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ABSTRACT

Transparent conducting (TC) films based on Al and In co-doped ZnO (AIZO)

are deposited at room temperature (RT) onto glass as well as flexible poly-

ethylene terephthalate (PET) substrates by pulsed laser deposition (PLD) tech-

nique. While substrate heating becomes inevitable to obtain enough

conductivity of the oxide films, we simply by controlling the chamber O2

pressure (3 9 10–3 to 1.5 9 10–2 mbar) have achieved the desired structural,

electrical and optical properties of the AIZO films without the need to heat the

substrate. All the co-doped films having hexagonal wurtzite structure of ZnO

shows surface roughness values in the range of 2.3–4.4 nm. The average

transparency of the films is 79–92% in the 400–700 nm range. The film deposited

at O2 pressure of 3 9 10–3 mbar on glass substrate shows the highest carrier

concentration value of 1.60 9 1021 cm-3 with the lowest sheet resistance of 30.47

X/sq as well as the lowest roughness value of 2.3 nm. The best condition used

for the AIZO film deposited on PET substrate shows unprecedentedly low sheet

resistance of only 32.63 X/sq which opens up enormous possibility for flexible

electronics.

1 Introduction

Transparent conducting films (TCFs) are composed

of a special type of material which has unique com-

bination of high electrical conductivity and high

optical transparency in the visible region of the solar

spectrum. There are diverse applications of TCFs as

transparent electrode in various optoelectronic devi-

ces such as flat panel displays (FPDs) [1–3], light-

emitting diodes (LEDs) [4, 5], organic light-emitting

diodes (OLEDs) [6, 7], solar cells [8–10], etc. Tin-

doped indium oxide (ITO) and fluorine-doped tin

oxide (FTO) are the two commercially used most

popular TCFs because of their high electrical con-

ductivity as well as high optical transparency [11–16].

However, these are costly and due to exhausting In

source, In-rich ITO is expected to be lacking. The

growing demand of TCFs in the optoelectronic
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industry day by day has led to a quest for a low-cost

TCF to decrease the fabrication cost of various elec-

tronic and optoelectronic devices. Nontoxic, abun-

dant, inexpensive trivalent metal ion-doped ZnO thin

film being an immensely promising substitute of ITO,

a renewed interest has been focused on ZnO which

had been a material of research in 1950s [17, 18]. Al-

doped ZnO (AZO) thin films have now been widely

and successfully used as TCFs in many optoelectronic

devices [7, 19, 20]. However, ITO, FTO as well as

AZO thin films show high optical transparency and

conductivity only when a heat treatment of minimum

300 �C and above (either substrate or post-growth

annealing temperature) is applied [21–24]. Ironically

laying a TCF on flexible substrate with high con-

ductivity and high visible-light transparency is

inevitable to fabricate flexible electronic devices in

the current age. Flexible substrates such as poly-

ethylene terephthalate (PET), polyethylene naphtha-

late (PEN), poly carbonate (PC), etc., can withstand a

maximum temperature of 180 �C which again is not

high enough for the above-mentioned oxide TCFs to

achieve enough quality to show the requisite prop-

erties [25]. The commercially available ITO-coated

PET substrate shows a sheet resistance of 60 X/sq for

a 130-nm-thick ITO film [26]. Most of the studies on

trivalent cation-doped ZnO films show properties

comparable to an ITO film involve either a high film

deposition temperature or a post-deposition anneal-

ing at high temperature [27–32]. Therefore, develop-

ment of room or low-temperature deposited ZnO-

based TCFs on flexible substrate is highly required

and timely enough.

Often for a single metal ion doping in ZnO, resis-

tivity begins to increase beyond a certain dopant

concentration, which is generally attributed to

appearance of a separate oxide phase due to solu-

bility limit of that particular dopant in ZnO. To

overcome this limitation, scientists have attempted

co-doping, i.e., use of a second metal cation together

with another one [29, 33–37]. Cation–cation co-dop-

ing generally increases the solubility limit of the total

dopants beyond the solubility limit of individual

dopant [38].

