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Abstract
We report tunable RF-sputtered AZO nanofilms through of deposition conditions. Perfect adsorption of light was simu-
lated in ENZ mode. The coupling condition of thickness and wavelength in perfect absorption was obtained by a Drude 
model. The fitted parameters range as follows: charge density, from 1.6 × 1020 to 4.4 × 1020  cm−3; mobilities, from 8.23 
to 12.76  cm2 V−1 s−1; and resistivities, from 14.20 to 34.98 Ω cm. The so-called spectroscopy shape analysis is introduced 
for automatic detection of elusive XPS peaks and sample surface-etching classification.

Keywords AZO · UV–VIS · Epsilon-near-zero mode · Perfect absorption · XRD · XPS · Spectroscopy shape analysis · 
Riemannian distances · Metamaterials

1 Introduction

The conductive transparent oxides (TCOs) in thin films 
have been of great interest due to the modulation capac-
ity of their optoelectronic properties through the varia-
tion of the deposition conditions and post-processing. The 
TCOs have high transmittance at visible and near-infrared 
frequencies, and a light doping can produce a quasi-
neutral region of charge carrier concentrations between 
 1019 and  1020  cm−3, exhibiting a characteristic metallic 
behavior [1]. Unlike noble metals, TCOs are low-loss mate-
rials (Im (𝜖2) < 0.5) , which are an essential alternative as 
plasmonic/metasurfaces materials. Materials oxides with 
epsilon-near-zero (ENZ) (−1 < Re (𝜖1) < 1) have perfect 
absorption ( PA > 99.9% ) with broadband and electroni-
cally tunable response so that TCOs with a precise thick-
ness can be used in a vast number of applications such as 

light-harvesting technologies and high-resolution optical 
space technologies [2].

ADL [3, 4], DC/RF sputtering [5–8], spray pyrolysis [9], 
sol–gel [10] among other techniques have been used for 
the manufacture of oxidized conductive materials. Princi-
pal challenges in the fabrication of AZO are its low thermal 
stability and problems of environmental degradation due 
to the high reactivity of aluminum [5]. In contrast, the AZO 
is an economical material due to its abundance in the soil, 
its low toxicity, and its best properties without additional 
heat treatment, which saves time and money in the manu-
facturing process with the possibility of using flexible sub-
strates [11]. All these advantages together make the AZO 
a candidate for the design of zero-index metamaterials in 
the near-infrared range, to give some examples: telecom-
munications [12] and sensors [13].
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This work presents the optical, morphological, and 
chemical characterization of AZO samples. In general, 
the data obtained by X-ray photoelectron spectroscopy 
(XPS) have overlapping peaks that differ in their width, 
peak shape, and intensity. XPS spectra are also compli-
cated by the presence of X-ray satellites and ghosts, so it 
is necessary to adjust the curves to extract the chemical 
information from these data. Although the XPS instrument 
software includes curve fitting, its misuse leads to erro-
neous conclusions about surface chemistry [14]. We pre-
sent a novel spectroscopy analysis based on shape theory 
([15] and related works) and cumulative XPS data [16]. The 
method involves Riemannian distances to compare sur-
face-etching cumulative electron counts within samples. 
The approach also detects the peaks automatically with-
out any expert chemical knowledge. It also provides an 
alternative descriptive method for the classical Gaussian 
mixture analysis for elusive peaks. The analysis concludes 
a best deposit conditions and the chemical phases pre-
sented in the samples under environmental and etching 
conditions.

2  Experimental

Al-doped ZnO thin films were deposited by RF reactive 
magnetron sputtering from a metallic circular target (1“ 
diameter, 1/8” thickness) of Zn Al (98%, 2%) alloy in an 
ultra-high-purity argon atmosphere (98% Molar). The base 
pressure pumped into the reservoir bell was reached in 
5.0 × 10−5 Torr. The gas was introduced through individual 
electronic mass-flow meters (Alborg). The target/substrate 
distance was varied in two configurations: a maximum dis-
tance of 5 cm (large) and one (small ≈ 3 cm) in this inter-
val; a moveable shutter was placed between target and 
substrate. For all samples, plasma was then generated at a 
working pressure of between 8 and 10 mT by applying an 
RF power of 30 W and an argon flow during deposition of 
1 sccm followed by five minutes of cleaning by sputtering 
the target with protection of the shutter to avoid contami-
nation by foreign agents to the material. A quartz crystal 
oscillator monitored the thickness and deposition rate. In 
Table 1, growth discharge conditions are summarized.

