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ABSTRACT 

Aluminum-doped zinc oxide (AZO) thin films were deposited on silicon substrates using radio-frequency (RF) reactive 
magnetron sputtering. Conductive atomic force microscopy (C-AFM) was used to analyze the surface morphology and 
local electrical properties of the films. The results show a uniform surface morphology with a grain size of 50 to 100 nm 
and a surface roughness of approximately 8 nm. C-AFM current mapping reveals a non-uniform current distribution, 
where electrical current is localized on the grain surfaces and absent at the grain boundaries. Local current-voltage (I-
V) curve measurements indicate that the conductive tip forms a Schottky contact (a metal-semiconductor barrier with 
rectifying properties) with the film, with starting voltages varying by location. Fitting the I-V curves yields the specific 
ideality factors (parameters measuring how closely a diode follows ideal thermionic emission theory) of the local 
Schottky barriers. 
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1 INTRODUCTION 

Zinc oxide (ZnO) is a key material in the family of wide-bandgap semiconductors [1]. It has a hexagonal wurtzite crystal 
structure [1]. Its room-temperature bandgap is 3.37 eV. Its exciton binding energy is 60 meV [1,2]. (An exciton is a 
bound state of an electron and an electron hole). Researchers study ZnO because it works well in surface acoustic wave 
devices, ultraviolet detectors, and transparent electronics [1-3]. Scientists improve ZnO electrical properties by adding 
different types and amounts of dopants. Aluminum-doped zinc oxide (AZO) is a top choice for transparent conductive 
materials [3,4]. AZO films have high visible-light transparency and good electrical conductivity at room temperature [3]. 

Most past studies focus on how fabrication methods and substrates change the optoelectronic and structural properties 
of AZO films [5-10]. Other studies look at post-treatment methods, such as high-temperature annealing and plasma 
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treatments [11,12]. However, few studies look at the microscopic electrical properties of AZO films. Macroscopic tests 
measure large areas all at once. These large-scale tests hide important details at the nanoscale level. They cannot show 
how electricity moves through individual crystal grains or grain boundaries (the edges where grains meet). Grain 
boundaries often trap electrons. They can create barriers that slow down electrical current. Standard testing tools 
cannot measure these small electrical behaviors. 

This study uses advanced nanoscale tools to examine AZO films. We deposited AZO thin films on silicon substrates using 
radio-frequency (RF) reactive magnetron sputtering. We used conductive atomic force microscopy (C-AFM) to study 
the surface shape and local electrical currents at the same time. C-AFM current mapping helps us see where electricity 
flows on individual grains. We also measured local current-voltage (I-V) curves to understand the Schottky contacts 
(metal-semiconductor barriers with rectifying properties) formed by the conductive tip. This work reveals the exact 
origins of non-uniform current distribution in AZO films. 

2 EXPERIMENTAL METHOD 

2.1 Sample Preparation 

The AZO films were prepared using an RF reactive magnetron sputtering system (model JGP450). A Zn-Al alloy target 
(60 mm in diameter and 3 mm thick, with an Al mass fraction of 3%) was used as the sputtering source. (100)-oriented 
Si substrates (10 mm × 10 mm) were employed. Prior to sputtering, the Si substrates underwent a cleaning process: 
ultrasonic cleaning for 5 minutes each in acetone, ethanol, and deionized water; immersion for approximately 20 hours 
in a mixture of H₂SO₄ and H₃PO₄ (3:1 volume ratio) to remove surface oil and other contaminants; rinsing with 
deionized water followed by etching in 5% HF solution for 2 minutes to remove the native oxide layer; and finally, 
thorough rinsing with deionized water, drying with high-purity nitrogen gas, mounting onto a sample holder, and rapid 
insertion of the holder into the vacuum chamber. During deposition, the substrate-to-target distance was set to 60 mm, 
and the deposition temperature was maintained at room temperature. A mixture of Ar and O₂ gases was used, with the 
O₂ volume fraction set at 5% and the flow rate controlled at 30 sccm, working pressure of 0.7 Pa, RF input power to the 
sputtering target of 120 W, and deposition time of 1 h. 