Among various thin film deposition techniques,

pulsed laser deposition (PLD) is relatively a flexible,

promising, simplest, and widely exploited technique

for the preparation of metal oxide and complex metal

oxide films with a wide range of pressure ranging

from atmospheric to few mTorr in any background

gas environment [39, 40]. Therefore, in this work, we

have grown Al (1 at.%) and In (1 at.%) co-doped ZnO

thin films on glass substrates at room temperature

(RT) using PLD technique. In this study, various

excimer laser energies (180 to 400 mJ) incident on the

target and oxygen (O2) chamber pressures (3 9 10–3

to 1.5 9 10–2 mbar) have been chosen to control the

optical transparency as well as conductivity of the

films in order to optimize the best deposition condi-

tions for the film on PET substrate. It has been seen

that the lowest laser energy although produces a Al,

In co-doped ZnO (AIZO) film with the highest sheet

resistance, but the quality of the film is the best in

terms of structural as well as optical transparency.

The AIZO thin films on glass substrates deposited

with 180 mJ laser power have an average trans-

parency of 79–92% in the 400–700 nm wavelength

region. The lowest resistivity value of 1.10 9 10–3

X.cm (sheet resistance 30.47 (X/sq) and the highest

carrier concentration value of 1.60 9 1021 cm-3 have

been achieved for the films deposited with

3 9 10–3 mbar O2 pressure. Therefore, the lowest

laser power, i.e., the best deposition conditions have

been used to deposit AIZO film on PET substrate

which shows a sheet resistance value of 32.63 X/sq
which is quite less than that of commercially avail-

able ITO-coated PET substrate [26]. Evidently such a

low sheet resistance is a benchmark since we have

obtained this value using only 1 at.% In, while use of

ITO film consumes 80% In by weight [41].

2 Experimental

AIZO target for PLD was prepared by conventional

ceramic technique using high-purity commercial

ZnO ([ 99%, MERCK), Al2O3 ([ 99.5%, MERCK) and

In2O3 (99.99% Alfa Aesar) powders. To prepare the

target 31.6 mg of Al2O3 and 86.1 mg of In2O3 were

mixed with 5 g of ZnO powder (to achieve 1 at.%

doping of each In and Al) thoroughly in an agate

mortar-pestle for several hours, followed by a

pressing under 5 ton pressure to form a pellet with a

diameter of 1.5 cm. The pellet was then sintered in a

tubular furnace at 850 �C for 24 h in ambient condi-

tion for a solid-state reaction.

After checking the phase purity of the target, it was

used for thin film deposition using PLD. A coherent

Kr-F excimer laser of emission wavelength 248 nm,

with a repetition rate 6 Hz and energy 180 mJ,
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300 mJ, 400 mJ were used to vaporize the sintered

target. The AIZO films were also deposited using

various background O2 pressures ranging from

3 9 10–3 to 1.5 9 10–2 mbar respectively at RT at

180 mJ energy. The number of laser pulses used for

each film deposition was 20,000. Before backfilling

with different O2 pressures, the vacuum chamber of

the deposition system was evacuated to a base pres-

sure of 4 9 10–6 mbar by rotary and turbo molecular

pumps. For each deposition, a distance of 10 cm

between the target and the substrate was kept fixed.

The chamber O2 pressure during a deposition was

maintained by controlling the gas flow rate and turbo

speed simultaneously. AIZO film at 3 9 10–3 mbar

O2 pressure and 180 mJ energy has also been

deposited on a flexible PET substrate.

The phase purity and crystallinity of the thin films

have been determined by X-ray diffractometry (XRD;

BRUKER model: D8) using Cu Ka (k = 1.5418 Å)

radiation. The surface morphology has been investi-

gated by the atomic force microscopy (AFM; Veeco;

model diCP-II) and field-emission scanning electron

microscopy (FESEM; JEOL; model: JSM-6700F). The

thicknesses of the films were determined from the

cross-sectional FESEM images. The transmittance

properties of the films were measured using UV–VIS

spectrophotometry (PerkinElmer, Lambda 35). To

eliminate the effect of glass substrate an auto zero has

been performed before taking the transmission

spectra. Room temperature electrical parameters of

the films were measured using a Hall Effect mea-

surement system (HEMS, Nano Magnetic Instru-

ments) in the four probe Van der Pauw geometry.

