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Abstract: Transparent p-type conducting SnO2/Al/SnO2 multilayer films were fabricated on quartz substrates by radio frequency (RF) 
sputtering using SnO2 and Al targets. The deposited films were annealed at a fix temperature of 500 °C for different time durations 
(1−8 h). The effect of annealing time on the structural, morphological, optical and electrical performances of SnO2/Al/SnO2 
multilayer films was studied. X-ray diffraction (XRD) results show that all the p-type conducting films possess polycrystalline SnO2 
with tetragonal rutile structure. Hall-effect results indicate that 500 °C for 1 h is the optimum annealing condition for p-type 
SnO2/Al/SnO2 multilayer films, resulting in a hole concentration of 1.14×1018 cm−3 and a low resistivity of 1.38 Ω·cm, respectively. 
The optical transmittance of the p-type SnO2/Al/SnO2 multilayer films is above 80% within annealing time range of 1−8 h, showing 
maximum for the films annealed for 1 h. 
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1 Introduction 
 

Transparent and conductive oxide (TCO) films are 
essential components for a large variety of photo- 
sensitive electronic devices, acting as transparent 
electrical contacts or electrodes in flat panel, LED, touch 
screens, OLED, and electronic devices [1−6]. The most 
popular TCO used for applications is Sn-doped In2O3 
(ITO), because of its low resistivity and high 
transmittance in the visible region of the electromagnetic 
spectrum (370−770 nm). The indium is very expensive 
and less available in nature, and due to this reason it is 
necessary to develop new TCO based on inexpensive 
elements. Tin oxide (SnO2) is one of the most important 
TCO materials. It has numerous applications in modern 
technologies [7−10], due to its attractive properties of a 
wide band gap (3.6 eV), high electrical conductivity, 
high transmittance in the ultraviolet-visible (UV-vis) 
region and highinfrared (IR) reflectance, and abundance 
in nature [1,7,11]. It is well known that widely-used TCO 
thin films such as ZnO, SnO2, SnO2:In are n-type 

because of the existence of intrinsic defects (oxygen 
vacancies and/or metal interstitials) [12], but research on 
p-type TCOs only begun in recent years. SINGH      
et al [13] found that the incorporation of group-IIIA 
atoms (In, Ga, and Al) at the Sn site produces low 
acceptors that exhibit better solubility and a low degree 
of self-compensation. Different dopants such as Al 
[14,15], Sb [16], In [17], Ga [18], and Li [19], and 
techniques such as sputtering [16,18], sol-gel [14,17] and 
spray thermal decomposition [15,19] have been used to 
obtain p-type doped SnO2. Recently, p-type doping of 
SnO2 thin films was studied using elements with a lower 
valence cations as the acceptor impurity, which increases 
the hole concentration [14,15]. However, there is no 
report available on the systematic study of p-type 
SnO2/Al/SnO2 thin films obtained by using radio 
frequency (RF) sputtering. The RF sputtering technique 
is suitable for fabrication of multilayer because of its 
high throughput and controllable thickness, besides the 
high uniformity and flexibility. In this study, p-type 
SnO2/Al/SnO2 thin films were prepared by using RF 
sputtering techniques on the quartz substrate. SnO2/Al/ 
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SnO2 multilayer thin films were annealed at a fix 
temperature for different time duration. To study the 
crystal structure, morphogical, electrical, and optical 
properties of the films, X-ray diffraction (XRD), 
field-emission transmission electron microscope 
(FE-TEM), energy dispersive spectrometer (EDS), 
hall-effect measurement system (HMS), and UV-vis 
spectrometry were used. The change in structural, 
morphological, electrical and optical properties of the 
SnO2/Al/SnO2 thin films by annealing time were 
systematically investigated and discussed. 
 
2 Experimental 
 

The sandwich structure of SnO2/Al/SnO2 multilayer 
thin films was deposited on quartz substrates with an 
ordinary RF sputtering system. An Al (99.99% in purity) 
and SnO2 (99.99% in purity) were used as the RF 
sputtering target. The quartz substrates were 
ultrasonically cleaned in acetone, ethanol and DI water 
for 15 min in each solution, then dried in a nitrogen 
atmosphere. The deposition conditions of Al and SnO2 
thin films are listed in Table 1. The SnO2/Al/SnO2 
multilayer films were deposited with the thickness of 
SnO2 about 200 nm and thickness of Al about 25 nm. 
As-deposited SnO2/Al/SnO2 multilayer thin films were 
annealed at a fix temperature of 500 °C for various 
annealing time of 1−8 h. The structural properties were 
analyzed by using the XRD with monochromatic Cu Kα 
radiation (λ=0.15405 nm) under operating voltage and 
current of 40 kV and 30 mA, respectively. The 
morphological studies were performed by using FE-TEM 
(JEOL, JEM 2100 F). The Hall-effect measurement was 
done at room temperature by using an HL5500PC 
Hall-effect measurement system. To check the reliability 
and repeatability of the conduction of the films, these 
measurements were carried out five times and 
concordant results were observed. The transmittance of 
the films was measured in the wavelength range of 
400−800 nm by using an UV-vis spectrophotometer 
(Sinco S-4100). 
 