Optical transmittance and reflectance measurements 
were performed at the wavelength range of 300 to 2500 
nm with a JASCO spectrophotometer. Spectroscopic ellip-
sometry measurements were collected using a Horiba, 
Jobin Yvon UVISEL HR 320 ellipsometer.

The structural properties were analyzed by XRD using a 
Rigaku Miniflex II diffractometer (CuK� radiation). A stand-
ard � − 2� Bragg–Brentano geometry was used for meas-
urements with a step size of 0.02°.

XPS measurements were performed with Thermo Sci-
entific K alpha system equipment with monochromatized 
Al K � anode (1486.6 eV). Survey and high-resolution (HR) 
spectra were collected with a resolution of 1 eV and 0.1 eV, 
respectively, with pass energies of 200 eV and 50 eV. The 
X-ray beam spot size was 400 μm2. The binding energies 
were referenced to neutral adventitious C(1s) peak at 285.0 
eV. Measured HR spectra of the Zn(2p), Al(2p), and O(1s) win-
dows were analyzed after a linear background subtraction.

3  Results and discussion

3.1  Optical constants and perfect absorption

The use of semiconductor materials for the development 
of optical devices in both ultraviolet–visible (UV–Vis) and 
infrared (IR) ranges has been due to the adjustment of 
their behavior in the dielectric medium. For this analysis, 
a 1.1-mm-thick glass substrate was used as an incoherent 
medium to avoid internal interference due to its difference 
in thickness compared to the coatings studied here, while 
the ZnO:Al films are presented as coherent and isotropic 
media. The effective dielectric medium was calculated 
from the reflectance adjustment (R). At normal incidence, 
the relationship is fulfilled by r̃ = (

√

𝜖 − 1)∕(
√

𝜖 + 1) and 
R = r̃ r̃∗ . A = 1 − R relates reflectance R and absorptance A. 
As we can see in Fig. 1a, the maximum absorptance was 
0.94%, 0.98% and 0.97% located at a wavelength of 992 
nm, 1488 nm and 584 nm for the samples of AZO 1, 2 and 
3, respectively. In contrast to sample 3, a plateau can be 
seen in the region of maximum absorption over a range of 
900–1360 nm for sample 1 and 1230-1430 nm for sample 
2. The standard free-electron Drude model described the 
complex permittivity around the ENZ wavelength:

where w2
p
= Ne2∕m∗�0 and � = e∕m∗� . Here e is the 

elementary charge, m* the electro-effective mass which 
we assume constant for our absorptance calculations 

(1)�AZO = �∞ −
w2

p

w2 + iw�

Table 1  The growth discharge conditions for AZO thin films on a 
glass substrate

Sample 1 2 3

Power (W) 30
Gas (1sccm) Argon
Base pressure (torrs) 8.5E10−5

Rate (Å/s) 1.8 1.8 2.9–3.4
Time (min) 30 13 15
Growth distance L S L
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(m∗ = 0.32me ) [17], � is the electron mobility, N is the elec-
trons (charge concentration), �0 is the permittivity of free 
space, �∞ is the permittivity at infinite frequency, wp is the 
plasma frequency, and �  is the electron collision rate. The 
epsilon-near-zero (ENZ) frequency is defined as Re ( �AZO ) 
= 0, w2

ENZ
= w2

p
∕�∞ − � 2.

For the simulation of a perfect absorption (PA), the val-
ues obtained from the adjustment by Drude model will 
be taken into account, which is summarized in Table 2. For 
corroborating the validity of modeling of the optical prop-
erties via the UV–Vis spectroscopy, the charge concentra-
tion calculated through the ellipsometry for samples 1 and 
2 was 6.7 × 1020  cm−3, and 3.9 × 1020  cm−3, respectively.