Ohmic contacts of Al with thickness 90 nm were

deposited on the top of the film using a thermal

evaporation unit. X-ray photoelectron spectroscopy

(XPS; Omicron, serial no: 0571) was studied to iden-

tify the chemical states of the elements using Al-Ka
X-ray beam as the excitation source (1486.7 eV). The

nomenclatures of the thin films deposited on glass

and PET substrates at various laser energies and O2

pressures have been noted in Table 1.

3 Results and discussion

Figure 1a shows the XRD patterns of the films

deposited on glass substrates with various laser

energies at 3 9 10–3 mbar O2 pressure. The (002) peak

(JCPDS card No. 36–1451) of hexagonal wurtzite

structure is the prominent peak for all the films. The

full width at half maximum (FWHM) value of the

peaks decreases as the laser energy decreases. The

crystallite size (D) as calculated using the Scherrer

equation [42, 43]:

D ¼ 0:9k
b cos h

ð1Þ

where k is the wavelength of the incident X-ray, b
is the FWHM of (002) peak, decreases as laser energy

increases. This indicates improvement in the struc-

tural quality with decrease in laser energy. This may

be due to the fact that at higher laser energy, the large

chunk of ablated energetic particles hits the depos-

ited layers on the substrate and degrades the crys-

tallinity. The stress values (/) for the films as listed in

Table 2 are determined using the following formula

[44]:

/ ¼ 2c213 � c33ðc11 þ c12Þ
2c13

� C� C0

C0
ð2Þ

where C11 = 208.8 GPa, C12 = 114.7 GPa, C13 = 104.2

GPa, C33 = 213.8 GPa are the elastic constants. C and

C0 (5.206 Å) are the axis length of the strained and

unstrained films. It has been observed that as the

laser energy increases the stress value also increases.

For the AIZO films, the calculated stress is com-

pressive in nature. Figure 1b shows the transmission

spectra of the AIZO films deposited at 3 9 10–3 mbar

O2 pressure at various laser energies. It has been

observed that as the energy decreases average

transmission in the visible range increases which may

be due to a decrease in the film thickness with a

decrease in laser energy. From the undulation in the

transmission spectra it is also clear that thickness of

the films increases as the laser energy increases.

Table 2 summarizes the effect of laser energy on the

structural and optical properties of the AIZO films at

a fixed O2 pressure (3 9 10–3 mbar).

As the quality of a TCF is determined by the value

of figure of merit (FOM) values. The FOM value is

calculated using Haacke formula as follows [30]:

FOM ¼ T10

Rs
ð3Þ

where T is the average absolute transmission in the

visible range and Rs is the sheet resistance value.

Table 2 shows that FOM value has been increased

as the laser energy decreases. Moreover the films

deposited at higher laser energies shows poor
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crystallinity as well as low average transmission in

the visible range. Considering the criteria of main-

taining good crystalline quality, high optical trans-

mission and low sheet resistance, we have chosen

180 mJ laser energy to deposit films at various O2

pressure to study further the effect of O2 pressure

in the AIZO films.

The XRD pattern of the films deposited with

180 mJ laser energy at various O2 pressures as shown

in Fig. 2a also shows the presence of a prominent

(002) peak, the intensity of which decreases as the

oxygen pressure increases. Also, the other peaks (100)

and (101) appear as the oxygen pressure increases.

No phase corresponding to other oxides was detected

implying perfect incorporation of Al and In dopants

in ZnO lattice.

From Fig. 2a, it has been observed that the orien-

tation of the films depends on the deposition pres-

sure. Weaker intensity of (002) peak and appearance

of the (100) and (101) peaks in the 10G18 and the

15G18 films suggest random growth of the crystal-

lites are invigorated. Further, a degradation in the

crystalline quality is also evident from the

FWHM values of the (002) peak as shown in Table 3.

The crystallite size (D) as calculated using the

Scherrer equation decreases as O2 pressure increases.

