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Abstract: 

Achievement of high conductivity by doping an oxide thin film while maintaining its high 

visible transparency remains a challenge in the field of materials science and technology. 

Here, we demonstrate a simpleand novel technique to control compensating defects in Al 

doped ZnO (AZO) thin films involving a post-growth annealing process with Znblanket. We 

also provide an in-depth understanding of the mechanism of achieving high conductivity. As 

low as 8.8 Ω/sq sheet resistance (resistivity 3.1×10-4 Ω-cm) with 90% visible transmittance 

and wherefrom a figure of merit (FOM) value of 6.5×10-2 Ω-1for a RF sputtered AZO thin 

film can be achieved. Such very low sheet resistance has been attributed to a decrease in the 

number of compensating defects in AZO.Applicability of the developed AZO film as flexible 

conducting substratehas been successfully been tested by fabricatingflexible perovskite solar 

cells. The present findings open up the possibility of high quality industrial-scale production 

of transparent conducting oxides (TCOs) bearing crucial significance from the perspective of 

transparent electrodes for solar cells. 
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1. Introduction: 

Transparent conducting oxides (TCOs) films have widely been used in the solar cell 

industry due to its high conductivity to reduce resistive losses and high transmittance to 

minimize the photon absorption in the visible-light range. Nowadays TCOs have alsoattracted 

a great attention due to their important role in thin film optoelectronic devices such as flat-

panel displays (FPDs),liquid-crystal displays (LCDs), light emitting diodes (LEDs), organic 

light emitting devices (OLEDs), antistatic coatings on instrument panels, corrosion resistant 

coatings, gas sensors, heat mirrors for energy efficient windows and light bulbs etc.(Ellmer, 

2012; Kim et al., 2013; Sharma et al., 2017; Song et al., 2010) At present, indium tin oxide 

(ITO) and fluorine doped tin oxide (FTO) as TCOsarewidely used irrespective of the device 

type. Besides thehigh cost of FTO, there are growing concerns regarding theavailability and 

cost of ITOin the near future owing to the rapidly expandingoptoelectronic market. Further, 

ITOis not stable in hydrogen plasma(Hu and Gordon, 1992). Because of these reasons, it is 

important to develop alternative TCOs with no or lowerIncontent. Among 

varioussubstitutes,AldopedZnO(AZO) is considered to be a very effective alternativedue to 

its high transparency in the solar spectral region, and very high conductivity with an added 

gain of low fabrication cost.As a TCO,its further advantages are non-toxicity, good resistance 

against damage by hydrogen plasma etc. Therefore, inexpensive AZO becomes a natural 

selection over costly In-rich ITO. 

There are several deposition methodswhich have been used to prepare AZO thin films 

such as magnetron sputtering(Ghosh and Basak, 2010), thermal evaporation(Lu et al., 2017), 

plasma enhanced chemical vapour deposition (PECVD)(Chen et al., 2014), chemical vapour 

deposition (CVD)(Liu et al., 2016), pulsed laser deposition (PLD)(Sibinski et al., 

2014),electrodeposition(Mkawi et al., 2015), spray pyrolysis(Rozati and Akesteh, 2007), 

atomic layer deposition (ALD)(Sinha et al., 2015), metal organic chemical vapor deposition 
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(MOCVD)(Fragala et al., 2009), molecular beam epitaxy (MBE)(Ying et al., 2016), and sol-

gel processes(Damm et al., 2014). Among them, magnetron sputtering is considered to be a 

suitable large-scale technique due to its inherent characteristics such as high deposition rate, 

better adhesion, good controllability of thickness, uniform film quality to alarge area, and 

higher film density. MostlyAZO films deposited by an RF sputtering technique do not fully 

satisfy the conditions of aTCO unless it is post-growth annealed which is considered as an 

effective techniqueto modify intrinsic defects in the as-grown films and further improve the 

electrical properties(Guillen and Herrero, 2013; Lyubchyk et al., 2016).Though there are very 

few reports in which they got resistivity in the range 3.0×10-4 – 4.7×10-4 Ω-cm without any 

post-growth treatment(Berginski et al., 2008; Berginski et al., 2007; Park et al., 1997).AZO 

thin films when annealed in H2 ambient improve theirelectrical properties significantly due to 

bettercrystallinity(Khan et al., 2016).Rapid thermal annealing (RTA) is another annealing 

technique whichhas a larger effect of characteristicimprovement on the thin film but 

needsseparate equipment(Gupta et al., 2014; Zhu et al., 2013).However, spontaneous 

formation of compensating point defect such as zinc vacancy (VZn) in ZnO or in AZO films 

leaves somescope to improve the electrical property by addressing the root cause of these 

defects(Bera et al., 2010; Look et al., 2012). Supposedly, annealing by Zn film is expected to 

reduce the VZn defects and improve the electricalproperties. Therefore, in this paper, we have 

developed a simple and novel technique involving a post-growth annealing with a Zn blanket 

at 550 °C in order to achieve high conductivity in RF sputtered AZO thin films.We have 

investigated the change in the electrical properties with a change in the Zn blanket as well as 