As described in Fig. 1b for a perfect absorption (PA) in 
ENZ nanolayer mode is required a p-polarized (TM) light 
of wavelength � incident at a � angle with a gadolinium 
gallium garnet (GGG) coupling prism (n = 1.95) [18] on 

an AZO film of the thickness t. If the external medium is 
a dielectric with the refractive index lower than the GGG 
prism, for example, a Corning or BK7 glasses, n ≈ 1.54, 
the ENZ mode is configured. The Kretschmann–Raether 
configuration [19] with an angle of incidence above 
the critical angle was used to excite the ENZ mode. As 
is well known, the excitation of TM mode leads to an 
improvement of the electric field confined to the AZO 
layer and the optical density of the states, resulting in 
strong absorption of light. To achieve a PA depends on 
a critical choice of the ENZ wavelength, thickness and 
angle that satisfies the coupling condition [2]:

with tPA is the AZO thickness to an PA.
Figure 2 is constructed from filling a 440 × 440 matrix 

where the rows correspond to the wavelengths and the 
columns represent incidence angles, using Eq. (2) to 
obtain the minimum thickness of maximum absorption. 
The matrix components represent the optimized thickness 
for each angle of incidence and each wavelength with it is 
respectively associated with real and imaginary dielectric 
constant and the refractive index value of the GGG prism. 
Results obtained from this analysis show that for both the 
Drude and Drude–Lorentz models we obtained a single 
wavelength that optimizes the perfect absorption or thick-
ness. We will take as reference the incidence angle of 50° 
± 0.3° close to the critical angle reported for the ITO [2].

Zero permittivity �ENZ was localized at wavelengths of 
1411.13, 1243.32, and 1019 nm for AZO samples 1, 2, and 
3, respectively.

As can be seen in Fig. 2, there is an evolution of the 
perfect absorption band ranging from 1244.5 to 929.5 nm 
in the Drude model (DM) and from 1489.5 nm to 999.5 
nm in the Drude–Lorentz model (DLM). It can also be 
noted that as we move toward the conditions of sample 
3 (Fig. 2), both the Drude and Drude–Lorentz models, the 
two bands tend to be similar, indicating that the opti-
mal conditions are being reached of growth from AZO 
nanolayer. By design, the Kretschmann–Raether configu-
ration in ENZ mode exhibits a wavelength PA greater than 
the wavelength of zero permittivity ENZ (𝜆PA∕𝜆ENZ > 1) [2]. 
The wavelengths of complete absorption were located 
at 1244.5, 1169.5, and 929.5 nm for samples 1, 2, and 3 
respectively; therefore, the ENZ mode criterion begins to 
be partially covered in sample 3 with �PA∕�ENZ ≈ 0.91 for 
the Drude model and 0.98 for the Drude–Lorentz model.

From the parametric sweep described above, we opti-
mized the thickness of the AZO nanolayer samples and 
the broadband absorption. We started with real thick-
nesses  obtained through scattering relations which 

(2)
2�tPA

�PA
=

(Re(�AZO)
2 + Im(�AZO)

2)

nggg3Im(�AZO)
sin(�PA) tan(�PA)

Fig. 1  a Maximum experimental absorptance ( A = 1 − R ) at normal 
incidence for AZO samples 1, 2 and 3, respectively. b ENZ mode

Table 2  Optoelectronic’s constant on AZO samples

Sample 1 2 3

Thickness (nm) 175 395 150
Energy gap (eV) 3.66 3.68 3.24
N (× 1020  cm−3) 1.6 4.4 3.4
μ  (cm2  V−1  s−1) 10.96 8.23 12.76
ρ (× 10−4 Ω cm) 34.99 17.25 14.20
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values were 175, 395, and 150 nm for samples 1, 2, and 
3 respectively; to move on to the optimized thicknesses 
at 9.62, 15.37, and 7.41 nm at incidence angle of 50° via 
Drude model in ENZ mode for all three  samples respec-
tively, see SI in figure S5.

It is well known that the excitation of the polari-
ton modes leads to an improved electric field confined 
within the TCO nanolayer of an approximate thickness of 
�ENZ ∕100 , in our case, we obtained 16.9, 23.2, and 12 nm 
for the AZO nanolayer samples 1, 2, and 3, respectively. 
ENZ mode in subwavelength RF-sputtered AZO nanolayer 

sample 3 in 12 nm was reached at an incidence angle of 
44.2° (see Fig. 2), which compared to the case of the ITO 
nanolayer was 43.7° with a corresponding thickness of 80 
nm [20].