The stress values for the films as listed in Table 3. The

crystallization of thin films depends on the kinetic

Table 1 Nomenclature, laser

energy, O2 pressure and

substrate type of the

AIZO films

Sample name Specifications

Laser energy (mJ) O2 pressure (mbar) Substrate type

3G40 400 3 9 10–3 Glass

3G30 300 3 9 10–3 Glass

3G18 180 3 9 10–3 Glass

6G18 180 6 9 10–3 Glass

10G18 180 1.0 9 10–2 Glass

15G18 180 1.5 9 10–2 Glass

3P18 180 3 9 10–3 PET
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Fig. 1 a XRD pattern and

b transmission spectra of the

AIZO films deposited at

various energies at

3 9 10–3 mbar O2 pressure

Table 2 (002) peak position, FWHM values, crystallite size, C-axis length, compressive stress, average transmission in visible region,

sheet resistance and FOM values of the various AIZO films deposited at various laser energies at 3 9 10–3 mbar O2 pressure

Sample

name

(002) peak

position

(degree)

FWHM

(degree)

Crystallite

size (nm)

C-axis

length

(Å)

Compressive

stress (GPa)

Average

transmission in visible

region (%)

Sheet

resistance

(X/sq)

FOM

(9 10–3) (X-1)

3G40 33.33 2.05 4.23 5.376 7.61 71.34 15.45 2.21

3G30 33.39 1.60 5.42 5.367 7.79 75.01 19.27 2.96

3G18 33.63 0.34 25.50 5.326 5.35 79.25 30.47 3.20
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energy of the atoms present in the plasma plume of

the ablated target material. At lower O2 pressure the

atoms present in the plasma plume have sufficient

kinetic energy to find the lowest energy sites by

surface diffusion. When the pressure is higher the

collision probability of the atoms vaporized from the

target with the ambient O2 molecules become higher,

thereby the atoms reach the substrate after losing a

part of their kinetic energy via several collisions

preventing the possibility of the adatoms to look for

the thermodynamically stable position. As a result,

these ablated target atoms sit at random sites as

available which caused random growth orientation

and low crystallinity [45, 46].

The surface morphology as shown in top-view

FESEM image (Fig. 2b) of the 3G18 film reveals

granular texture. The cross-section view shows a

growth of a 365 nm thick film. The homogeneous

grain growth is evident from the top-view image. The

cross-section view also shows a very compact film

nature. Figure 2c shows smaller grain size for the

15G18 film, and from the inset it is evident that film

thickness decreases with an increase in the O2 pres-

sure. This may be due to the fact that the collision of

the O2 gas molecules with the ablated materials

decreases the film deposition rate.

The 3D topological images obtained from the AFM

studies for the films deposited at 180 mJ energy at

various O2 pressure are shown in Fig. 3. The root

mean square (RMS) roughness values as calculated

by WSxM 4.0 software are listed in Table 3.
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Fig. 2 a XRD pattern of the

AIZO films deposited at

various O2 pressure. b Top-

view FESEM image of

the 3G18 and c 15G18 film.

The inset shows the cross-

section view of the

corresponding films

Table 3 (002) peak position, FWHM values, crystallite size, C-axis length, compressive stress and RMS roughness of the various AIZO

films deposited at energy of 180 mJ

Sample

name

(002) peak position

(degree)

FWHM

(degree)

Crystallite size

(nm)

C-axis length

(Å)

Compressive stress

(GPa)

RMS

roughness(nm)

3G18 33.63 0.34 25.50 5.326 5.35 2.3

6G18 33.71 0.35 24.78 5.313 4.77 2.4

10G18 33.63 0.46 18.85 5.326 5.35 2.3

15G18 33.85 0.54 16.07 5.292 3.84 4.4
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It has been observed that with an increasing O2

pressure from 3 9 10–3 to 1.5 9 10–2 mbar, the RMS

roughness is increased from 2.3 to 4.4 nm as shown

in Table 3.