AZO thickness revealing a decrease in the number of compensating point defects due to Zn 

diffusion which has beenconfirmed by theSIMS data. The lowestsheet resistance value of 

8.8Ω/sq andhighest figure of merit (FOM) of 6.5 10-2 Ω-1 with 

anaveragevisibletransmittance value of 90%have been obtained for aAZOfilmwith thickness 
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350 nm. The resultant AZOthin film is suitable as a flexible TCOelectrode when deposited on 

flexible Corning® Willow®Glass(S, 2017)for fabricating flexible perovskite solar cell which 

shows a decent photovoltaic power conversion efficiency. This work,therefore, 

demonstratesan efficient alternative of ITO as a scalable, low-cost TCO 

forthefuturetransparent electrodes. 

 

2. Experimental: 

2.1 Preparation of AZO and Zn films: 

A 1.9wt% Al2O3 doped ZnO ceramic target (2-inch diameter) prepared in-house 

following a ceramic approachwas used as a source material for deposition of the films. An RF 

sputtering chamber (Rocky mountain vacuum tech. model: RMS T-4065) was evacuated to a 

base pressure of 4×10-6Torr while the pressure during film deposition was fixed at 25 mTorr 

with anRF power of 150 watts. To get a uniform deposition, the substrate holder was rotated. 

A constant flow of 15 sccm pure Ar (99.99%) gas was used to sputter the target. Various 

thicknesses of AZO films controlled by a thickness monitor were deposited on properly 

cleaned borosilicate glass substrates at 500 °C.Various thicknesses of Zn films (which were 

used as the blanket) were deposited on properly cleaned glass substrate at room temperature 

(RT) from a 2-inch commercial Zn metal target(purity 99.99%, MTI) usinga DC magnetron 

sputtering system. During deposition, the sputtering chamber was evacuated to a base 

pressure of 4×10-6Torr while the pressure during deposition was fixed at 25 mTorr with DC 

power 60-70 watt. A constant 10 sccm pure Ar gas flow was used to sputter the target. 

2.2 Post-growth annealing: 

A post-growth thermal annealing of the films was carried out at around 550 °C with 

the Znfilm for 1 hour in Ar+10% H2ambient. During annealing, the Zn and AZO films were 
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kept in blanket style so that Zn film remained in close proximity of the AZO film(Basak and 

Ghosh, 2017).Primarily two varietyof films have been prepared: (i)AZO film with a fixed 

thickness (200 nm) annealed with a Zn film of various thicknesses (20 nm, 40 nm, 80 nm) 

and (ii) AZO film with various thicknesses (200 nm, 350 nm, 500 nm) annealed with a Zn 

filmofcertainthickness (80 nm).In order to compare the effect of annealing with Zn film, a set 

ofcontrolled samples i.e.350 nm AZO filmswere annealed inAr+10% H2 ambient. The 

nomenclature of the films has been made as shown in Table 1. 

Sample Name Specifications 

AZO thickness (nm) Zn thickness (nm) Annealing ambient 

200_A 200 00 Ar + 10% H2 

200_20 200 20 Ar + 10% H2 

200_40 200 40 Ar + 10% H2 

200_80 200 80 Ar + 10% H2 

350_80 350 80 Ar + 10% H2 

500_80 500 80 Ar + 10% H2 

350 350 00 As-grown 

350_A 350 00 Ar + 10% H2 

 

2.3 Fabrication of perovskitesolar cell: 

AZO coated flexible Willow Glasssubstrateswerecleaned with ultraviolet-ozone for 

15 min. SnO2 (~30nm) was coated by spin-coating (3000 rpm for 30 s)  2.67% SnO2 

nanoparticle in DI water and annealed at 150 °C for 30 min. The SnO2films were treated with 

UV-ozone for 15 min before coating theperovskite layer. The perovskitelayers were 

deposited following a previous report(Dou et al., 2017b). Briefly, 1:1.05:1 molar ratio of 

Table 1. Nomenclature, AZO film thickness, Zn film thickness and annealing ambient 
of the films. 
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MAI:PbI2:DMSO was mixed in DMF with a concentration of 1.1M and spin-coated (4000 

rpm, 25 s) on the TiO2. Around 18-19 s before the end of the spinning cycle, 400 µl of diethyl 

ether was quickly dripped on the spinning film.The films were then annealed on a hotplate for 

10 min at 100 °C. A hole transport solution, containing 72 mg mL–1of Spiro-MeOTAD, 28.8 

μLmL–1 of 4-tert-butylpyridine, and 17.5 μL mL–1 ofLiTFSI stock solution (520 mg/mL 

LiTFSI in acetonitrile), was spin coated (3000 rpm, 30 s) on the perovskite film. Then 15 nm 

of MoOxand 150 nm of Al back contacts were deposited by thermal evaporation to complete 

the device fabrication.  