3.2  XRD analysis

Diffraction patterns ( �-2� ) were obtained for samples 1, 
2, and 3 (see Fig. 3), and the reflections assignment cor-
responds to a würzite structure, JCPDS file 79-0207 (a = 
3.256 Å, c = 5.212 Å) [21]. Samples 1 and 3 have a highly 

Fig. 2  Critical mode coupling condition (Eq. 2) using Drude model (blue) and by comparison the Drude-Lorentz model (red). The thickness 
of the optimized AZO nanolayer stack for ENZ mode
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preferred orientation in (002) lattice plane, while that of 
sample 2 has a major orientation in (110) lattice plane, 
both orientations have a higher crystalline quality. The 
most intense (002) reflection indicates growth to the 
c-axis [0002] at perpendicular direction to substrate 
that yields a tensile biaxal microstrain, the related peaks 
at 34.38◦ , and 56.46◦ correspondings to the (002) and (110) 
lattice planes in samples 1 and 3 [7, 22, 23]. On the other 
hand, the (110) orientation plane in the sample 2 has com-
pressive biaxial microstrain, the related peaks at  31.66◦ , 
34.38◦ and 56.46◦ correspondings to the (100), (002), and 
(110) lattice planes produced through a growth that is par-
allel to the substrate surface.

The instrument correct broadening is related: 
�2
D
= �2

measure
− �2

instrument
 . Crystallite size broadening may 

be expressed through the Scherrer equation [24, 25]:

where D is the volume average crystallite size, k is a con-
stant depending upon lattice direction and morphology 
(0.9), � is the wavelength of CuK � radiation (0.15406 nm), 
and �D is the peak breadth due to infinite size. Crystal 
imperfection and distortion of strain-induced peak broad-
ening are related:

where � is the mean strain and �S is the peak breadth due 
to microstrain. In general, instrument broadening function 
is defined by:

The dispute on oriented growth can be summarized quan-
titatively through the coefficient of textured (Tc ) between 
addresses (002) to (110) by the following equations:

and

where I(hkl) is the peak intensity observed in the diffrac-
tion patterns [16]. The difference in intensities of the peaks 
(002) and (110) is due to preferential orientation or tex-
tured, that is, the influence that a matrix has on nucleation 
and / or the growth of new grains in that matrix [26].

3.3  Introducing to spectroscopy shape theory 
applied to XPS analysis

3.3.1  Modeling spectroscopy curves by using shape theory

The statistical analysis for the AZO samples classification 
is presented in the supplementary information (SI) in 
Sect. 3.1. The samples classification is based on the data 
in survey spectra with a resolution of 1 eV see SI figure S7.

This classification of the samples can be depicted 
together in the table S1 (see SI), and some conjectures 
can be proposed in terms of an extreme bootstrap 
median distance evolution. For example, it seems that 
there are exclusive zones for elements and some evolu-
tion in the samples can be inferred. In O(1s), the sam-
ples can be ordered as 2, 3, 1 according to the variable 

(3)D =
k�

�D cos(�)

(4)� =
�S

4 tan(�)

(5)�hkl = �D + �S

(6)�hkl =
k�

D cos(�)
+ 4� tan(�)

(7)Tc = I(002)∕(I(002) + I(110))

(8)Tc = I(110)∕(I(002) + I(110))

Fig. 3  a XRD patterns of the AZO samples and inside: Detail of the 
deviation in the planes (001) and (002) compared with the pattern 
in bulk of the material, and b error bars in the estimation of peak 
broadening using Eq. 6
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parameter in the experiment as a choice in the distance 
of growth (small or large) target/substrate and of the 
deposition time of the material, see Table 1. It means 
that calibration of that parameter in a new experiment 
in a neighborhood of the conditions of experiment 3 
can provide a maximum content of O(1s). In Zn(2p), the 
calibration tends to give more of that element in the 
neighborhood of the conditions of experiment 2, with 
a possible order 3, 1, 2 of the corresponding param-
eter. Finally, the distance method also detects that con-
ditions around sample 2 give more Al(2p), when the 
experiment parameter is near to conditions of sample 
1; in this case, the favorable order seems to be 3, 1, 2 
(see Fig. 4)

3.3.2  Inflection curves

The inflection curves, Sect. 3.2, in the supplementary infor-
mation material offer a very good approximation of the 
main peaks and satellite ones with automatic detection.

The peaks detected for O (1s) in AZO samples have tra-
ditionally been classified into three regions [8]:

1. High-energy region (532–533 eV) that is attributed to 
the existence of negatively charged oxygen species, 
such as –CO3 , –OH, adsorbed H 2 O or adsorbed O 2 on 
the surface of AZO films.

