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Resumen

En este trabajo, peliculas delgadas de 6xido de zinc dopado con aluminio (AZO) con
diferentes concentraciones de aluminio (Al) fueron crecidas por pulverizacién catédica
de radiofrecuencia y luego fueron calentadas a 400°C en una atmdsfera de Argén. El
espectro de absorcion del 6xido de zinc (ZnO) exhibe una contribuciéon de la absor-
cién excitonica a la absorcion fundamental que tipicamente no es considerada en ZnO
dopado con Al. No obstante, se muestra que la banda de excitones libres es adn visible
en AZO con bajas concentraciones de Al. Adicionalmente, los estados de defectos, in-
ducidos por el dopaje, incrementan el tamafio de los estados de cola. Estos dos factores,
estados de cola y bandas de excitones libres, tienen un efecto substancial en los valores
del ancho de banda dptico determinado a partir de la absorcidon fundamental y deben
ser tomados en cuenta con modelos adecuados. En este trabajo, usamos un modelo
recientemente desarrollado basado en el modelo de dispersiéon 6éptico de Elliot para
determinar con precision el ancho de banda 6ptico, la energia de ligadura de los exci-
tones y la energia de Urbach de peliculas delgadas de AZO. Por otro lado, analizamos
la absorcion de portadores de carga libres, la cual es tipicamente modelada por el mod-
elo de dispersion de Drude. Sin embargo, este ultimo no toma en cuenta el hecho de
que los centros de dispersién también interactiian con el campo eléctrico externo. Para
considerar este efecto, varios modelos han sido propuestos para analizar la resistividad
dinamica del material. Tipicamente, la resistividad dindmica tiene una dependencia
exponencial y un valor de -1.5 es asumido para semiconductores altamente dopados.
En este trabajo, dejamos este parametro libre obteniendo una mejor descripcién de los
portadores de carga libres y su variacion con el dopaje de aluminio.

iv



Contents

Agradecimientos iii
Resumen iv
List of Figures vi
Abstract 1
1. Introduction 2
2. Experimental details 3
2.1. Sample preparation . . . . ... ... ... ... 3
2.2. Elemental composition . ... .. ... .. ... .. ... 0. 3
2.3. Structural measurements . . . ... ... ... ..o 3
2.4. Optical measurements . . . . . . . . .. ..ttt it 3
2.5. Electrical measurements . . . . . . . . ... .00 4
3. UV-Vis spectral region 4
3.1. Complex dielectric function determination . ... ... .......... 4
3.2. Optical constants determination . ...................... 6
4. IR spectral region 7
4.1. The dynamical resistivity . .. ... ... ... ... ... ......... 7
4.2. Theclassical Drudemodel . . . . .. .. ... ... ... ......... 7
4.3. The energy-lossmethod . . . ... ... .. ... ... .. ......... 8
4.4. The serneliusapproach . . . ... ... ... ... ... ... ....... 9
4.5. IRfittingresults . . . . . . . ... 9
5. Summary and conclusions 10
References 11



List of Figures

Figure 1. XRD patterns of sputtered AZO thin films grown on n-type silicon

(100), after aNNEALING. .....cceiiveiieiieie e s 3
Figure 2. Elemental composition measured by EDS (a), grain size and micros-

train retrieved from XRD measurements (b), and Hall effect measured

carrier density and mobility (c) of AZO thin films after thermal anneal-

ing at 400°C as a function of the Al concentration. The dotted lines

represent the solubility limit of Al in the ZnO structure.............cccocoevriiniinnnnnnnn. 4
Figure 3. Transmittance T (a) and VASE variables S1 (b) and S2 (c) for the

AZ0O sample with 1.08 at.% aluminium content. Experimental curves

(gray) and the corresponding fits (solid curves) with the self-consistent

APPIroaCh are SHOWIL ....vviiiiiiiiiie e 5
Figure 4. Retrieved imaginary part of the complex dielectric function e2(f1w)

from the point-by-point approach for AZO thin films with different Al

concentrations. The presence of the excitonic peak is indicated and the

curve of the ZnO reference sample is also shown for comparison purposes. 5
Figure 5. Fit of the EBF (solid red line) model (a), and the retrieved optical

bandgap (b), exciton binding energy and Urbach energy (c) as a func-

tion of the Al concentration. The continuous and discrete contributions

(dashed lines) to the absorption spectra are also shown. ..........c.cccovcveiiiiiiiinnns 6
Figure 6. Transmittance (a) and VASE variables S; (b) and S; (c) in the IR

spectral region for the AZO sample with 1.08 at.% Al concentration. The

fitted curves for the energy-loss, Sernelius and Sernelius mod. (o free)

are also shown. The inset correspond to the mean squared error (MSE)

for each of the tested models. ..o 8
Figure 7. Real part of the dynamical resistivity calculated from the point-

by-point approach and the tested free carrier absorption optical models

(a). Effective power law exponent ceff (b) and e« (c) as a function of

the Al concentration. ceff values from the point-by-point approach were

computed by fitting the linear region of p; in logarithmic scale. ........................ 10



