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Abstract—In this paper, we proposed the effects of Mo thickness 

on the properties of AZO/Mo/AZO multilayer thin films for 

opto-electronics applications. The structural, optical and electrical 

properties of AZO/Mo/AZO thin films were investigated. 

Optimization of the thin films coatings resulted with low resistivity of 

9.98 × 10-5 Ω-cm, mobility of 12.75 cm2/V-s, carrier concentration of 

1.05 × 1022 cm-3, maximum transmittance of 79.13% over visible 

spectrum of 380 – 780 nm and Haacke figure of merit (FOM) are 5.95 

× 10-2 Ω-1 under Mo layer thickness of 15 nm. These results indicate an 

alternative candidate for use as a transparent electrode in solar cells 

and various displays applications. 

 

Keywords—Aluminum-doped zinc oxide, AZO, multilayer, RF 

magnetron sputtering, AZO/Mo/AZO, thin film, transparent 

conductive oxides. 

 

I. INTRODUCTION 

RANSPARENT conducting oxides (TCOs) are materials 

that can simultaneously exhibit the mutually exclusive 

properties of conductivity and transparency. TCOs find 

applications in the optoelectronics industry through use in 

flat-panel dis-playse.g., liquid crystal displays, solar cells, and 

electro-magnetic shielding of CRTs used for video display 

terminals [1–4]. Due to the conductivity of indium tin oxide 

(ITO) is limited by the mechanism of semiconductor and 

expensive source from indium, to develop the cheap and high 

performance TCO films is more needed.  

Dielectric-metal-dielectric thin films have been studied in the 

hope of increased conductivity without significant losses in 

transmission [5]. Various studies have been done using silver as 

the sandwiched metal layer [6]. There are some studies on the 

multilayer thin films were used to fabricate highly transparent 

conducting oxides applications [7–11], such as ITO/Ag/ITO 

[12], AZO/Ag/AZO [13] and AZO/Cu/AZO [14]. Besides, 

AZO thin films as TCO films have most attention, due to the 

advantages of AZO thin films are cheap, non-toxic and 

abundant elements [15]. AZO thin films are the wide bandgap 

semiconductor materials (Eg ≒ 3.4 to 3.9) resulting in the 

optical transmittance properties in the visible regions. 

However, the inherent limitation to the increase in conductivity 

needs to further improve by using the multilayer structure.  
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Molybdenum (Mo) has a comparable resistivity, hence, there 

are also studies documenting the resistance and transmission 

properties of Aluminum-doped ZnO (AZO) multilayers with 

molybdenum [16]. However, there are no reports related to 

AZO/Mo/AZO films for the applications of transparent 

electrodes. Therefore, in order to improve the conductivity of 

TCO films, it is necessary to study the structural, optical and 

electrical properties of the AZO/Mo/AZO films.  

In this paper, we present the obtainment of AZO/Mo/AZO 

multilayer structures on glass substrates, while retaining 

transmittance values acceptable for optoelectronics 

applications. The conduction mechanism as a function of Mo 

layer thickness and the role of copper on the transmission 

properties of the films are investigated as well. The 

AZO/Mo/AZO films were prepared by using the RF magnetron 

sputtering for top / bottom AZO films and intermediate Mo 

layer. The average transmittance of 79.13 % in the 300 – 800 

nm wavelength region, mobility of 12.75 cm
2
/V-s, carrier 

concentration of 1.05 × 10
22

 cm
-3

, low resistivity of 9.98 × 10
-5

 

Ω-cm and Haacke figure of merit (FOM) of 5.95 × 10
-2

 Ω
-1

 are 

well obtained at Mo layer thickness of 15 nm. The proper 

optimization of process parameters and thickness of both Ag 

and AZO film are critical to achieve a high performance TCO 

films. 

