Raman measurement confirms that the films consist of hexagonal ZnO structure with vibration 

peaks occurred at 2E2(M), E2(high), and E1(LO). The ZnO/AZO homojunction film possessed excellent 

absorption at UV region with optical band gap energy of 3.22 eV.  These results indicate that the ZnO/AZO 

homojunction film has a good potential for optical-based device such a UV sensor. 
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