The XPS wide survey spectra of the films as shown

in Fig. 4a shows the presence of Zn, O and In. Prior to

taking each scan, the film surface was sputtered for

300 s by Ar ion to clean the surface. Figure 4b shows

that the In 3d spectrum has been split into two peaks

(3d3/2 and 3d5/2). A weak Al 2p3/2 is also observed as

shown in Fig. 4c, which confirms the co-doping of Al

and In into ZnO. The peak signal of Al can only be

detected in the slow scan spectra probably owing to a

small value of ionization cross-section [47]. Figure 4d

shows the doublet splitting of the Zn 2p peak. Fig-

ure 4e and f shows the XPS spectra of the O 1 s peak

of the 3G18 and 15G18 films respectively. Because of

an asymmetric nature in the higher binding energy

side of both the O 1 s peaks, the peaks have been

well-fitted with two Gaussian peaks. The fitted peak

(P1) having higher intensity is centered around

530.70 eV which is attributed to the O2- ions in the

ZnO wurtzite lattice structure, i.e., lattice oxygen.

However, the fitted peak (P2) with lower intensity

centering around 531.6 eV corresponds to O2- ions in

the oxygen deficient regions, i.e., oxygen vacancy

(VO) in ZnO lattice [41]. The embedded table in Fig. 4

indicates the decrease in VO defects with an increase

in the O2 pressure which may be due to more oxygen

incorporation into the ZnO lattice. From the XPS

spectra we have calculated the percentage of con-

centration of the various elements as listed in Table 4

which also proves that with an increase in O2 pres-

sure more oxygen is incorporated into the films.

The UV–VIS transmission spectra of the AIZO

films as presented in Fig. 5a show a very high

transparency in the visible region with the transmis-

sion value of 79–92% in the wavelength range 400–

700 nm for films deposited at 180 mJ energy. The

inset in Fig. 5a shows the digital image of the clearly

visible write-up ‘‘IACS’’ underneath the AIZO-coated

glass substrate which proves the transparency of the

films. It has been observed that the average trans-

parency increases with O2 pressure which is quite

normal. A sharp band-edge absorption below 400 nm

has been observed with a shifting of the band-edge

absorption to a higher wavelength side for the films

deposited at higher O2 pressures. The bandgap for

each film has been calculated using Tauc plot (ðahmÞ2

vs hm) [48]. The bandgap increases as the O2 pressure

decreases as shown in the table in Fig. 5b which can

be explained by the Burstein–Moss effect [49–51].

Fig. 3 AFM images of the a 3G18, b 6G18, c 10G18, and (d) 15G18 films
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The variation of the electrical parameters such as

resistivity (q), sheet resistance (Rs), carrier concen-

tration (ne), and Hall mobility (l) with deposition

pressures are shown in Table 5. It has been observed

that resistivity values decrease with a decrease in the

O2 pressure. The values of carrier concentration and

mobility increases with a decrease in the deposition

pressure which is may be due to the enhancement in

the VO as supported by the XPS results. The carrier

mean free path (L) has been evaluated using the fol-

lowing formula [48]:
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Sample name VO/(Lattice O + VO) 
3G18 14.89%

15G18 8.68%

Fig. 4 a XPS full scan

spectra, b In 3d peak, c Al 2p

peak d Zn 2p peak of

the 3G18 and 15G18 films.

Gaussian de-convolution of O

1 s peak and percentage of VO

(P2) with respect to lattice

oxygen (P1) (in table) of the

e 3G18 and f 15G18 films

Table 4 Element concentration as calculated from the XPS

spectra

Sample name Element concentration (%)

Zn O Al In

3G18 37.73 60 1.31 0.96

15G18 32.42 65.57 0.80 0.86
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L ¼ h

2e

3ne
P

� �ð1=3Þ
l ð4Þ

Where h is the Planck’s constant and e the charge of

the electron and the other symbols have been iden-

tified earlier. It has been observed that the mean free

path value decreases as the pressure increases

(Table 5), which indicates an enhancement in the

scattering centers with an increase in the deposition

pressure. Since the carrier concentration is high

enough ([ 5 9 1020 cm-3) the contribution of grain

boundary scattering can be neglected. However,

Ghosh et al. [52] have shown that the boundary

(BND) scattering plays a crucial role in controlling

the mobility values for AZO films with the carrier

concentration values in the order of 1021 cm-3.

Besides, the formation of oxygen interstitials (Oi)

related acceptor-like complexes (such as DZn–Oi, D

stands for dopant) maybe increased with increase in

the deposition pressure, which limits the conductiv-

ity of the AIZO films deposited at higher deposition

pressure [53].