2.4Characterisations: 

The crystallographic characterizationsof the AZO films were carried out by X-ray 

diffractometry (XRD; X’pert Pro, PANalytical) with Cu Kα (λ= 1.5406 Å) radiation. The 

microstructure and surface roughness of the films were observed by field emission scanning 

electron microscopy (FESEM; model no. JEOL JSM-6700) and atomic force microscopy 

(AFM; VEECO model: diCP-II). The optical transmission and reflection spectrum were 

recorded using a UV–VIS spectrophotometer (Varian; model: Cary-5000) within a range of 

300 to 3300 nm and auto zero has beendone with respect to the glass substrate before taking 

the transmission spectra to eliminate the substrate effect.The depth profiles of Zn within the 

AZO films were studied by secondary ion mass spectroscopy (SIMS, Hiden Analytical SIMS 

workstation). The values of resistivity, carrier concentration, sheet resistance and mobility at 

room temperature were estimated using Hall Effect measurement system (HEMS, Nano 

Magnetic Instruments) using four probe technique in Van der Pauw geometry. The J-V 

curves were measured in theambient environment under simulated AM 1.5 sunlight at 100 

mW/cm2with a solar simulator, calibrated with an NREL calibrated Si reference cell. The 

active area of the solar cell is 0.059 cm2and measured from 1.2 V to -0.3 V with scan a rate of 

100mV/s. 
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3. Results and Discussions: 

3.1 Structural and morphological analyses: 

 

Figure 1. (a) XRD patterns of the AZO films. The inset shows the (002) peak in a magnified 
scale. (b) FESEM images and (c) The AFM images of the AZO films. 
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The XRD patterns of the AZO films shown in Figure 1aexhibit a sharp peak at 2θ = 

34.3° and six (6) other very weak peaks at 36.1°, 47.4°, 56.4°, 62.7°, 67.8°, and 72.4° which 

respectively corresponds to the (002), (101), (102), (110), (103), (112), and (004) peaks of the 

hexagonal wurtzite structure of ZnO.The presence of highly intense (002) peak and absence 

of other intense peaks of wurtziteZnOstructure indicate that all the films have a texture with a 

c-axis predominantly oriented parallel to the substrate normal. No Al2O3phase is detected, 

which also implies that Al atoms remain in the hexagonal ZnOlattice occupying either the Zn 

sites (AlZn) or the interstitial sites (Ali). The full width at half maximum (FWHM) values of 

the (002) peaksof the films (Table 2) showsthat though there is nomuch change in the value 

for the films annealed withvarious Zn film thicknesses, the values are smaller than that of the 

AZO film annealed without Zn indicating better crystallinity of the Zn annealed films. 

Similar result is observed with an increase in the AZOfilm thickness (Table 2).The crystallite 

size (D) of the AZO thin films has been calculated by using the well-

knownScherrerformula(Borchert et al., 2005): 

   (1) 

wherek is the shape factor (0.9), λ is the wavelength of x-ray (1.5406 Å), β is the FWHM of 

the (002) peak, and θ is the diffracting angle. The crystallite size though increases from a 

value of 21.6 nm for without Zn annealed film to ~27 nm for Zn annealed film due to an 

effect of heat treatment (Table 2), it remains almost constant as the thicknessof the Zn film 

increases. Thecrystallite sizealso increases with an increase in the thickness of the AZO 

film(Table 2) probably due to a decrease in the film strain(Ong et al., 2002). 

Table 2. FWHM of (002) peak, crystallite size, and RMS roughness values of the AZO 
films. 
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Sample Name FWHM 
(Degree) 

Crystallite Size 
(nm) 

Film roughness 
(nm) 

200_A 0.38 21.6 8.1 

200_20 0.31 27.1 6.0 

200_40 0.31 27.2 5.3 

200_80 0.32 26.2 5.6 

350_80 0.27 31.1 8.3 
500_80 0.25 33.2 10.7 

 

The FESEM images in Figure 1bshows a gradual change in the morphology with an 

appearance of large flake-like grains when thethickness of AZO as well as Zn increases. It is 

clear from the top view of the FESEM images that the compactness of the films is better for 

the Zn annealed films as compared to 200_A film. Also, larger grain sizes in the Zn annealed 

films are evident from FESEM images. 

