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Surface structure and photoluminescence
properties of AZO thin films on
polymer substrates
Nihan Akin,a,b* Yunus Ozen,a,b H. Ibrahim Efkere,a,b Mehmet Cakmaka,b
and Suleyman Ozcelika,b
Al-doped zinc oxide (AZO) thin films were deposited on indium tin oxide (ITO) coated polyethylene terephthalate (PET) substrates
by radio frequency (RF) magnetron sputtering method at room temperature. The effects of film thickness on the surface structure
and the photoluminescence properties of the films were investigated by atomic force microscopy (AFM), secondary ion mass spectroscopy (SIMS) and room temperature photoluminescence (PL). AFM analysis showed that the surface of all films was extremely
flat and uniform at nanoscale. Root mean square (RMS) value of the surface roughness which scanned the surface area of 3 μm by
3 μm and grain size increased with increasing the film thickness. Thus, the surface morphology of the films became rough because
of the coarse grains. The depth profile of AZO layers was analyzed by SIMS. It was found that the thickness of the AZO layer is
almost same with the desired film thickness. The PL intensity of the dominant peak decreased and shifted slightly towards the
shorter wavelengths with increasing the film thickness. According to the relationships between luminescence intensity and
crystalline characteristics, it was observed that the intensity of the peak decreased by the increased surface area of the grains.
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Transparent conducting Al-doped zinc oxide (AZO) thin films have
been commonly investigated because of their potential applications in optoelectronics such as gas sensors, UV detectors, flat panel
displays (FPDs), light-emitting diodes (LEDs), organic light-emitting
diodes (OLEDs) and organic photovoltaic (OPV) devices.[1–3] For
these applications, AZO thin films have been deposited on several
kinds of polymer substrates.[4–7] The films deposited on polymer
substrates have many special merits compared with those deposited on glass, silicon, sapphire and quartz substrates due to their
light weight and small volume. It can make the obtained devices
portable, foldable and easy to carry. Thus, they can be used in
flexible electrical and optical devices, unbreakable heat-reflecting
mirrors, plastic liquid crystal display devices and transparent
electromagnetic shielding materials.[8]
Besides the AZO layer being used as transparent conducting
electrode, it can be deposited as a buffer layer on indium tin oxide
(ITO) coated flexible polyethylene terephthalate (PET) substrates for
opto-electronic devices. ZnO thin films on the ITO coated substrate
have a role to improve the electron transport between electrode
and active layer as well as reduce the oxidation of the electrode
in the organic optical devices.[9] Surface morphology is transferred
to the functional organic layers deposited subsequently, giving an
uneven interface which is not desirable for device efficiency
and stability.[10] AZO/ITO/PET structures have improved device
efficiency compared to single-layer TCO electrode, owing to better
electrical conductivity and mechanical stability. In addition, the
optical transmission which is the most important parameter for