On the optoelectronic properties of sputtered
aluminium doped zinc oxide: a critical assessment

L. A. Enrique't, S. Mishra?, E. Serquen?, F. Bravo?, K.
Lizarraga'-2, M. Pineiro', P. Llontop*3, J. A. Guerra®#

1Departamento de Ciencias, Secci’on F’isica, Pontificia Universidad Cato’lica del
Peru” (PUCP), 1801 Av. Universitaria, 15088, Lima, Peru’

2|nstituto de F’isica, Universidade Federal Fluminense, Rio de Janeiro, Brazil
3University of Twente, Inorganic Materials Science Department, 7500 AE
Enschede, The Netherlands

E-mail: fluis.enriquem@pucp.edu.pe, *guerra.jorgea@pucp.edu.pe

20 September 2024

Abstract. Aluminium doped zinc oxide (AZO) thin films with substrate different
aluminium (Al) concentrations were grown by RF-magnetron sputtering with
active cooling. The absorption coefficient spectra of zinc oxide (ZnO) exhibits an
excitonic absorption contribution to the fundamental absorption that typically is
not considered in AZO when determining the optical bandgap. Notwithstanding,
here we show that the latter free exciton band remains visible in AZO even at
relatively high aluminium concentrations. Additionally, the doping-induced defect
states increases the width of tail states. These two factors, tail states and free
exciton bands, have a substantial effect on the values of the optical bandgap
determined from the fundamental absorption, and thus must be taken into account
with adequate models. In this work, we use a recently developed Elliot-based
optical dispersion model to accurately determine the optical bandgap, exciton
binding energy and Urbach energy of AZO thin films. On the other hand, we assess
the infrared free carrier absorption, typically modelled by the Drude dispersion
formula, by considering a frequency-dependent dynamical resistivity and the polar
nature of the ZnO lattice. Normally, the exponent of the dynamical resistivity
power law dependence is assumed as -1.5 for highly doped semiconductors.
Notwithstanding, here we let this exponent as a free fitting parameter to assess
the effect of distinct scattering mechanisms present in sputtered AZO thin films
and its dependence with the Al doping concentration.
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1. Introduction

Aluminium doped zinc oxide (AZO) is a transparent
conductive oxide (TCO) that has been widely used
for several applications, such as smart displays [1],
solar cells [2] and gas sensors [3]. Nonetheless, a deep
understanding of the optoelectronic properties of the
material is necessary to tailor and tune the material
for optimal performance depending on the use. For
instance, the optical window of AZO is affected by its
degenerated semiconductor character, induced by the
high n-type doping with aluminium (Al) ions and the
presence of intrinsic defects, such as zinc interstitials [4]
and oxygen vacancies [5]. In the short wavelength
region, the fundamental absorption edge is determined
by the optical bandgap E‘;”t, which is blue shifted due
to the well-known Burstein-Moss effect [6]. On the
other hand, in the long wavelength region, the plasma
edge is influenced by the free carrier absorption, which
can have a negative impact on the efficiency of solar
cells [7,8]. Therefore, a procedure based on an accurate
description of both optical absorption processes is
necessary to precisely determine the optoelectronic
characteristics of the material.