The 3D topological images obtained from the AFM studies for various thicknesses of 

Zn film as well as theAZO film in Figure 1cshows that there is a distinct change in the grain 

nature as well as size. The root mean square (RMS) roughness values (Table2) as deduced 

from the AFM images show notmuch change as Zn thickness increases while an increasing 

trend in the value has been observed with an increase in the thickness of the AZO film.The 

highest RMS roughness value of 10.7 nm for 500_80 and the lowest 5.3 nm for 200_40 AZO 

have been observed. Further, one can notice that spike like grains in 200_Ahas become 

rounded off in the films annealed with Zn which will help to avoid the undesired effects 

arising from sharp features. 
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3.2 Optical properties: 

3.2.1 UV-VIS-NIR transmittance and reflectance studies: 

Figure 2. a-c) Transmittance and d-f) Reflection spectra of the AZO films. The insets show 
the enlarged transmission spectra in the visible region. g) Digital image of the write-up 
showing the transparency of the AZO films. 

a b c 

d e f 

g 
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The UV-VIS-NIR transmission and reflection spectra of the AZO thin films as shown 

in Figure2a and 2bexhibitsharp band-edge absorption below 400 nm and a very high 

transparency of 85-95% in the visiblerange for all the films. Interestingly, the transmission 

changes very slightly with an increase in the thickness of Zn as well as AZO filmand this 

value is greater than 90% in the visible region for 350_80 and greater than 85% for 500_80 

film. These transmission values  are comparable with the commercially available ITO (Figure 

2c). Since the active layers in the solar cells are made to absorb the maximum visible light, 

high transparency of a TCO film in the visible region likely to satisfy one of the most 

important criteria of a conducting electrode for solar cell applications by enhancing the 

efficiency of the cell. Figure2d-f show the reflectance spectra of the films indicating low 

reflectance in the visible region.The digital image in Figure 2g shows excellent transparency 

of the AZO thin films as the underneath write-up (IACS-NREL-CORNING) is clearly visible 

through the AZO coated glass substrates for all film thicknesses and annealing conditions. 

The high transparency is maintained till ~1250 nm (NIR) which covers 55-60% of the solar 

radiation.Beyond 1250 nm, thetransmission value of the film drops sharplywhich is mainly 

due to free carrier absorptionandplasmonic resonance of electron gas in the conduction band 

(CB)(Gong et al., 2010; Minami et al., 1985).The optical band-gap of the AZO thin films has 

been evaluated by using the fundamental absorption equation(Mott, 1970): 

   (2) 

whereα is the absorption coefficient (α = ln (T-1)/d, where T is the absolute transmission 

Figure 3. Optical band-gap and carrier concentration of the AZO films. 
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value and d is the thickness of the film),hν is the incident photon energy, Eg is the optical 

band gap of the AZO thin films and A is a constant. Tauc plots leads to an estimation of the 

band-gap energy (Eg) value which slightly increases with an increase in the thickness of Zn 

anddecreases with an increase in the thickness of the AZO during annealing (Figure3).A 

reasonabledifference in the band-gap values of the films with and without Zn annealed films 

may be due to the Burstein-Moss effect(Sernelius et al., 1988)which will be discussed later.  

3.3Electrical and plasmonicproperties: 

3.3.1 Hall measurements: 

The variation of the electrical properties such as resistivity (ρ), sheet resistance (Rs), 

carrier concentration (ne), and Hall mobility (µ) with the thicknesses of Zn as well as AZO 

films and other annealingconditionsare shown in the Table3. It showsthat the resistivity 

decreases with an increase in the thickness of Zn film and the lowest resistivity of 2.85x10-

4Ω-cmfor 200_80 sampleis quite outstanding. There is a little change in the resistivity value 

as the thickness of the AZO film increases. However, the sheet resistance of the AZO thin 

films decreases with an increase in both Zn and AZO thickness. Thecarrierconcentration of 

the annealed films increases withZn thickness and decreases slightly with AZO thickness.The 

highest carrier concentration of 1.6x1021 cm-3 is achieved for the sample 200_80. The lowest 

sheet resistance of 7.1Ω/sq is achieved for the sample 500_80 which is comparable to that of 

the commercialITO. The carrier mobility changes slightly with the thickness of both Zn and 

AZO resulting the highest mobility value of 15.8 cm2/V-s for 350_80 sample which is almost 

26 times greater than that of the as-grown sample (0.6 cm2/V-s).Table 3shows that the 

resistivity valueof 350 nm AZO film decreases by 30 timeswhen annealed in Ar+10% 

H2ambient as compared to that of the as-grown film. This change in the carrier concentration 

indicate thatAr+10% H2 annealing help to decrease theresistivity by increasing the carrier 
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concentration. But interestingly, when the 350 nm AZO film is annealed withZn film, the 

resistivity valuedecreases by 77 timesand the mobility value increases by 26 timesas 

compared to the as-grown sample. These changes in the resistivity and mobility values  