optical devices is increased by coating of AZO thin films on the
ITO.[11–14] However, surface morphological and emission properties
of deposited high quality AZO thin films on ITO coated flexible PET
substrates have not been sufficiently investigated in the literature.
Alternatively, development of bilayer AZO/ITO transparent
conducting oxide (TCO) electrodes is very important to the ITO-based
organic solar cells. The AZO layer protects degradation in ITO-based
organic solar cells due to its tailored UV absorption, serving as a
UV filter to prolong the lifetime of the devices.[15] This is an advantage of AZO/ITO/PET structures for eventual device applications.
TCO thin films should have both good optical transparency and
electrical conductivity to develop better performance optoelectronic device applications. In our previous work, the transparency
and conductivity properties of AZO/ITO/PET structure depend on
the AZO thin film thickness which is presented in this work have
been detailed investigated.[11] Our results have shown that the
coating has not strongly affected on the optical transmittance
and sheet resistivity. While bare ITO/PET substrate has been around
80% transmittance, the prepared samples have been slightly below
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80% transmittance. In addition, the sheet resistivity of ITO/PET substrate is 13.11 Ohm/sqr, and the coated samples with thickness of
52, 80, 102 and 136 nm are 11.32, 10.06, 12.84 and 14.19 Ohm/sqr,
respectively.
Various deposition techniques have been performed to prepare
AZO thin films such as magnetron sputtering[1–8] sol–gel,[16] chemical
vapor deposition (CVD),[17] metal–organic chemical vapor deposition
(MOCVD),[18] spray pyrolysis,[19] pulsed laser deposition (PLD),[20] electron beam evaporation[21] etc. Among these methods, magnetron
sputtering is the most widely used ones due to uniformity, easy
fabrication and parameter controllability. High quality films can be
obtained by optimization of the deposition parameters such as
sputtering pressure, film thickness, power, gas flux and targetsubstrate distance, etc.
The performance of any semiconductor devices significantly
depends on the surface morphology, impurity in surface and
interface, and abruptness of the interface.[22] Secondary ion mass
spectroscopy (SIMS) gives excellent information about of alloy
composition, atomic homogeneity and interface characteristics of
grown layers with its depth profile measurements capability in
ppm range.[22–24]

In this work, the effects of film thickness on morphological and
optical properties of RF-sputtered AZO thin films on ITO coated PET
(ITO/PET) substrates by using atomic force microscopy (AFM) and
photoluminescence (PL) techniques were presented. Surface morphology, film growth mode and surface roughness could be
changed with the change of the film thickness, and these factors
would affect the optical properties. In literature, it was seen that
the luminescence intensity depends on the surface area of the grains.
The materials with smaller crystallites showed higher luminescence
intensity compared to the larger crystallites. Lai et al. reported that
the increase of surface roughness would enhance the optical scattering and optical loss.[25] Prathap et al. studied the influence of film
thickness on the optical band gap as well as the luminescence intensity and showed that the reduction in the intensity of the luminescence clearly indicated the influence of the surface area of the
grains on the luminescence.[26] Also, we found that the similar optical
results from the photoluminescence (PL) spectra in this presented
work. The PL intensity of the films decreased and shifted slightly
towards the shorter wavelengths with increasing the film thickness.
In addition, atomic distributions and interface abruptness in
deposited AZO thin films were analyzed by SIMS measurements.
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Figure 1. 3D and 2D AFM images of AZO thin films with various thickness. The scan area is 3 × 3 μm in the all images.
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Table 1. Some structural and morphological parameters of AZO thin films
a

Thickness
(nm)
52
80
102
136

b

Grain size
(nm)
16.5
41.2
42.8
43.5

c

Grain size
(nm)
23.4
35.1
37.0
58.5

RMS
(nm)

d

Average height
Zav (nm)

2.97
3.30
3.40
3.44

12.60
12.80
14.96
11.84

Maximum height
Zmax (nm)

Relative height
ZR(Zav/Zmax)

24.66
23.53
23.29
23.24

0.51
0.55
0.64
0.51

a

Determined from SIMS depth profile.
Calculated from XRD measurements using Scherrer’s formula in our previous study.[11]
c
Evaluated from Fig. 1, by measuring the size of hillock.
d
Calculated from surface profiles in Fig. 3.
b

Experimental details
AZO thin films were deposited on inexpensive ITO/PET substrates
by using radio frequency (RF) magnetron sputtering system
(BESTEC GmbH, Berlin, Germany) in an argon (Ar) gas atmosphere.
A ceramic ZnO:Al2O3 (2 wt.%) target (purity: 99,99%) was used for
the deposition of the films. The substrates were ultrasonically

Figure 2. Root mean square (RMS) values of the surface roughness of AZO
thin films.