Table 1 Deposition conditions of SnO2 and Al thin films 

Parameter Al SnO2 

Argon gas How rate/(cm3·min−1) 40 40 

Power/W 100 100 

Chamber pressure/MPa 2.0 2.0 

Target-substrate distance/cm 20 20 

 
3 Results and discussion 
 
3.1 Crystal structure and morphology 

Figure 1 shows the XRD patterns of the as-deposited 

 

 

Fig. 1 X-ray diffraction patterns of SnO2(200 nm)/Al(25 nm)/ 
SnO2(200 nm) thin films annealed for different time 
 
the SnO2(200 nm)/Al(25 nm)/SnO2(200 nm) multilayer 
thin films annealed for various time duration in air. It is 
revealed that all the thin films annealed at   500 °C 
have tetragonal rutile structure without any other 
impurity phases, which also well matches with the 
JCPDS card No. 41−1445. Figure 1 shows the strong 
orientation (110) and relatively weaker orientation (211). 
The intensity of the (110) plane is found to change 
slightly with annealing time. Figure 2 shows the 
FE-TEM micrographs (cross-section) of the SnO2 (200 
nm)/Al(25 nm)/SnO2(200 nm) films for as deposited (Fig. 
2(a1−a4)) and annealed at 500 °C for 1 h   (Fig. 
2(b1−b4)), respectively. The multilayer films have an 
average thickness ranging from 403 to 411 nm. No 
obvious interfaces of the Al and SnO2 layers are found in 
the film annealed at 500 °C for 1 h, indicating that the Al 
ions diffuses well into the SnO2 film [20]. 
 
3.2 Electrical properties 

The effects of annealing time on the electrical 
properties of the multilayer films are listed in Table 2. 
The as-deposited SnO2/Al/SnO2 thin film has n-type 
conductivity. The type of conduction changes from n- 
type to p-type as the dominant conduction, when the film 
is annealed at 500 °C for 1 h. Moreover, with increasing 
annealing time from 1 to 8 h, the resistivity of the films 
increases from 1.38×100 to 6.42×105 Ω·cm. When the 
annealing time increases above 1 h, the acceptor effect of 
aluminum substituting tin is activated, which results in 
the p-type conductivity of the films [16,21], indicating 
that the aluminum atoms are inactive at the amorphous 
state (lower grain size). The optimum annealing time for 
a stable p-type conducting SnO2/Al/SnO2 thin film is 1 h, 
with the hole concentration of 1.14×1018 cm3, and lower 
value of resistivity of 1.38 Ω·cm. 
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Fig. 2 FE-TEM cross-sectional images of as-deposited SnO2/Al/SnO2 thin film (a1−a4) and SnO2/Al/SnO2 thin film annealed at   
500 °C for 1 h (b1−b4) 
 
3.3 Optical properties 

Figure 3 shows the transmittances of the SnO2/Al/ 
SnO2 thin films annealed for different time duration. The 
average transmittance of the film annealed at 500 °C for 

1 h in the visible region (300−800 nm) is more than 80% 
with the low value of resistivity. By increasing annealing 
time, the films are highly transparent in the visible region 
and the average transmission of the films increases to 
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Table 2 Electrical properties of SnO2(200 nm)/Al(25 nm)/SnO2(200 nm) thin films annealed for different time 

Annealing condition Concentration/cm−3 Mobility/(cm2·V−1·s−1) Resistivity/(Ω·cm) Type 

As deposited −2.14×1022 5.930 4.92×10−5 n 

500 °C, 1 h 1.14×1018 0.399 1.38×100 p 

500 °C, 2 h 1.41×1017 0.114 3.88×102 p 

500 °C, 4 h 4.61×1016 1.220 1.12×102 p 

500 °C, 8 h 1.48×1012 6.560 6.42×105 p 

 

 
Fig. 3 Optical transmittance of SnO2/Al/SnO2 thin films 
annealed for different time 
 
over 81%. This indicates that the annealing process 
greatly improves the visible light transmittance of the 
as-deposited films. This is due to the diffusion of Al into 
the SnO2 layers. It is also observed that the absorption 
edge of the films annealed at 500 °C for 1 h shifts 
towards the lower wavelength region. 
 
4 Conclusions 

 
The p-type transparent conducting SnO2/Al/SnO2 

thin films were prepared by RF sputtering using Al and 
SnO2 targets on quartz substrates. The XRD results show 
that the p-type conducting films possess polycrystalline 
SnO2 with a tetragonal rutile structure. A slight increase 
in the intensity of (110) plane with the annealing time is 
observed. Hall measurement shows that the SnO2/ 
Al/SnO2 multilayer films give p-type conductivity at a 
certain annealing temperature range of 500 °C. It is 
found that 500 °C, 1 h is the optimum annealing 
condition to get a p-type SnO2/Al/SnO2 multilayer thin 
films with a relatively high hole concentration (1.14× 
1018 cm−3) and low resistivity (1.38 Ω·cm). The optical 
transmission of the SnO2/Al/SnO2 multilayer thin films is 
higher than 80% for the films annealed at 500 °C for 1 h. 
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结构、形貌、光学和电学性能的影响 
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摘  要：采用 SnO2和 Al 靶，通过射频(RF)溅射在石英基体上制备透明 p 型 SnO2/Al/SnO2导电复合薄膜。沉积薄

膜在 500 °C 进行不同时间(1～8 h)退火处理，研究退火时间对 SnO2/Al/SnO2复合薄膜结构、形貌、光学和电学性

能的影响。X 射线衍射结果表明：所制备的 p 型导电薄膜具有四方金红石型多晶 SnO2结构。霍尔效应结果显示：

500 °C，1 h 为最佳退火条件，该条件下 SnO2/Al/SnO2复合薄膜的孔隙浓度为 1.14×1018 cm−3、电阻率为 1.38 Ω·cm。

退火时间为 1～8 h 时，p 型 SnO2/Al/SnO2复合薄膜的光透射率可达 80%以上，退火 1 h 时薄膜的光透射率达到最

大值。 

关键词：脉冲激光沉积法(PLD)；透明导电氧化物(TCO)；p 型；多层；透射率 
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