Typically, the optoelectronic properties of AZO
thin films are assessed by modeling the photon energy
dependence of the complex dielectric function €™ (Aw),
which can be decomposed in two spectral regions of
interest due to the wide bandgap of TCOs [7—10]. The
first one is the UV region, in which the fundamental
band-to-band transitions take place [11], the second
one is the IR region, which is dominated by intra-band
electronic transitions [12]. In the UV region, ¢"(hw)
is usually modeled by Tauc-Lorentz oscillators (TL)
[13]. However, this optical dispersion model is only
suitable for indirect-gap and amorphous materials,
thus, the retrieved optical constants have no longer a
physical meaning when applied to direct-gap materials.
Moreover, the parabolic shape of the TL model does
not account for disorder induced states, which have
rather an exponential shape [14]. On the other hand,
zinc oxide (ZnO) has an excitonic band contribution
to the fundamental absorption that remains visible
for small Al concentrations [5, 15], which is usually
neglected due to the high doping level. Subsequently,
E, is typically obtained from an analogous Tauc
formula for direct band-to-band electronic transitions
on top of a curve that is intrinsically distinct [14, 16].
The drawback of this procedure is the difficulty in
determining the linear region in the analogous Tauc
plot due to the presence of tail and possible excitonic
states. Then, a considerable bias in the retrieved
EJ" is introduced, which is significant for samples
with Urbach energies Ey roughly greater than 60 meV
[11, 17] and/or exciton binding energies E, above
25 meV [18].
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In the IR region, the free carrier absorption is
usually modeled by the classical Drude model [13],
where the complex resistivity p~(w) can be written
in terms of the plasma (wp) and damping (w: )
frequencies, which are related to the £€”(w). Nonetheless,
this picture does not take into account the interaction
between the incoming electric field and charged
impurities, which are expected to be present in highly-
doped TCOs [9]. The result of considering the latter
interaction is that p™(w) the real part of p™(w) obeys a
power law behaviour pi(w)~ w® above the plasma
frequency [19, 20]. The exponent « is characteristic
of the dominant scattering mechanism in the material,
where a value of a = _1.5 is assumed for point-like
ionized impurities [7-9,21]. However, the experimental
value of o has been found to range from -1.3 to -
2 in sputtered AZO thin films [10]. Furthermore,
this assumption neglects the possibility of having
competing scattering mechanisms such as ion clusters,
among other charged complex defects, which have
different characteristic power law exponents [20, 22].

AZO thin films can be grown by different
deposition techniques, such as magnetron sputtering
[23, 24], pulsed laser deposition [25], atomic layer
deposition [26], spin-coating [27] and spray pyrolysis
[28]. Among them, magnetron sputtering has the
advantage of producing large area homogeneous thin
films [29]. The optoelectronic properties of sputtered
AZO thin films depend upon the growing conditions
[6, 30, 31], the aluminium concentration [32], and
can be further modified by post-deposition annealing
treatments [33]. However, to the best of our
knowledge, there are not reports of sputtered AZO thin
films deposited with active substrate cooling (75 <
25 °C). This growing conditions might be of interest
in applications where deposition temperatures above
room-temperature can hinder their use [34].

In this work, we assess the optoelectronic
properties of AZO thin films grown by radio radio-
frequency magnetron sputtering with active substrate
cooling. We tailor these properties by varying the
doping concentration to induce different charge carrier
densities. In the UV spectral region, we determined
£”(hw) from a self-consistent [35, 36] approach to avoid
any unwanted bias from the assumption of an incorrect
dispersion model. We then describe the fundamental
absorption edge by a recently developed model that
accounts for the contribution of tail and free excitonic
states [18]. In the IR spectral region, we probe different
extensions of the Drude model for the description of
the free carrier absorption [21]. The behaviour of the
dynamical resistivity p~(w) and the impact of the power
law exponent a value is analyzed. Finally, we assess the
relation of the optoelectronic properties of AZO, grown
in this fashion, with the aluminium concentration.
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Figure 1: XRD patterns of sputtered AZO thin films
grown on n-type silicon (100), after annealing.

2. Experimental details

2.1. Sample preparation

AZO thin films were grown on silicon and two-side
polished fused silica substrates by radio-frequency
magnetron sputtering using 2 in diameter ZnO and Al
targets. The targets were mounted facing the substrate
holder at a fixed distance of 6.5 cm. The base pressure
of the sputtering chamber was below 2.0 10-® mbar
and the working pressure was fixed at 1 x 10~2 mbar.
Both targets were sputtered simultaneously under a
30 sccm argon flow. To control the Al concentration,
the ZnO RF power was fixed at 80 W while the Al RF
power was varied between 12 W and 20 W. During the
process, the substrate holder was rotating at 4 rpm to
induce an homogeneous deposition and the substrates
were actively cooled at 12 °C. An undopped ZnO thin
film was grown as a reference sample using the same
growing conditions. After deposition, all samples were
annealed at 400 °C for 1 h in an Ar atmosphere to
enhance their crystallinity. XRD patterns can be found
in the supplementary information.

2.2. Elemental composition

Elemental composition was determined from dispersive
x-ray spectroscopy using a FEI Quanta 650 scanning
electron microscope (SEM). Acceleration voltage was
set at 5 keV to avoid the silicon signal contribution
from the substrate. Measurements were performed
three times in different areas of each sample under
a 400 magnification and then averaged. The
quantification was made with the EDAX’s TEAM
EDS analysis system employing the ZAF correction
procedure.