cleaned in acetone and then alcohol for 5 min, respectively,
before they were loaded into the deposition chamber. The
sputtering system was pumped down to pressure 3.9 × 10 8 mbar
for more than 12 h by using a turbo molecular pump and controlled
by using an ion gauge controller. In order to investigate the effect
of the film thickness on the properties of the films, the film thickness was varied from 50 nm to 125 nm. RF power was set at
100 W for the all samples. Sputtering pressure (PS) was kept at
3.0 × 10 3 mbar, and the temperature of the substrate was maintained at room temperature (RT). The distance between target
and substrate was about 35 mm.
The surface morphology of the films was characterized with
a high performance atomic force microscope (NanoMagnetics
Instruments Ltd., Oxford, UK) by using dynamic mode scanning. A single crystal silicon tip was attached to the end of
a cantilever oscillating at or near its resonant frequency
(146–236 kHz). The scan area was set at 3 × 3 μm2, and the
scan speed was 1 μm/s. A topographic image consisted of 256
lines. All measurements were made at room temperature (RT).
The root mean square (RMS) value of the surface roughness
of the films was calculated from AFM images which was defined as: RMS (nm) = [ Σ (z i z ave)2 / N ]1/2 where z i is the current value of z, z ave is the mean value of z in the scan area
and N is the number of points. In order to characterize for
interfaces and atomic distribution or local composition, the
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Figure 3. Surface profiles of AZO thin films. The scan area is 3 × 3 μm in the all cases.
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depth profile of AZO layers was performed by SIMS (Hiden
Analytical Ltd., Warrington, UK). Bombardment was done
with 5-keV O 2 (oxygen) ions. The primary ion current was
200 nA for the O 2 oxygen beam. The secondary ions were
collected from the central area of 100 μm2. During the SIMS
experiments, the base pressure of the chamber was kept at
10 10 mbar. The optical properties of the films were performed
by room temperature PL measurements (HORIBA JobinYvon Ltd.,
Stanmore, UK) by using a 50-mW HeCd laser (λ = 325 nm) which
is an excitation light source.

Results and discussions
Morphological studies
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The surface morphology is a very important factor for a transparent
conducting thin films, because a non-uniform surface can cause
breakdown or shortening with upper layers and can cause serious
problems on the performance of electrical and optical devices.
Because of these reasons, various methods have been developed
to analyze the surface. AFM is used to characterize the surface
and also to estimate grain size and surface roughness. Figure 1
shows that three-dimensional (3D) and two-dimensional (2D) AFM
images with 3 × 3 μm2 scan area of four RF-sputtered AZO thin films
on ITO/PET substrates. It can be seen that with increasing the film
thickness, the crystallinity of the films is improved, and the grain
sizes become larger. The grain size is evaluated from AFM image
which increase from 23.4 to 58.5 nm with increasing the film
thickness from 52 to 136 nm. This parameter nearly matches with
calculated from the XRD measurements in our previous work,[11]
as seen in Table 1. The root mean square (RMS) values of the surface
roughness of the films are shown in Fig. 2 and listed in Table 1. The
RMS roughness increases from 2.97 to 3.44 nm when the film
thicknesses increase from 52 to 136 nm. The increase of roughness
is associated with the increase of grain size. Similar results were also
reported in sputtered transparent conducting oxide (TCO) thin films
with different thickness.[27–29] Moreover, the RMS of the bare
ITO/PET substrate is 2.01 nm. This value shows that the coating is
not a big influence on the RMS of the substrate surface.
In order to obtain the detailed surface structure analysis, we
defined relative height rh = Rav / Ry, in which Rav and Ry are the
average height and maximum height in every AFM image, respectively. Average heights (Rav) of the surface of the films are calculated
from 3 × 3 μm2 AFM scan areas, as seen in Fig. 3, B. Z. Dong et al.
reported that when relative height (rh) is bigger than 0.5, the
surface tends to be hillock morphology; otherwise, the cratered
morphology is often observed.[30] In light of this knowledge, it
can be said that there is not cratered morphology in our all samples
because of the rh bigger than 0.5 in the all. Besides, rh values are
close to each other, and, consequently, brightness is almost the
same in the all AFM images under the same color setting.
In this presented work, reference sample was not used in the
SIMS analyses; however, the thickness of AZO layers can be still
determined from the SIMS depth profiles as seen in Fig. 4. The
depth calibration of the sputtered crater was performed by Dectac
150 profilometer. AZO thin films with thickness of 50 nm, 75 nm,
100 nm and 125 nm are found to be as 52 nm, 80 nm, 102 nm and
136 nm, respectively. It can be seen that the thickness of the AZO
layer is almost same with the measured thickness by thickness
sensor during the deposition. The depth profiles can be used to
examine the distribution of elements, and, therefore to understand
the sharpness of the interface of AZO/ITO, main elements (Al, Zn, In
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Figure 4. SIMS depth profile of AZO thin films with various thicknesses.