 

Sample 
Name 

Resistivity 

(Ω-cm) 

Sheet 
Resistance 

(Ω/sq) 

Carrier 
concentration 

(cm-3) 

Mobility 

(cm2/V-s) 

FOM 

(x10-2Ω-1) 

200_A 1.6x10-3 81.0 5.6x1020 6.6 0.8 

200_20 6.6x10-4 32.85 7.9x1020 12.0 1.2 

200_40 5.2x10-4 26.0 8.3x1020 14.4 1.5 

200_80 2.85x10-4 14.25 1.6x1021 13.7 3.0 

350_80 3.1x10-4 8.8 1.3x1021 15.8 6.5 

500_80 3.5x10-4 7.1 1.3x1021 13.4 2.0 

350 2.4x10-2 679 4.7x1020 0.6 0.1 

350_A 8.1x10-4 23.2 9.9x1020 7.7 2.0 

Commercial 
ITO 

1.8x10-4 7.2 1.2x1021 28.2 7.0 

 

indicate that Znblanket annealing has a larger influence on the conductivity of AZO by 

influencing the carrier mobility through theremoval of compensating point defects which 

would be confirmed in later sections. 

Generally,thecarrier mobility of a film can be affected by various scattering 

mechanisms, such as grain boundary scattering, ionized impurity scattering, neutral impurity 

scattering, phonon scattering, and scattering at other defects and dislocations. Among these, 

phonon scattering is effective only at high temperature and can be neglected at RT 

measurement. For a value of carrier concentration above 2x1020 cm-3, the depletion layers 

between the crystallites becomeso thin, that thegrain boundary scattering can be 

Table 3. Resistivity, sheet resistance, carrier concentration, mobility, and FOM values 
of the AZO films. 
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neglected(Steinhauser et al., 2007; Zhang and Ma, 1996). Therefore, an increase in the 

mobility value is indicative of fewer defectsin the sample which will be discussed in detail 

later. As the quality of a TCO is determined by the value of FOM of a film, the FOM values 

for AZO thin films are calculated by the Haacke formula(Haacke, 1976): 

      (3) 

whereT is the absolute transmission value at 550 nm, and Rs is the sheet resistance of the 

corresponding AZO thin film. The highest FOM value 6.5x10-2Ω-1 is obtained for the sample 

350_80,which is slightly less than that of commercial ITO (Table 3).Therefore the results 

indicate that this blanket annealing produces excellent quality AZO film which can be used as 

In-free TCO substrates for solar cell applications. 

A comparison of % Al/Al2O3doping in ZnO, special processing/treatment if any, 

thickness, average transmission (Tavg), sheet resistance (Rs), carrier concentration (ne), and 
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% Al/Al2 O3 
doping in 

ZnO 
 

Special  
processing/ 
treatment 

Thickness 
of TCO 

(nm) 

Tavg in 
visible 
region 

(%) 

RS 
(Ω/sq) 

ne 

(cm-3) 
FOM 
(Ω-1) 

Reference 

2 wt% Al - 500 90 10 6.0×1020 3.5×10-2* (Ellmer et 
al., 1993) 

0.75 wt% 
Al2O3 

Post-growth 
annealing at 350 
OC in H2 

3200 78 2 3.0×1020 4.2×10-2* (Sato et 
al., 1994) 

2 wt% Al - 500 80.2 12.8* 3.7×1021 8.6×10-3* (Ellmer 
and 

Wendt, 
1997) 

3 wt% Al2O3 - 440 82 12* 8.2×1020 4.5×10-3 (Zhang et 
al., 2001) 

2 wt% Al2O3 - 300 85-87 12* 9.4×1020 2.1×10-2* (Hong et 
al., 2003) 

2 wt% Al2O3 AZO/Ag/AZO  
Post-growth 
annealing  at 
400 OC in air 

61 90 5.34 - 6.5×10-2 

at 450 nm 
wavelength 

(Sahu et 
al., 2008) 

2 wt% Al2O3 - 1100 85 15* 2.4×1020 5.7×10-2 (Guillen 
and 

Herrero, 
2009) 

2 wt% Al2O3 - 592 - 12.7* 4.3×1020 - (Ri et al., 
2011) 

3 at% Al - 1060 90 6.7 4.1×1020 5.2×10-2 (Luka et 
al., 2011) 

Table 4. The table shows a comparison of % Al/Al2O3  doping in ZnO, special 
processing/treatment if any, thickness, average transmission (Tavg), sheet resistance (Rs), 
carrier concentration (ne), and FOM values of various reported AZO-based TCO films with 
our results. For simplicity, the results of AZO TCOs with Rs around 10 Ω/sq have been 
compared. * mark indicates calculated values from the relevant values in the paper. 
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5 wt% Al2O3 

 

AZO/Ag/AZO  
Post-growth 
RTA at 500 OC 
for 3 min in 
vacuum  

92 83 5 
(appro

x.) 