2.2 Sample Characterization 

Analysis of the AZO thin film's surface morphology, along with the acquisition of corresponding current maps and 
localized I-V curves, was performed using a Benyuan CSPM5000 probe microscope in Conductive Atomic Force 
Microscopy (C-AFM) mode. Scanning areas of 500 nm × 500 nm and 200 nm × 200 nm were selected. With a reference 
voltage of 0.3 V, the contact force between the probe tip and the thin film sample was calculated to be 8.92 nN based on 
the force-distance curve. 

3 RESULTS AND DISCUSSION 

Morphology and current mapping of the sample were conducted using the C-AFM mode of an atomic force microscope. 
Figure 1 presents the morphology image and the corresponding current map of the AZO thin film sample obtained at a 
bias voltage of 0.1 V. The morphology image reveals a relatively uniform surface with grain sizes ranging from 50 to 100 
nm and a surface roughness of 6.64 nm. The current map on the right shows that, at a bias of 0.1 V, distinct current 
signals appear in localized regions of the film surface, though the conductive areas are not uniformly distributed. A 
comparison between the morphology and the corresponding current map indicates that high current values are 
concentrated on the grains; this suggests that, at the applied bias, most grains are in a conductive state, whereas the 
grain boundaries are non-conductive. 
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Figure 1: (a) Surface morphology of AZO film samples and (b) corresponding current images obtained at a 
bias voltage of 0.1 V. 

Figure 2 shows C-AFM images obtained at different bias voltages. As can be seen from the figure, the measured current 
images differ significantly depending on the bias voltage applied to the sample. As the magnitude of the bias voltage 
increases, the conductive regions expand, and the conduction current rises. We observed that the current images 
depend not only on the magnitude of the applied bias but also on its polarity. Figures 2(a) and 2(c) show current images 
of the same location acquired at bias voltages of +0.1 V and -0.1 V, respectively. It is evident that upon the application 
of a negative bias, the current intensity on the sample surface increases markedly, and the conductive regions expand. 

 

Figure 2: Local current maps of AZO thin films at various bias voltages: (a) 0.1 V, (b) 0.05 V, (c) -0.05 V, and (d) 
-0.1 V. 

To more clearly identify the locations of the conductive regions, we superimposed the topographic image and the 
corresponding current map for analysis, as shown in Figure 3. Figure 3(c) clearly reveals that the current is primarily 
localized on the grains, whereas virtually no current is observed at the grain boundaries. To further investigate this 
phenomenon, we performed localized I-V curve measurements on the sample. 
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Figure 3: The topography image (a) and current image (bias voltage of 0.1 V)(b) of the AZO film sample and 
the superposition graph of the morphology and the current image (c. 

Figure 4 shows the I-V curves and corresponding morphology images for three distinct points on the AZO thin film, with 
the bias voltage swept between -0.1 V and 0.1 V. Points A, B, and C in the morphology images correspond to a small 
grain, a grain boundary, and a large grain, respectively. It can be observed that the turn-on voltages for points A, B, and 
C are approximately -0.23 V, -0.48 V, and -0.08 V, respectively; this indicates that current flows preferentially in regions 
located on the grains, whereas regions at the grain boundaries require a higher bias voltage for current to flow. 
Regarding this phenomenon, some studies attribute it to the presence of numerous defects-such as screw dislocations-
at the grain boundaries that impede electron transport, while the grains themselves contain fewer defects, thereby 
facilitating electron transport more effectively than the grain boundaries [13-15]. While this explanation accounts for 
the structural characteristics of the thin film, it overlooks the physical mechanism of the Schottky barrier; to further 
investigate the underlying mechanism of this phenomenon, we performed data fitting on the measured I-V curves. Based 
on thermionic emission theory, the current-voltage relationship of a Schottky barrier can be described by the following 
equation [16,17]: 

