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[57, 58]

[60-64] amorphous 

indium zinc oxide (a-IZO) with mobility of 115 cm2/(V s) [65], 



with the mobility > 100 cm2/(V s) [66, 67] have also been 

above 200oC. Due to the low deposition temperature 

(below 200oC) of Si layers in SHJ solar cells, the TCO layers deposited below 200oC are needed 

to avoid the potential damage to the Si layers which in turn restricts the mobility.  

Meza et al. have 

reported the application of AZO in SHJ solar cell with the sheet resistance  

/sq achieving the similar performance compared to the SHJ solar cells with ITO film [53]. These 

reports show the potential of applying AZO in SHJ solar cells  
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l-doped zinc oxide, as more environmentally friendly, abundant and less costly material, is an 

attractive alternative to ITO in silicon heterojunction solar cells [16, 86]. Especially AZO prepared 

at room temperature has potential to reduces the thermal cost and improves the throughput. The 

techniques of magnetron sputtering, chemical vapor deposition (CVD) [87], and atomic layer 

deposition (ALD) [88] can be applied for the TCO deposited under 200oC. Among the techniques, 

the radio frequency (RF) magnetron sputtering is one well-developed technique to deposit AZO 

film due to its high potential of better optical and electrical properties in AZO films with room 



temperature process [89] and providing the material with uniform surface and a good adherence 

[90]. Nevertheless, the AZO sputtering process can lead to the passivation damage of the Si layer 

underneath which will be addressed in chapter 6. 

AZO layer thickness decreases which is due to 

decreased average ion energy and, therefore, reduced sputtering yield. 

Optical properties of AZO layers deposited with varied sputtering pressures after annealing are 

presented in Fig. 4.11. The films sputtered with the pressure of 0.3-1 Pa show similar transmittance 

T and absorptance A. The absorptance exceeds 80 % in the wavelength range of 400-1300 nm and 



is below 5 % in the wavelength range of 450-1300 nm. The films sputtered with 0.1 Pa shows 

lower transmittance and higher absorptance compared to the films sputtered at 0.3-1 Pa due to the 

higher thickness. The films sputtered at 2 Pa with thinner layer shows low transmittance in the 

wavelength range of 400-600 nm which is presumably due to the influence of the high pressure on 

the microstructure of the AZO film. 

The carrier mobility µ, carrier concentration n and resistivity  evaluated from Hall 

measurement for AZO film deposited with different pressures measured after annealing are shown 

in Fig. 4.12. The carrier concentration has no obvious dependency on pressure until the decrease 

at the pressure of 2 Pa. The resistivity increases with the increasing sputtering pressures, 

accompanied with the decrease of mobility. Increase of sputtering pressure increases the particle 

density which results in the reduction of the mean free path and the energy of the particles. 

Speculatively higher ion energy at low sputtering pressures contributes to the improvement in 

crystallinity and the network relaxation. These improvements contribute to the higher mobility and 

lower resistivity of AZO films.  

From the equation of Rsheet = 1/qnµdAZO reduction of sheet resistance Rsheet, reducing resistivity 

as well, can only be achieved with the increase of µ and n since the q is the electron charge and 

thickness dAZO is fixed for the antireflection purpose. Thus, the trade-off between µ and n are tested 

for the properties of AZO layers. Considering the requirement for high mobility, sputtering 



pressure of 0.1 Pa has been chosen as the pressure for the AZO development due to the highest 

mobility in the pressure series. 



Influence of power densities on AZO properties was studied as well. Power densities of 1.3, 2.0, 

and 2.7 W/cm2 were used for the AZO sputtering. All AZO films sputtered with varied power 

densities and measured after annealing shows similar absorptance and comparable transmittance 

at film thickness of 125-145 nm as shown in Fig 4.13. The transmittance for the AZO sputtered 

with 1.3 W/cm2 was slightly lower than the AZO sputtered with the power density of 2.0 and 2.7 

W/cm2. Electrical parameters of the films sputtered with different power densities are presented in 

Fig. 4.14. The µ, n, and  values are varied in small range with the increase of power density. AZO 

sputtered with 2.0 W/cm  

 2.0 W/cm

With the analysis on the results of the AZO sputtering pressure series and the power densities 

variation, the sputtering pressure of 0.1 Pa and power density of 2.0 have been fixed for 

the following AZO development with varied substrate temperatures and doping concentrations. 