- 3.1×10-2* (Park et 
al., 2009) 

0.5 wt% Al Chemically 
etched with 
0.5% HCl 

600-700 80 5* 
(appro

x.) 

5.5×1020 2.1×10-2 (Zhu et al., 
2012) 

2 wt% Al2O3 - 400 93 11* 7.0×1020 3.3×10-2 (Tseng et 
al., 2012) 

2 wt% Al2O3 Post-growth 
annealing at 350 
OC for 30 min in 
N2 and 
chemically 
etched with 
1%HCl or HF 

1300 86 5.7 - 3.9×10-2* (Guillen 
and 

Herrero, 
2013) 

2 wt% Al2O3 Post-growth 
annealing at 500 
OC in air 

800 80 12 - 8.9×10-3* (Guillen et 
al., 2013) 

2 wt% Al2O3 AZO/Ag/AZO 75 82.5 3.21 - 4.6×10-2* (Miao et 
al., 2014) 

2 wt% Al2O3 
+ 2 wt% 
Ga2O3 

Co-doping  
Post-growth 
RTA at 600 oC 
for 2 min in 
vacuum 

290 >80 15* 1.2×1021 7.2×10-3* (Gupta et 
al., 2014) 

- AZO/AgNW/A
ZO  

200 74.4 8.6 - 6.0×10-3 (Huang et 
al., 2015) 

2 wt% Al2O3 ITO/AZO  
Chemically 
etched with 
0.5% HCl 

800 85.1 7 3.4×1020 2.8×10-2* (Yan et al., 
2015) 

2 wt% Al2O3 - 500 83 10 6.3×1020 1.6×10-2* (Lee et al., 
2015) 

5 wt% Al2O3 - 710 70 5.8* - 4.9×10-3 (Ghorann
evis et al., 

2015) 

2 wt% Al2O3 Chemically 
etched with 10% 
HCl 

780 85 3.7 1.1×1021 5.3×10-2* (Jahed et 
al., 2015) 

- ZnO/Al 
Post-growth 
annealing  at 

235 95 6.2 - 11.23×10-2 (Tong et 
al., 2016) 
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FOM values of various reported AZO-based TCO films (mostly deposited by RF sputtering 

technique) with Rs around 10 Ω/sq is made with our results (Table 4).It is obvious from the 

previous reportsshown in the table that Rs less than 10Ω/sq has been achievedeither by 

depositing larger thickness of AZO (wherein transmittance has been compromised) or a 

multilayer of oxide/metal/oxide (which involves a multiple controlled deposition process) or 

suitable co-doping (which involves use of two cationic dopants or both cation and anion 

dopants). Compared to these results, we present a simple annealing scheme which easily 

retains both transmission and high conductivity values and thus a very high FOM value 

which is much better than the others.For a comparative demonstration, Figure 4a and bshow 

600 °C in N2 
2 wt% Al2O3 AZO/Ag/AZO  91 85 4.3 7.7×1021 4.4×10-2 (Kim, J.H. 

et al., 
2016) 

1.9 wt% 
Al2O3 + 0.25 
wt% Ga2O3 

AGZO/Ag/AGZ
O  
Co-doping 

25 
(approx.) 

84 9.2 - 1.9×10-2 (Kim, T. et 
al., 2016) 

1 wt% Al2O3 
+ 1.5 wt% 

ZnF2 

Co-doping 

 

350 92 8.2* 9.9×1020 5.3×10-2* (Wang 
and 

Chang, 
2016) 

Al/Zn ratio 
2% 

- 500 77 7* 8.0×1020 1.05×10-2* (Hamrit et 
al., 2016) 

2 wt% Al2O3 AZO/Ag/AZO  110 81.9 10.9* 5.3×1021 1.25×10-2* (Van Eek 
et al., 
2017) 

This work Annealed at 550 
OC with Zn film 

350 90 

 

8.8 1.3×1021 6.5×10-2  

Figure 4. Comparative demonstration of transparency and conductivity of a) AZO and b) Ag 
electrodes used for current conduction to lit the blue LEDs. The insets show the device currents 
at operating voltage 4.7 V. 
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the transparency as well as theconductivity of metal Ag and AZO electrodes wherein the 

butterfly is fully visible through the AZO films indicating its suitability in transparent 

electrodes. 