3

After annealing, we obtained AZO thin films with
Al concentrations from 1.08 at.% to 4.76 at.%. Oxygen
concentration remains constant for Al concentrations
below the reported solubility limit (3—4 at.%) [6,
37], while there is a constant reduction of the Zn
concentration for all doping concentrations (Fig. 2a).
These results suggest that Al3* ions tend to occupy
zinc sites and replace Zn2?* in the ZnO structure
[38] for Al concentrations below 3 at.%. After this
concentration, the further decrease of Zn might be
an indirect effect of the segregation of Al atoms at
grain boundaries [32, 39] or due to the increase of zinc
vacancies Vz, induced by the high Al doping under
oxygen rich growing conditions [5]. On the other
hand, the small increase of the oxygen concentration
might indicate the passivation of oxygen vacancies Vo.
Nonetheless, it should be noticed that EDS is less
accurate for the elemental quantification of oxygen due
to its low characteristic X-ray emission energy [40, 41].

2.3. Structural measurements

X-ray diffraction (XRD) measurements were carried
out using a Bruker D8 Focus in Bragg-Bentano (BB)
configuration. All samples show a polycrystalline
behaviour and are preferentially oriented towards the
(002) plane orientation (Fig. 1). Diffraction peaks are
consistent with the wurtzite crystal structure of ZnO
(PDF 36-1451). The peak around 61.07 °C correspond
to the Kg silicon substrate signal [42, 43]. Grain size
and microstrain were computed from the (002) peak
using a Voigt function single-peak method [44].

Figure 2b depicts the retrieved structural parame-
ters of annealed AZO thin films as a function of the Al
concentration. Below the solubility limit, the increase
of the grain size might be explained by the increase of
the RF applied power [6], having the contrary effect
after a certain limit [45]. On the other hand, the in-
crease of the microstrain might indicate the presence
of interstitial defects. In particular, oxygen interstitial
O; are expected to be formed at low substrate temper-
atures [31,46]. Another contribution may be related to
the presence of Vz,, which tend to increase the c lattice
parameter [5]. After the solubility limit, the variable
behaviour of both curves may be explained by varia-
tion of the concentration of different defects [47] and/or
the formation of secondary phases at the grain bound-
aries [32]. The latter can not be detected by XRD due
to their low amount and very small grains [31]

2.4. Electrical measurements

Resistivity and Hall effect measurements were per-
formed at room temperature using a four probe sys-
tem in a van der Pauw configuration. The experi-
mental setup system is equipped with a Keithley 6221
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current source, a Keithley 6485 picoammeter and a
Keithley 2182A nanovoltemeter. A Keithley 3706A
system switch/multimeter together with a 3765 Hall
effect card were used for the switching configuration.
40 mm tungsten-rhenium alloy probe tips were used to
make electrical contact with the films. Ohmic behavior
was checked before each measurement.

Figure 2c shows the Hall carrier density n. and
carrier mobility pnuan of AZO samples as a function of
the doping level, after annealing. For Al concentrations
below 3 at.% carrier density increases due the extra
charge donated from the replacement of Zn?* ions
by AI3* ions. For greater concentrations, n. is
reduced and remains almost constant due to the
inclusion of inactive Al ions in the grain boundaries
or by the compensation with zinc vacancies Vz,
[32]. On the other hand, Hall carrier mobility is
expected to decrease with the doping concentration.
Nonetheless, the final value of Lpgn is the result
of several scattering mechanisms, such as ionized
impurities, neutral impurities, cluster scattering and
phonon scattering [39]. Then, the initial increasing
trend might be related to the enhancement of the
grain size in the same concentration range (Fig. 2b)
[48, 49] whilst the following decreasing trend could be
a consequence of the high defect density induced by
the Al doping.

2.5. Optical measurements

Optical transmittance and variable angle spectroscopic
ellipsometry (VASE) measurements were performed by
a SENresearch 4.0 elipsometer in the spectral range
from 190 nm to 3500 nm. Ellipsometry measurements
were recorded at five incident angles from 50° to 70°
in steps of 5°.
The optical

model for AZO consisted on a

previously characterized substrate layer with a film
and roughness layer on top. The latter was include
due to the high sensitivity of VASE to even a ~1 nm
roughness layer [50]. This layer was modelled by means
of the Bruggerman effective medium approximation
(EMA), with a fixed air inclusion fraction of 50 %
[36, 50-52]. As a first fit, a full spectral range
analysis was performed to determine the film and
roughness layer thicknesses. Well-known Drude
model and Tauc-Lorentz oscillators were used, giving
samples thicknesses from 300 nm to 400 nm. The
experimental curves were fitted by means of the
software SpectraRay/4 from SENTECH Instruments
for the thickness determination and the probing of
free carrier absorption models, while a Wolfram
Mathematica script was used for the self-consistent
approach.