To avoid the possible damage from the high substrate temperature during AZO sputtering to the 

Si layers underneath, the AZO films were sputtered at the substrate temperature lower than 200oC 

at which the Si layers were deposited. However, in the AZO sputtering system, only the heater 

temperature instead of the substrate temperature can be controlled directly. To convert the heater 

temperature to the substrate temperature, the temperature sensitive stripes were pasted on the wafer 

surface at the opposite side of the plasma to detect the actual substrate temperature during 

sputtering. The heater temperatures of 170oC and 250oC are related to the substrate temperatures 

of 150oC and 200oC with 20-30 min pre-heating. In this section the AZO films were sputtered with 

the heater temperatures of 25oC (RT), 120oC, 150oC, 170oC, 210oC, and 250oC, respectively.  





.  



the optical properties are presented again in Fig. 4.20.

Thus, in 

the view of optical properties of the AZO films, the RT sputtered AZO with 1 wt.% target or with 

2 wt.% target and the adding of oxygen in the precursor are good options for SHJ solar cells.



 

 

 



Electrical properties of AZO films with different target doping concentrations and precursors 

are presented in Fig. 4.21. AZO films sputtered with 2 wt.% target show approximately twice 

higher carrier concentration, twice lower carrier mobility and similar resistivity to AZO films 

sputtered with 1 wt.% target. Introduction of oxygen improves the absorptance as shown in Fig. 

4.20 due to the decreased carrier concentration. However, it further decreases carrier mobility, 

thereby increases resistivity significantly. 

 





s. Application of thick AZO in SHJ solar cells needs taking the parasitic 

absorption and anti-reflection function into consideration as well.

AZO films sputtered with 2 wt.% target show approximately two times higher 

carrier concentration, half of the mobility and similar resistivity to AZO films sputtered with 1 wt.% 

target. Introducing oxygen in the precursor gas leads to further decrease of mobility and increase 

of resistivity significantly compared to the AZO sputtered with 2 wt.% target and pure argon.

optical and electrical properties of the AZO films, the RT 

sputtered AZO with 1 wt.% target is expected to be optimal TCO for implementation into SHJ 

solar cells. 





 

 

 



 



the active area JEQE, active area calculated from the active 

area EQE spectra are indicated in mA/cm2. The cells with n-type nc-Si layer shows that the JEQE, 

active area values are above 38 mA/cm2, while the cells with n-type a-Si layer shows the JEQE, active area 

values are approximate 37 mA/cm2. The increase in JEQE, active area of the cells with n-type nc-Si 

layer is related to its higher
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ptical and electrical properties of AZO films were 

characterized with transmittance and reflectance measurements and Hall measurements. The 

results of AZO pressures series indicate that lower sputtering pressure facilitates higher carrier 

mobility and lower resistivity of AZO film. Sputtering pressure of 0.1 Pa is used for the AZO 

development due to the highest mobility acquired in AZO pressure series. There was no distinct 

effect of 2.7 W/cm

 2.0 W/cm

was fixed for the following AZO development. 

Influence of substrate temperature during AZO sputtering has been studied to identify optimal 

preparation conditions of AZO for SHJ solar cells. Increase of heater temperature during AZO 

sputtering and post-deposition annealing have only slight influence on the optical properties as 

well as on the electrical properties. Effect of Al doping concentration has been studied with 

additional AZO series sputtered with 2 wt.% AZO target. 2 wt.% target 

show approximately twice higher of the free carrier concentration, but twice lower carrier mobility 

and therefore similar resistivity to AZO sputtered with 1 wt.% target. However, 

2 wt.% target show higher optical absorptance in long wavelength region compared 

to 1 wt.% AZO films. To reduce the parasitic absorption for AZO films sputtered with 2 wt.% 

target, 0.5% O2 was introduced to the sputtering gas precursor. The absorptance has been 

successfully reduced in the wavelength region above 1000 nm, however, the reduction comes at 

the cost of reduction in carrier mobility and therefore increase in resistivity. The absorptance in 2 

wt.% AZO with oxygen appeared to be very similar to the absorptance of AZO films sputtered 

with 1 wt.% target. Both heater temperature and post-deposition annealing have slight influence 

either on the transmittance and absorptance, or the resistivity, mobility and carrier concentration 

of the AZO films sputtered with the 2 wt.% target. It has been found that RT sputtered AZO with 

1 wt.% target is the optimal material for SHJ solar cells among studied options due to its high 

mobility, low resistivity, and low absorptance. 
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