3.3.2Plasmonic properties: 

Generally, for metals, free carrier effects are studied from its reflectivity nature due to 

high optical absorption of metals at ahigher wavelength. In other words, in order to achieve 

metallic optical properties in the NIR region, large carrier concentrations (~1021 cm-3) is 

required. The screened plasma energy is given by the following equation(Zhang et al., 2016): 

   (4) 

where  and  are the free space and relative permittivity, e is the electronic charge, ne is the 

carrier concentration, m* is the effective mass of carrier, ħ is the reduced Planck’s constant, 

and ωp is the plasmon frequency. Here ωp is estimated from transmission-reflection-

absorption graph where absorption is maximum(Figure 5) and noted in Table 5(Ginley et al., 

Figure 5. Transmission -reflection-absorption curves showing the plasmon frequency of the 
500_80 film. 
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2010).The plasmon frequency forall the AZO thin films (except for 350 sample) has been 

estimated in the order of petahertz (̴ 1015 Hz). The highest and the lowest values of the 

plasmon frequencies are 1.06 petahertzand0.61petahertzrespectively for the samples 200_80 

and 200_A. 

The electrical conductivity (σ) of the AZO thin films can be expressed in terms of the 

carrier relaxation time by the following equation(Zhang et al., 2016): 

    (5) 

whereµ is the electron mobility and 𝛕𝛕 is the carrier relaxation time. Therefore, usingthe above 

two equations, we can calculate the carrier relaxation time as follows: 

    (6) 

The carrier relaxation time for the AZO thin films is in order of afemtosecond (̴ 10-15 

s). These values are comparable with that of the ITO(Zhang et al., 2016).The value increases 

with an increase in the thickness of Zn and slightly decreases with the thickness of the AZO. 

The highest relaxation time 3.6 femtosecond is obtained for the sample 200_80 which is 

much higher than the values obtained for the as-grown film as well as the films annealed in 

Ar+10% H2 (Table 5). Generally, the carrier relaxation time depends upon carrier scattering 

and thus, itdecreases with an increase in the scattering. The higher carrier relaxation time for 

Zn treated filmis indicating less carrier scattering, which is also substantiated by the value of 

the carrier mean free path(L)which can be evaluated by the following equation(Yao et al., 

2012): 

       (7) 
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whereh is the Planck's constant, e is the electron charge, ne is the carrier concentration, and µ 

is the carrier mobility. Table 5 shows that the highest mean free path is 3.4 nm for the sample 

350_80, whereas this value is only 0.1 nm for the sample 350 indicating much less carrier 

scattering in Zn annealed film.  

 

 

 

 

 

 

 

 

 

Sample 
Name 

Plasmon frequency 

(x1015 Hz) 

Relaxation time 

(Femtosecond) 

Mean free path 

(nm) 

200_A 0.61 1.9 1.1 

200_20 0.99 1.7 2.2 

200_40 1.02 2.1 2.7 

200_80 1.06 3.6 3.2 

350_80 1.03 3.4 3.4 

500_80 1.02 3.05 2.95 

350 - - 0.1 

350_A 0.91 1.7 1.5 

Table 5. Plasmon frequency, relaxation time, and mean free path values of the AZO 
films. 
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3.4 SIMS analyses: 

 

Figure 6a shows that the Zn counts remainconstant throughout the depth of the film 

for 200_A sample, but when the film is annealed with Zn film, the overall counts of Zn 

increases for the samples. Moreover, Zn counts increases upto a certain depth of the film 

which indicates excess Zn diffusion into the film. Figure 6b shows that the counts/intensity of 

Zn in the samples200_80as compared to the Zn untreated (200_A) one is much higher which 

is corroborating the change in the carrier concentration in the samples. As the thickness 

i.e.amount of Zn is fixed but the AZO thickness increases, Zn countsin the AZO films 

decreases. This is quite understandable as Zn is diffused along a larger depth (alongwiththe 

thickness of the film) causing lesser Zn counts with an increase in the AZO thickness. 