3. UV-Vis spectral region

In this section we assess the determination of the
complex dielectric function and the description of the
fundamental absorption of AZO thin films by means of
optical measurements. In this case, the spectral range
of interest ranges from 200 nm to 800 nm.

3.1. Complex dielectric function determination

The complex dielectric function €”=¢g;+je, can
be calculated from the complex refractive index
n since &~ =(n+ik)?, with n the refractive index
and k the extinction coefficient, respectively. One
way to constrain the solution for &” is to use
several spectral measurements [36]. Here, we use
a combination of optical transmittance (T) and
spectroscopic ellipsometry (VASE) measurements, the
latter being measured at five different angles giving
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a total of 11 spectral curves. Another advantage
is the complementary information given by each
measurement. For instance, T is more sensitive to
the bulk properties in transparent regions. Conversely,
VASE is very surface sensitive and it offers more
information in highly absorbing regions, where T
tends to zero and non-meaningful information can be
obtained from it [35, 50].

Typically, €”(Aw) is determined by assuming an
optical dispersion model and directly fitting it to
the experimental curves. Nonetheless, this method
requires a detailed knowledge of the optical properties
of the material to not introduce unwanted artifacts in
the retrieved curves. For instance, there are very few
dispersion models that account for direct electronic
transitions and disorder induced tail states, which
are overlapped in the fundamental absorption edge.
Recently, new optical models have been developed to
properly describe direct-gap semiconductors [14] based
on the band-fluctuations approach [11]. However, they
are not currently available in commercial softwares. In
particular, AZO is a direct-gap material and forcing
an incorrect model might induce features that further
bias the retrieved optical constants of interest, such as
the optical bandgap E;F’f, the Urbach energy Ey and
the exciton binding energy Ej.

In this work, instead, we use a self-consistent
approach in which the complex refractive index n
is determined for each wavelength, i.e. point-by-
point. The method consists in taking advantage of
redundant spectral curves [35, 36] to minimize the
following unbiased estimator:

o2= TP — TTh(n k,A,d,d,)  +

s h iy (1)
Sew — SW(nikiAi O, df, dr)
ik

20 O 2nO Excitonic
-0- nu, =1.08% peak
ny = 1.50%
15 O Nu=226%
o Ny =4.28%
@ o Ny =4.76%
£ 10
0.5
o : : : :
2 3 4 5 6

Photon energy [eV]

Figure 4: Retrieved imaginary part of the complex
dielectric function &(Alw) from the point-by-point
approach for AZO thin films with different Al
concentrations. The presence of the excitonic peak is
indicated and the curve of the ZnO reference sample is
also shown for comparison purposes.

Here, T is the optical transmittance, Sk are the
Stokes parameters related to the VASE measurements
and U; are the incident angles for the ellipsometry
measurements. The constants df and d, are the film
and roughness layer thicknesses, respectively. The
latter thicknesses were previously computed from a full
spectral range fit.

Figure 3 depicts the optical transmittance (T)
and spectroscopic ellipsometry (VASE) experimental
curves for the AZO thin film with 1.08 at.% aluminium
content. The optical measurements were fitted using
the point-by-point approach with a good agreement
with the experimental curves and verified Kramers-
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Kronig consistency. Figure 4 shows the retrieved
&2(Aw) curves for the AZO thin films in the UV-Vis
spectral region. An increase of the absorption edge
with carrier concentration is observed, in agreement
with the Burstein-Moss effect.

3.2. Optical constants determination

As it is well established, ZnO is a direct semiconductor
with a free exciton band contribution to the funda-
mental absorption [53]. This feature is observed as a
”shoulder” or excitonic peak in the absorption spec-
tra near the band edge. Therefore, considering the
free exciton absorption is crucial to determine the op-
tical bandgap of excitonic materials. This is typically
achieved by using an Elliott-based formula to model
the absorption edge [12, 54].

In AZO thin films, the aluminium doping increase
the charge carrier density of ZnO making it a
degenerated semiconductor. Then, it is expected
that the exciton binding energy E, is reduced due to
the electrostatic screening of the coulomb interaction
between electron-hole pairS [54]. For this reason, the
free exciton contribution is usually neglected when
fitting the fundamental absorption of heavily-doped
semiconductors and E; is determined by a direct
transition formula (Eq. 2) [5, 28, 39, 55]. However,
from the retrieved &, curves (Fig. 4), the excitonic
contribution seems to still be present even for high Al
concentrations. This excitonic feature have also been
previously observed in light absorption measurements
at low Al concentrations [5, 15]. Additionally, tail
states are not commonly considered when attempting
to determine the optical bandgap [11,17].