II.  EXPERIMENTAL PROCEDURES 

The AZO/Mo/AZO tri-layer films were deposited on the 

glass (corning eagle XG) using an AZO ceramic target 

(99.9995 % purity, 20 cm diameter, 0.5 cm thickness Al2O3 : 

ZnO = 2 : 98 wt% ) and metal Mo targets (99.9995 % purity, 20 

cm diameter, 0.5 cm thickness) in a RF magnetron sputter 

deposition system. The glass substrate was ultrasonically 

cleaned in acetone, rinsed in deionized water and subsequently 

dried in flowing nitrogen gas before deposition. The dimension 

of the glass substrate is 20 × 20 × 0.5 mm
3
. The 30 nm thick 

bottom AZO layer was sputtered on the glass substrate. The 

sputtering was performed in argon atmosphere with a target to 

substrate distance of 15 cm. Initially, the sputtering chamber 

was evacuated to a base pressure of 3 × 10
-6

 Torr with turbo 

molecular pump. The deposition of AZO layers was performed 

in argon (purity: 99.99%) atmosphere and the deposition 

pressure was maintained at 40 mTorr and the RF power was 

kept at 250 W and substrate temperature kept at 70 °C. Ar flow 

ratio of 180 sccm and working pressure of 1.8 × 10
-2

 Torr.  

After the sputtering of the bottom AZO layer, Mo layers were 

deposited on the bottom AZO layer with various thicknesses. 

For Mo layers, the deposition pressure was maintained at 10 

mTorr and the RF power was kept at 100 W and substrate 

temperature kept at 27 °C. Ar flow ratio of 40 sccm and  
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Fig. 1 (a) XRD patterns and (b) full width at half maximum (FWHM) 

of XRD (002) peaks and the grain size corresponding to 

AZO/Mo/AZO films as a function of 

 

working pressure of 4.0 × 10
-3

 Torr. The above

process conditions are about the best parameters in the 

experiment for achieving the good opto-electric characteristics. 

The thickness of the deposited films was measured by an 

Alpha-step (α-step, Kosaka Laboratory Ltd. ET

Conventional u–2u XRD was carried out in R

D8 ADVANCE) diffractmeter using Cu Kα radiation to 

investigate the crystallinity and crystal orientation of the films. 

The variations of surface morphology and root mean square 

(RMS) roughness as a function of substrate temperature were 

evaluated using an atomic force microscope (AFM, 

Solver P47 system). The carrier concentration (n) and 

mobility (µ) were measured by the Hall measurement (Ecopia 

HMS 3000). Optical transmittance was measured 

UV–vis–IR spectrophotometer (JASCO V

300 – 800 nm. 

 

III.  RESULTS AND DISCUSSIONS

Fig. 1(a) shows the XRD plots of the AZO

a function of Mo layer thickness. Strong <002> peaks at 34.5

along with <103> were observed for AZO thin films and 

indicated polycrystalline nature of the thin films. 

diffraction peaks <002> intensity of AZO keeps almost the 

same, because the top and bottom AZO layer thickness 

controlled in the thickness of 30 nm. The <110> peaks at 48.5

of Mo layer in the multilayer thin films were observed.

 

 

ull width at half maximum (FWHM) 

size corresponding to the 

 Mo thickness 

The above-mentioned 

process conditions are about the best parameters in the 

electric characteristics.  

The thickness of the deposited films was measured by an 

step, Kosaka Laboratory Ltd. ET-4000). 

carried out in Rigaku (BRUKER 

using Cu Kα radiation to 

l orientation of the films. 

The variations of surface morphology and root mean square 

(RMS) roughness as a function of substrate temperature were 

evaluated using an atomic force microscope (AFM, NT-MDT 

The carrier concentration (n) and Hall 

mobility (µ) were measured by the Hall measurement (Ecopia 

transmittance was measured using a 

JASCO V-670) in the range of 

ISCUSSIONS 

of the AZO/Mo/AZO films as 

a function of Mo layer thickness. Strong <002> peaks at 34.5° 

along with <103> were observed for AZO thin films and 

indicated polycrystalline nature of the thin films. The 

intensity of AZO keeps almost the 

ause the top and bottom AZO layer thickness was 

. The <110> peaks at 48.5° 

of Mo layer in the multilayer thin films were observed. For the 

film with the Mo layer thickness of 5 nm, the <110> peak was 

not observed suggesting that the Mo layer surface shows the 

 