Figure 6. Zn depth profile in the films for (a) various Zn thicknesses and (b) various AZO 
thicknesses. (c) Schematic of the mechanism of reduction in Vzn due to annealing. 
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3.5 Mechanism: 

In order to reveal the mechanism of highly enhanced conductivity in the 

filmsannealed with Zn, the influence of point defects needs to be addressed.Generally, in 

ZnO formation of acceptor-like compensating defects such as VZn or other complexes, which 

compensate the free electron concentration and decrease the mobility through the ionized 

impurity scattering has been acknowledged(Jia et al., 2014).The post-growth annealing in 

Ar+10% H2(200_A and 350_A) ambientimproves the conductivityas compared to the as-

grown film (Table 3). However,further improvement is there when the film is annealed with 

Zn filmin the similar ambient. This confirms the role of excess Zn diffusionbehind the 

improved conductivitythough the doping concentration (i.e Al+3) remains constant. Two 

possibilities can be considered for an enhancement in the conductivity after Zn treatment: (i) 

Zn diffuses through VZnby decreasing acceptor-like compensating defects, (ii)formation of 

Zni (zinc interstitial), donor defects(Fang et al., 2002; Jia et al., 2014).Looking back to the 

conductivity data in Table 3, the improvement in the electrical conductivity is due to a 

significant increase in the mobility value.One of the interesting observations from the Table 3 

is that the mobility is almost doubled in 200_80 and 350_80 as compared to 200_A and 

350_A respectively.Therefore, it is quite likely that thenumber of VZndefectdecreases asZn 

diffuses into it. Theexperimental results can be explained following the simple exemplary 

expressionisgiven below:  

   (A) 

where due to thepresence of a VZndefect in AZO, theresultant free carrier is n-m (where n and 

m are the integer numbers). In thecase of Zntreated AZO films, the VZn defect sites would be 

occupied by a Zn atom,which can be represented by thefollowing expression:  
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    (B) 

where the resultant free carrier is n. By comparing the expressions A and B, one can easily 

relate that the resultant m numbers of free carriersare increased. This can be better understood 

if we compare the electron concentration values of 200_A and 200_80. As Zn diffuses, more 

free carriers become available increasing the conductivity. At the same time, the mobility 

value is improved due to lessnumber of defect relatedscattering centers.About the 2nd 

possibility, if Zni (carrier scattering defects) would have been formed, mobility should have 

been decreased which is not the case. However, additionallyexistence of a separate metal Zn 

phase in very small quantity cannot be ruled out.  Therefore it is confirmed that annealing 

AZO film with Zn in Ar+10% H2 ambient causesa significant improvement in the electrical 

property primarily due to Zn diffusion through VZn(Figure 6c). 

3.6 Performance as flexible TCO in perovskitesolar cell: 

 

Figure 7. (a) Transmittance spectrum of AZO film on flexible Willow Glass. Inset shows 
Device structure. b) Performance of AZO based flexibleperovskite solar cells. 
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After having optimized the growth and annealing conditions, a 350 nm thick AZO 

film is grown on flexible 100 µm thick Willow Glass substrates and annealed with 80 nm 

thick Zn film in blanket style as described in earlier section. Fig. 7a shows the transmittance 

spectrum of a 350 nm AZO coated Willow Glass substrate revealing 90% transmittance from 

400 nm to 800 nm. The resistivity, sheet resistance and carrier concentration of AZO coated 

flexible substrates are 2.9x10-4 Ω-cm, 8.3 Ω/sq and 1.3x1021 cm-3 respectively with a FOM 

value of 6.5x10-2 Ω-1(Ghosh et al., 2016). These parameters of our AZO on flexible Willow 

Glass substratesare quite suitable as TCO substrates for flexible solar cell fabrication. 

To demonstrate the application of the optimized AZO film, the performance offlexible 

perovskite solar cellshas been examined. Figure 7ainset and 7bshowstructure and 

performance of flexibleperovskite solar cells based on AZO. As shown in Figure 7b, the cell 

structure is flexible glass/AZO/SnO2/MAPbI3/Spiro-OmeTAD/MoOx/Al. Details of cell 

fabrication can be found in the experimental section. The devices consistently show power 

conversion efficiency of 9.2 ~ 9.45% with open-circuit voltage 0.98~0.99 V, short-circuit 

current of 17.28 ~17.89 mA cm-2 and fill factor of 53.4 ~ 54.3%. Such initial efficiency value 

shows the potential of AZO film in perovskite solar cells as TCO. The device performance 

could be potentially significantly improved by better design of the electron transport layer, 

such as having thicker electronic transport layer(Dou et al., 2017a), or more delicate 

processing method. 

4. Conclusions:  
 
In conclusion, we have developed a new annealing technique to beat the doping 

challenge in ZnO by reducing the compensating defects whichleads to a very low sheet 

resistance of 8.8 Ω/sq(resistivity 3.1×10-4 Ω-cm). The success of achieving enhanced carrier 

mobility of the carriers by Zn blanket annealing is of great significance in the wide band gap 

semiconductors, not only because it can provide a high quality low-cost TCO but also 
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guarantee a tunable conductivity in the oxides. Simple AZO TCO production following the 

annealing technique, makes it possible for a broad range of applications such as all 

transparent electronics to flexible photovoltaics. Further work is needed to explore the 

possibility for the industrial production of this type of technically important TCOs. 
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