A
== (hw — E )2
& T’Lw( w g)

In a recent work, we described the excitonic

(2)

absorption of GaAs and the family of tri-halide
perovskites MAPbXs3 (X=Br,l,Cl) [18] by using the
band-fluctuations approach [11] and the Sommerfield
enhancement factor. There, the thermal-induced
disorder and the uncertainty principle contributions
to the broadening of the Elliott formula [56] were
taken into account by a band-fluctuations profile g57
and a Lorentzian profile &5, respectively. A pseudo-
Voigt profile was used (Eqg. 3) leading to an analytical
formula with 6 parameters, including gopf, Ey and Ep.

£EBF (Mw) = nef (hw) + (1 — n)ei(hw)  (3)

A fit using Eq. (3) £58F (Aw) on the imaginary
dielectric constant retrieved from the poiny-by-point
approach is depicted in Figure 5a for the AZO sample
with 1.08 at.%. As shown, the inclusion of the discrete
and continuous contributions of the excitonic band,
and the disorder induced tail states is necessary to
properly reproduce the shape of the absorption edge.

The retrieved optical bandgap from the ££6F (Aw)
model and the direct transition formula Eq. (2)
are compared in Figure 5b. Both approaches show
a similar trend versus the doping concentration.
However, the direct transition formula tends to
underestimate E‘;Pt by approximately 0.15 eV. The
latter owing to the absorption edge shift when
neglecting the free exciton band contribution and the
Urbach energy (>60 meV).

The trend of E; can be explained by high doping
effects. When Al atoms are introduced in the ZnO
structure, they tend to occupy Zn lattice sites. At room
temperature, they are expected to be mostly ionized,
giving one extra electron to the conduction band.
Then, there is an increase of the charge carrier density
ne and, after a critical density, the Fermi level goes into
the conduction band and AZO becomes a degenerated
semiconductor [57]. Since the conduction band is



partially field, direct electronic transitions should occur
for energies greater than the E,; of the undoped
material, giving rise to the well-known Burstein-Moss
shift. Additionally, renormalization effects due to the
many-body interactions in both, the conduction and
valence band, result a shrinking of the bandgap [9].
Thus, it is expected that E‘;Pf increases with the
aluminum concentration, since there is an increase of
the charge carrier density up to the solubility limit. For
grater concentrations, E‘;Pt remains mainly constant in
agreement with the behaviour of n. (Fig. 2c). On the
other hand, Ey resembles the trend of the measured
microstrain (Fig. 2b). This is expected since the
microstrain is directly related with the distortions of
the lattice and hence with the internal disorder of the
material.

Figure 5c shows the exciton binding energy as a
function of the Al concentration. In the case of the
ZnO sample, E, corresponds to the well-known value
of 60 meV [53]. For the AZO samples, E, ranges from
45 meV to 55 meV. This quenching of E, can be traced
to the increase of the electrostatic screening due to the
increment of n.. For this reason, the behaviour of E,
is strongly correlated with the evolution of n. with the
Al concentration (Fig. 2c).

Typically, it is assumed that excitons should not
be formed in degenerated semiconductors due to the
high free carrier concentration. Mahan [58] studied
the excitonic effects in highly-doped semiconductors
by treating the conduction band in the high-density
limit of the Fermi gas. He predicted an excitonic
contribution to the absorption spectra that is further
quenched as n. increases. Recently, Mahan excitons
have been reported in methylammonium lead bromide
perovskites at room temperature by a combination of
ultrafast broadband optical spectroscopy and advanced
many-body calculations [59]. Moreover, we should
point out that the retrieved values are way above the
room-temperature thermal energy 25 meV, indicating
that the probability of thermal recombination is
low enough to be able to detect them by optical
measurements. However, it is possible that the
excitonic features are masked in other reports due
to the high broadening of the excitonic peak and
electrostatic screening effects.

4. IR spectral region

In this section, we describe and evaluate several
dispersion theories to account for the free carrier
absorption in the spectral range from 800 nm to
3500 nm. The behaviour of the dynamical resistivity
and the role of the power law exponent o are assessed.

4.1. The dynamical resistivity

The complex dielectric function £™(w) is composed by
the contribution of several excitation processes in the
material. In particular, for TCOs is possible to isolate
the free carrier contribution, which is resonant in
the IR spectral range [9]. In this region, the other
contributions are constant and g(w) can be written as
follows:

£7(W) = oo + §F dw) (4)

Here, x"r c is the free carrier complex electrical
susceptibility and &€« is the sum of the constant
contributions from the non-resonant processes in the
IR range. If the macroscopic AC fields are described by
Maxwell’s equations, then is not possible to distinguish
between a polarization current P and a current due
to free carriers J [19]. From this argument, we can
equate ¥ £ ¢, and the free carrier contribution can be
expressed in terms of a frequency-dependent dynamical
resistivity p~(w) = p1 + ipa.