(a)                                                           

(c)                                                           

Fig. 2 The AFM images of the AZO/

Mo layer thickness of (a) 5 nm, (b) 

1
 

non-continuous and poor quality. The results show the good 

crystallinity and large grain size of Mo

due to the smallest full width at half maximum

Fig. 1(b) shows the FWHM of XRD (002) peaks and the 

grain size corresponding to 

function of Mo layer thickness.

AZO/Mo/AZO films as a function of Mo

calculated using Scherrer's formulation [18]:

0.9λ
D = 

βcosθ                                               

where λ = 1.54
o

A  and β = B-b (B is the observed FWHM and b 

is the instrument function determined from the broadening 

the monocrystalline silicon diffraction line). 

thickness increases from 5 to 15 nm, the average crystalline size 

increases from 15.22 to 16.64 nm.

size of AZO/Mo/AZO tri-layer films can decrease grain 

boundary scattering and increase the carrier lifetime for 

achieving the lower resistivity of the 

Fig. 2 shows the AFM images of 

a function of Mo layer thicken

shown is 1.22 µm × 1.22 µm. It is found that the thicker the 

layer thickness in AZO/Mo/AZO film, the smoother the surface 

morphology. The AZO/Mo/AZO film

Mo layer shows the root mean square (RMS)

nm to 1.61 nm. It can be seen that the 

multilayer films decreases with increasing of the 

thickness due to the Mo layer 

 

film with the Mo layer thickness of 5 nm, the <110> peak was 

ing that the Mo layer surface shows the  

 
                              (b) 

 
                              (d) 

 
(e) 

AZO/Mo/AZO films as a function of 

(b) 8 nm, (c) 10 nm, (d) 12 nm and (e) 

15 nm 

and poor quality. The results show the good 

crystallinity and large grain size of Mo layer thickness of 15 nm 

ull width at half maximum (FWHM) [17].  

FWHM of XRD (002) peaks and the 

size corresponding to the AZO/Mo/AZO films as a 

layer thickness. The grain size of the 

AZO/Mo/AZO films as a function of Mo layer thickness was 

r's formulation [18]: 

                                                              (1) 

b (B is the observed FWHM and b 

is the instrument function determined from the broadening of 

the monocrystalline silicon diffraction line). As the Mo layer 

from 5 to 15 nm, the average crystalline size 

increases from 15.22 to 16.64 nm. Increasing the crystalline 

layer films can decrease grain 

boundary scattering and increase the carrier lifetime for 

achieving the lower resistivity of the multilayer films [19].  

shows the AFM images of the AZO/Mo/AZO films as 

thickenss. In each case, the scan area 

µm. It is found that the thicker the Mo 

/AZO film, the smoother the surface 

/AZO film with 5 nm to 15 nm thick 

root mean square (RMS) roughness of 2.83 

It can be seen that the RMS roughness of the 

films decreases with increasing of the Mo layer 

 was changed from distinct islands  
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Fig. 3 Electrical resistivity (ρ), Hall mobility (µ) and carrier 

concentration (n) of the AZO/Mo/AZO films as a function of Mo layer 

thickness 

 
Fig. 4 Optical transmittance spectra of the AZO /Mo/AZO films as a 

function of Mo layer thickness 

 

to continuous film. Surface roughness is one of the important 

properties of the TCO thin films for many opto-electronics 

applications, because the smooth structure can reduce the 

scattering of incident light, which makes the contribution to 

increase the transmittance [20]. 