2. Medium-energy region (531.08–531.98 eV) is attrib-
uted to the O 2− ions in the regions of oxygen deficien-
cies within the ZnO matrix.

3. Low-energy region (529.08–530.98 eV) is correspond-
ing to the O 2− ions in the würsite hexagonal structure 
of the Zn2+ array, surrounded by Zn atoms (or substitu-
tion of Al atoms) with their full complement of nearest 
neighbor O 2− ions.

A fourth region is detected by the inflection curve method: 
(4) the left peak of 528 eV in the etching by oxygen sam-
ples corresponding to a surprising detection of the Al3O3 
specimen [27].

As can be seen in the etching oxygen in SI table S6, 
only the detection of regions (2), (3), and (4) appear which 
implies that no specimens of the region (1) appear. The 
detection of a single peak in the region (3) indicates a max-
imum in the number of oxygen atoms in a full oxidized 
stoichiometric surrounding while the reduction of electron 
count in the region (1) or their absence in the samples with 
etching is an indication of the reduction in the concentra-
tion of oxygen vacancies (Table 3). 

In the samples without etching or exposed superficially 
appear the regions (1), (2), and (3), with a particular dis-
pute in the region (1) of the carbon specimens and the 
deficiencies of O 2− in the matrix ZnO of the region (2). An 
atmospheric doping can affect the materials at different 

Fig. 4  Bootstrap median distance for O(1s), Zn(2p) and Al(2p). Note 
that each element tends to occupy an exclusive zone in the plane. 
A distance between etching and surface also provides the perfor-
mance of the technique. Smallest distance reflects a well behavior 
in the corresponding element

Table 3  Hexagonal lattice parameters, microstrain, crystallite size, and texture coefficient present in the samples

Sample Lattice parameters a (Å) c (Å) Microstrain 
(dimension-
less)

1 3.3286 5.3302 5.4 × 10−3

2 3.2928 5.1691 2.1 × 10−2

3 3.2978 5.2814 3.8 × 10−2

Sample Crystallite size (nm) Texture coefficient (dimensionless) (002) (110)

1 8.5 0.71 0.29
2 10.3 0.29 0.71
3 5.3 0.72 0.28
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rates; hole doping has been observed upon air exposure 
[28]. Unintentional adsorption of the reactive gases like 
O 2 , NO2 , CO2 , H 2 , and O can give rise to severe instabili-
ties; this behavior of multiple absorption is detected by 
the algorithm and can be seen in the figure S24 on SI for 
O(1s), Zn(2p), and C(1s) spectra. Additionally with crite-
rion of doublet separation (DS-2p) in the zinc analysis and 
extracting this difference of binding energies by descrip-
tive method in mean peaks, see SI tables S10 and S8, there 
was a transition of the ZnO matrix, � (22.9, 23.0, 23.0 eV), to 
a matrix Al2ZnO4 , � (23.1, 23.1, and 23.1 eV) [29] for sam-
ples 1,2, and 3, respectively.

The values detected by applying Riemannian distance 
for Al(2p) element on the surface yield binding energy val-
ues of 73.58 eV for samples 1 and 2 which correspond to 
an oxidation phase �-Al2O3 [29]; while for samples 1 and 
2 in etching, the binding energy was 73.28 eV and 73.48 
eV respectively which correspond to Al in metallic phase 
[5, 30]. The peaks behavior before and after the etching 
does not present a distinguishable symmetry in the Al(2p) 
spectra due to the small number of Al2O3 incorporated in 
the ZnO:Al matrix [6]. However, the high sensitivity of the 
Riemannian distance was able to detect this specimen in 
the O(1s) spectra at a binding energy of 528 eV as you can 
see in SI figure S22.

4  Conclusions

AZO samples 1, 2, and 3 were fitting by  Drude model 
where solutions obtained for perfect absorption at radia-
tions (wavelengths) from 1244.5 nm, 1169.5 nm, and 929.5 
nm yields the correspondings thicknesses in subwave-
lengths ( �ENZ/100) at 16.9 nm, 23.2 nm, and 12 nm via the 
condition of critical coupling (ENZ mode) for a reference 
incidence angle at 44.2°.

A new method for spectroscopy analysis is proposed 
in the context the shape theory. The technique detects 
automatically elusive XPS peaks and avoids the use of clas-
sical fitting models. Inference and relate aspects about 
associated parametric models will be part of a future 
investigation.
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