X (w)y=i%wk 7 (5)
Fc Eow gowp” (w)

In general, the real part p: of the dynamical
resistivity exhibits a bump due to the plasmon
resonance near the longitudinal plasma frequency

~

w¥ = wy/ €x, where w, corresponds to the plasma
frequency in a free electron gas. For w Lws, p1
has a constant value, whilst for w > wr it follows a
power law p1~w% where a is characteristic of the
main scattering mechanism for the free electrons in the
material [19, 21]. By combining Egs. (4) and (5) , the
dynamical resistivity can be written in terms of the
complex dielectric function:
] 1

~(w) = . (6)
pr(w) EW £ (w)—eg>

Thus, p~(w) can be determined if £€”(w) and €«

are known experimentally. In the following sections,
we briefly describe how the dynamical resistivity is
assessed by different optical dispersion models.

4.2. The classical Drude model

The Drude approach is detailed in several textbooks
[12, 50] and it is commonly used to describe the free
carrier absorption owing to its simplicity and yet good
accuracy to retrieve electrical parameters. In this
theory, the dynamical resistivity is constant and €™ (w)
can be written as follows:
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Here, w, and w; are the plasma and damping
frequencies, respectively. This model has just three
fitting parameters (€, wp, w:) and has been widely
used to describe the free carrier absorption in metals
and degenerated semiconductors [50]. Nonetheless,
among other effects, this picture does not consider
the interaction between the ahpp|ied electric field ?]nd
charged scattering centers. The latter interaction has
a large contribution in highly doped semiconductors,
where the scattering due to ionized impurities is
expected to be dominant [9, 10, 21]. The following
models are an extension of the Drude formula (Eq. 7)
assessing the aforementioned effect yielding to a
frequency dependent p™(w).

4.3. The energy-loss method

This method consists on defining two frames of
reference (FR), i.e. transport and energy-loss. In the
transport FR, the electrons are moving at a constant
speed v and the charged impurities are considered to
be fixed. In the energy-loss FR charged impurities are
moving with v; =_v. Since the energy loss by the
impurities is equal to the energy loss by Joule heating
in the transport FR, the dynamical resistivity can be
isolated and written as [19, 20]:

R iNsct
plw) =
7 g
= ki 2 ! ! (8)
L BkGE R S s T E0, w)

Here, nsc is the density of scatterer centers, n.
is the free charge carrier density, pr (k) is the charge
density of the charged impurities and g(k, w) is the
dielectric function of the electron gas. For the case
of point-like ionized impurities it has been shown that
[9,20]:

- iZZn,-
plw) = o1 W X
k2dk - 9
o K kw0 @ O

Here, Z is the charge number and n; is the
density of ionized impurities. In highly doped
AZO, ionized impurities are expected to correspond
ionized aluminum atoms Alz, in Zn sites. Thus Z
should be fixed at 1, as in the case of ITO [9, 10],
leaving a total of 4 fitting parameters (e«, m¥, ne, n;).
For heavily doped semiconductors, the electron gas
is treated in the high density limit and &7(k, w)
can be modeled by a Lindhard dielectric function
i.e. in the random phase approximation (RPA)
[20]. Whilst the latter approximation being successful
in describing the plasma oscillations, exchange and
correlation are not considered. The RPA dielectric
function can be improved by a Hubbard correction,
which considers exchange, or by the Singwi-Sj olander
theory, that accounts for exchange and correlation



[9]. When analyzing the asymptotic behaviour
of the dynamical resistivity around w}, power law
exponents of ay =—1.5 and ass=~ 2 are obtained
using the Hubbard and Singwi-Sj olander corrections,
respectively [9, 10]. It is important to note that
this method is more general and can be applied to
rather complex scattering centers or time-dependent
transport systems, resulting in different characteristic
exponents a [20].