Fig. 3 shows the electrical resistivity, mobility and carrier 

concentration of the AZO/Mo/AZO films as a function of Mo 

layer thickness. As the Mo thickness increases from 5 to 15 nm, 

the resistivity decreased from 7.44 × 10
-4

 Ω-cm to 9.98 × 10
-5

 

Ω-cm. Changes in resistivity between 5 nm and 15 nm Mo films 

can be attributed to transition of Mo atoms from distinct islands 

to continuous film. The decrease in resistivity can be observed 

the changes in carrier concentration and mobility. The carrier 

concentration and mobility increases with increasing Mo layer 

thickness. The Mo layer could inject electrons into AZO layer 

and reduce the resistivity of the AZO/Mo/AZO structure. To 

compare the carrier concentration of the AZO thin films is 

around 10
21

 cm
-3

 [21], the carrier concentration of 

AZO/Mo/AZO structure with 15 nm Mo is increased by around 

ten orders of magnitude to 1.047 × 10
22

 cm
-3

. For the change of 

Hall mobility, many scattering mechanisms have been reported 

[22, 23]. The highest mobility at a critical Mo thickness of 15 

nm for the AZO/Mo/AZO film is around 12.75 cm
2
/V-s. Fig. 4 

shows the optical transmittance spectra of the AZO/Mo/AZO 

films as a function of the Mo layer thickness. The optical 

transmittance of glass substrate is about 90% over the visible 

range of wavelength. Transmittance spectra of the multilayer 

films were decrease on thickness of Mo layer increase. The 

transmittance of the AZO/Mo/AZO structure depends on the  

 
Fig. 5 Figure of merit of the AZO/Mo/AZO films as a function of Mo 

layer thickness 

 

thickness of Ag layer. The average transmittance of the 

AZO/Mo/AZO films with Mo layer thickness of 5, 8, 10, 12 

and 15 nm show the value of 85.4%, 82.1%, 79.7%, 76.8% and  

73.4% in the visible region. The transmittance peaks shows 

around 380 nm of all AZO/Mo/AZO films. In the short 

wavelength region, the transmittance is affected by light 

absorption caused by inter-band electronic transitions [24]. 

Therefore, the transmittance decreases with increasing Ag layer 

thickness, more electrons are available for inter-band 

transitions and result in more light absorption. Fig. 5 shows the 

figure of merit (FOM) for the AZO/Mo/AZO films as a 

function of Mo layer thickness. The FOM (φTC) is calculated 

for the AZO/Mo/AZO films as follows [25] 

 
10

TC av s = T Rϕ
                                                                    (2) 

where  

( ) ( )
T

( )
av

T f d

f d

λ λ λ

λ λ
= ∫

∫                                                            (3) 

and Rs is the sheet resistance. f(λ) is the luminous spectral 

efficiency function defining the standard observer for 

photometry [26] and T(λ) is the measured transmittance of the 

AZO/Mo/AZO films. The range of λ is set from 300 to 800 nm. 

It can be seen that the best FOM (=5.95 × 10
-2

 Ω
-1

) is obtained 

when the Mo layer with 15 nm is continuous to electron 

conduction. The sheet resistance of 13.31 Ω/sq and the average 

transmittance values of 73.4% over the visible region are well 

obtained in the AZO/Mo/AZO film with Mo layer thickenss of 

15 nm. The photonic function is a measure of the sensitivity of 

the human eyes. The method gives a more realistic estimate of 

the actual merit of the AZO/Mo/AZO films for transparent 

electronics. 
 

IV. CONCLUSION 

In this paper, the AZO/Mo/AZO thin films were prepared by 

RF magnetron sputtering. We have investigated the structural, 

optical and electrical properties of thin films with Mo layer 

thickness of 5, 8, 10, 12 and 15 nm. The low resistivity of 9.98 

× 10-5 Ω-cm, mobility of 12.75 cm2/V-s, carrier concentration 

of 1.05 × 1022 cm−3, maximum transmittance of 79.13% and 
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figure of merit  of 5.95 × 10-2 Ω-1 were obtained at Mo layer of 

15 nm and AZO layer of 30 nm. These results made the 

AZO/Mo/AZO films be a good candidate for future transparent 

conductive electrode applications. 
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