Considering good crystallinity and high optical

transparency we have chosen 180 mJ energy to

deposit film on flexible PET substrate at 3 9 10–3 -

mbar pressure.

The (002) peak at 2h = 33.970 in the XRD pattern of

the 3P18 film as shown in Fig. 6a confirms the crys-

tallinity of the film just like the 3G18 film. Though the

FWHM value is higher for the 3P18 film than the

3G18 film which indicates poor crystallinity for the

3P18 film.

The 3D AFM image in Fig. 6c shows the surface

morphology of the 3P18 film. The calculated RMS

roughness value is 1.6 nm for the 3P18 film. It has

been observed from Fig. 6b that the film 3P18 shows

almost similar transparency as compared to the 3G18

film. The bandgap value of the 3P18 has been calcu-

lated by Tauc plot and the value obtained is 3.69 eV

which is almost same as that of the 3G18.

Figure 7 shows the comparison of Hall measure-

ment data of the 3P18 film and commercial ITO-

coated PET film. It has been observed that the 3P18

film shows very high carrier concentration of

1.87 9 1021 cm-3, while the resistivity value is almost

similar to that of the 3G18 film. The mobility value of

the 3P18 is slightly lower than that of the 3G18 film.
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Fig. 5 a Transmission spectra

of the AIZO films. The inset

shows the digital image of the

write-up ‘IACS’ through the

films. b Table shows the

optical band-gap values of

the AIZO films deposited at

180 mJ

Table 5 Resistivity, carrier concentration, sheet resistance, mobility, mean free path and FOM values of the various AIZO films

Sample

name

Resistivity

(X.cm)

Carrier concentration

(cm-3)

Sheet resistance (X/
sq)

Mobility (cm2/

V.s)

Mean free path

(nm)

FOM (X-1)

3G18 1.10 9 10–3 1.60 9 1021 30.47 3.55 0.85 3.20 9 10–3

6G18 1.24 9 10–3 1.44 9 1021 88.79 3.49 0.80 4.48 9 10–3

10G18 2.38 9 10–3 1.40 9 1021 169.71 1.87 0.43 1.35 9 10–3

15G18 4.77 9 10–3 7.40 9 1020 298.20 1.77 0.32 1.53 9 10–3
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The sheet resistance of the 3P18 of value 32.63 X/sq is

unexpectedly low which is highly suitable as TCF

material. The FOM value of the 3P18 as obtained is

1.96 9 10–3 X-1, whereas the FOM for commercially

available ITO-coated PET of Sigma-Aldrich [26] is

1.39 9 10–3 X-1, and Zhuhai manufactures [54] ITO-

coated PET of FOM value ranging from 1.92 9 10–3 to

3.06 9 10–3 X-1.

Table 6 compares the doping element, doping

percentage, deposition temperature, film thickness

and sheet resistance of reported ZnO-based TCFs on

PET substrates deposited by various techniques with

those of our AIZO TCF on PET. It shows that our

flexible TCF shows the lowest sheet resistance even

when it is compared with the films deposited at

temperatures higher than RT.

Resistance value of the 3P18 film with silver paste

contacts using a multimeter in the bending condition

has also been measured as shown in Fig. 8a which

shows almost similar value as measured in the flat

condition as shown in Fig. 8b.

4 Conclusion

In conclusion, AIZO thin films deposited by PLD

technique at RT with an O2 pressure of 3 9 10-3 mbar

on PET substrate with a RMS roughness of 1.6 nm

show very low sheet resistance of 32.63 X/sq. The
experimental results clearly show that the AIZO film

deposited on PET substrate makes it suitable for

flexible TCF applications. This study is also helpful to

understand the mechanism of co-doping in ZnO-

based TCFs. These results are pertinent to the

development of flexible electronics at low cost.
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Fig. 6 a XRD pattern of

the 3P18 film with FWHM

value, compressive stress (/)
value of the corresponding

film. b Transmission spectra of

the 3P18 film with bandgap

and FOM value of the

corresponding film. c AFM

image of the 3P18 film

Fig. 7 Comparison of the resistivity, carrier concentration, sheet

resistance, and mobility values of the AIZO-coated PET and

commercial ITO-coated PET (Sigma-Aldrich) films
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