𝐼 =  𝐼𝑠(exp (
𝑞𝑉

𝑛𝑘𝐵𝑇
)) 

Here, I is the total current, the saturation current is given by 𝐼𝑠 = 𝐴𝐴∗𝑇2exp (−
𝑞∅𝑏

𝑘𝐵𝑇
), where A* is the effective Richardson 

constant, n is the ideality factor, A is the contact area between the probe and the sample, ϕb is Schottky barrier height, 
q is the elementary charge, kB is the Boltzmann constant, and T is the test temperature. When qV > 3kT, the current-
voltage relationship approximates to ln I = ln Is + qV/nkBT; the plot of ln I versus V should be a straight line, from the 
slope of which the ideality factor n can be determined, while ln Is can be obtained from the intercept on the vertical axis. 
In this manner, we obtained the ideality factor n for the three I-V curves. 

 

Figure 4: Current-voltage (I-V) characteristics of the AZO thin film samples measured at three different 
locations (A, B, and C). 

Figure 5 presents the fitting results of the I-V curves obtained at three points on the AZO thin film. Linear fitting of the 
I-V curves yielded ideality factors of 3.66, 6.52, and 2.62 for points A, B, and C, respectively. Point C, which exhibits the 
lowest ideality factor, is located atop a large grain and is the site where current first appears; conversely, point B, with 
the highest ideality factor, is situated at a grain boundary and requires a higher bias voltage for current to flow. This 
indicates that the magnitude of the ideality factor reflects the physical properties of the Schottky junction. To further 
understand this phenomenon, it is necessary to analyze the Schottky junction formed at the contact interface between 
the probe tip and the thin-film grain. 
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Figure 5: Linear fitting of the I-V curves at points A, B, and C, and the corresponding ideal factors of the 
Schottky barrier. 

During C-AFM measurements, a Schottky contact is formed between the platinum-coated tip and the AZO thin film. The 
tip diameter is approximately 40 nm a scale comparable to the sample's grain size meaning the contact area directly 
determines the cross-sectional area of the resulting Schottky junction. Although a constant contact force is maintained 
during measurement, the tip-sample contact area varies with position due to the surface's inherent roughness; 
consequently, the area of the Schottky junction also varies. When the tip contacts a grain boundary, the contact area is 
larger, causing the Schottky junction to deviate significantly from ideal behavior and resulting in a higher ideality factor. 
Conversely, when the tip contacts a grain, the contact area is relatively small, and the junction behaves more ideally, 
yielding a lower ideality factor. Therefore, we conclude that the C-AFM current images are significantly influenced by 
the thin film's morphology. 

 

Figure 6: (a) Morphology of platinum film samples and (b) their corresponding current images obtained at a 
bias voltage of -0.1 V. 

To confirm our hypothesis, we performed C-AFM measurements on the Pt metal thin film, as shown in Figure 6. The 
figure shows a Pt metal thin film grown on a sapphire substrate using reactive magnetron sputtering. The C-AFM image 
clearly shows that the current appears primarily at the grain locations, while no current is observed at the grain 
boundaries. Furthermore, the grain shape is clearly visible in the current image. This means that for a metal thin film 
with good conductivity, the presence or absence of current during C-AFM testing is often influenced by the shape effect 
of the morphology. 

4 CONCLUSION 

C-AFM results indicate that the non-uniform current distribution observed in AZO thin films is related to the geometric 
dimensions and shape of the AFM probe tip. This non-uniformity arises from variations in the Schottky barrier caused 
by the interplay between the tip geometry and the film's surface morphology; it is not directly linked to factors such as 
dislocation density or compositional segregation within the film itself. C-AFM results for Pt thin films demonstrate that 
non-uniform current distribution driven by surface morphology effects occurs in metal thin films as well. Consequently, 
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whether analyzing metal or semiconductor thin films via C-AFM, the current distribution is influenced by the 
morphological interaction between the probe tip and the film surface, preventing a true reflection of the sample's 
intrinsic microscopic electrical properties. 
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