and Sn) in the layers were detected by mass spectrometer. Figure 4
shows that the depth profile of Al, Zn, In and Sn has a sharp interface at 52 nm, 80 nm, 102 nm and 136 nm, respectively. Zn and Al
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have been seen to diffuse deeper into the ITO layer, and their diffusion depth was increased with thickness of the AZO thin film. This
may be explained with the influence of the energetic ions due to
the sputtering process. In addition, there is no significant variation
of the distribution of the Zn in the deposited AZO layers.
Photoluminescence studies
Figure 5 represents the RT PL spectra of the AZO thin films on
ITO/PET substrates. It can be seen that all samples show a typical
luminescence behavior with the emission of a dominant intensity
peak centering around 392 nm. The intensity of the peak decreased
as the film thickness increased being strongly dependent on the
grain surface area. In order to well define band gap or excitonic
emission, it is necessary to control the surface states. In general,
the density of the surface states decreases with the grain size
increase. Also, luminescence intensity decreases with decrease of
the density of the surface states due to small surface to volume
ratio for the larger crystallites. Thus, the films with smaller crystallites could show higher luminescence intensity compared to the
larger crystallites. From Fig. 6, it can be seen that both the PL FWHM
and PL peak position of the emission spectra are dependent on film
thickness. The emission peak position shifts slightly towards the
shorter wavelengths with increasing the film thickness. In addition,
the PL intensity of the dominant peak decreased and shifted
slightly towards the shorter wavelengths with increasing the film
thickness. According to the relationships between luminescence
intensity and surface morphology obtained by AFM measurements,

it was observed that the intensity of the peak decreased by the
increased surface area of the grains.
In addition, investigating the structural parameters such as
crystallinity, lattice constant and grain size etc. is important
to understand the PL results of the films. As well known, the
optical properties of the AZO thin films are affected by the
microstructure of the films.[31] In our previous work, we have
investigated the structural properties of the AZO thin films
depending on the film thickness, using X-ray diffractometer.[11]
With increasing the film thickness, the crystalline quality has
been improved, and the grain sizes became larger. An increase
in grain size can be effective on the concentration of localized
excitons, and this case may be lead to decrease of the oxygen
vacancy in the films. Consequently, the PL intensity of the films
may decrease with increasing the grain size, as in our work.

Conclusions
AZO thin films were successfully deposited on ITO/PET
substrates by RF magnetron sputtering at RT. The morphological
and photoluminescence properties of the films were investigated depending on the film thickness. AFM measurements
showed that with increasing the film thickness, the crystallinity
of the films was improved, and the grain sizes became larger.
The grain size was evaluated from AFM image which increases
from 23.4 to 58.5 nm with increasing the film thickness from 52
to 136 nm. SIMS depth profiles of AZO/ITO interface of the
samples had good sharpness. Diffusion of Zn and Al into the
ITO layer was observed with a small penetration depth. However,
there was no significant effect on the PL emission of the AZO
thin films with this atomic diffusion. In addition, it was observed
that the films with smaller crystallites could show higher luminescence intensity compared to the larger crystallites.
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Figure 5. RT PL spectra of AZO thin films.
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Figure 6. PL FWHM and PL peak position of AZO thin films.
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