4.4. Semnelius based formulas

The polar nature of ZnO has an impact on the
dynamical resistivity. The latter effect was studied
by Sernelius [60], who applied a strict quantum
mechanical formalism to model the contribution of
the polar coupling to the dynamical conductivity
6(w) = 1/p"(w) in heavily doped semiconductors. Due
to the complexity, some empirical models that
resembles the features of Sernelius’ calculation have
been proposed [7, 8, 21], where the frequency-
dependence of p~(w) is accounted by inserting a
frequency-dependent damping frequency w: (w). In
this work, we use a formula based on the one proposed
by Pflug [21], which is available in the SpectraRay/4
software:

we(w) = f(w)(wr — wWepn(E))+

(1 = flw))(ww + wa) X
1

w
Wer (10)

Here, wr.pn(E) accounts for the decrease of w- (w)
due to the electron-phonon interaction, which is
modelled by a Gaussian shape. f (w) is a sigmoidal
function that divides the constant region (w < wy,)
from the power law decay region (w > wy,). Therefore,
the value of w:r should be similar to the one of the
longitudinal plasma frequency w* of the material. w1
tends to zero during the fitting procedure since it has a
competing contribution with wx when describing the
power law decay. This can be avoided by implementing
an alternative formula proposed by Ruske et al. [7, 8].
Here, wq was fixed at zero, thus having six fitting
parameters (&€~, Wy, W, Wy, 0, @) in total.

lonized impurities are expected to be the main
scattering mechanism in heavily doped semiconductors
and an exponent value of ¢ =_1.5 is typically assumed
[7, 8, 21]. However, a depends on the chosen dielectric
function g(k, w) of the electron gas and it was found
to vary experimentally from -1.3 to -2 in AZO thin
films [10]. Furthermore, the possibility of having
competing scattering mechanisms in materials with
a high density of defects is neglected. Therefore,
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leaving o as a free parameter might lead to a better
description of the experimental data. In this case,
the retrieved exponent is no longer characteristic of a
specific scattering mechanism but rather an effective
exponent a.f that accounts for the contribution of
different possible scatterer centers in the material.

4.5. IR fitting results

Figure 6 depicts the fit of the IR spectral region using
the Drude model, the Energy-loss method and the
Sernelius based formulas with ay = —1.5 fixed and
with o as a free parameter, i.e. a = aes. All models
have a similar performance when describing the VASE
variables S; and S;. On the other hand, the optical
transmittance fit has a noticeable improvement when
Sernelius based formulas are used, in comparison to the
Drude model and the Energy-loss approach. Therefore,
considering the polar nature of the ZnO lattice seems
to lead to a better description of the experimental
data. Nonetheless, there is no apparent impact in the
minimized estimator when «a is left as an additional
fitting parameter.

To assess the role of the power law exponent «
we analyze the behaviour of the dynamical resistivity.
Jin et al. [10] computed the experimental p~(Aw) by
means of Eq.(6) for sputtered AZO thin films with
unheated substrates. They obtained &”(hw) from
optical transmittance T and reflectance R using a
matrix formulation of Fresnel’s equations and €~ was
determined by plotting &1 vs (fiw)~2 and extrapolating
the linear region towards zero energy, assuming that
Drude model applies in this range. Here, we follow a
similar procedure by extending the previous point-by-
point calculation to compute £~ (Aiw) in the IR spectral
region.

Figure 7a shows the real part of the dynamical
resistivity p1(Aw) for the AZO sample with 1.08 at.% Al
concentration, the dotted line represents the constant
Drude resistivity (op ~0.96Q -¢cm). When compared
to the behaviour predicted by the point-by-point
approach, the Sernelius based formulas exhibit a
shorter shift in the position of the plasmon resonance.
In this case, considering an effective exponent oes
leads to a better description of the features of the
plasmon peak and the retrieved exponent is closer to
the estimated experimental one.

The estimated power law exponents from the
Sernelius based formula (Fig. 7b) are mostly in
agreement with the theoretical value estimated for
ionized impurities following the Singwi-Sj olander
theory (ass = —2). Jin et al. found experimental
values in the range of —1.3 < a < —2. Exponent values
greater than —1.5 might be caused by the combined
effect of polar coupling ae—pn = —0.5 [20]. In our case,
the latter is already considered by the wrpn(E) term
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in Eq. (10).

On the other hand, the point-by-point approach
predicts a values lower than ass, with a lowest
value of _6.5 for the AZO grown sample with
1.08at.% Al. In general, charged impurities become
less efficient scatterer centers for w >w} resulting
in a decrease of the resistivity. This effect is
enhanced if complex scattering centers are consider,
such as, ion clusters [61], monopole lines (¢ =2) or
charged layers (¢ =—2.5) [20]. Thus, the retrieved
values suggest the presence of complex defects in
our samples. For instance, the presence of oxygen
interstitials O; is expected to be enhanced for sputtered
AZO films grown at low substrate temperatures
[46], and might form (Alz,— O;)~! acceptor-like
defects [31]. Men’endez et al. [62] suggested the
presence of (Alz— Vzn)~ and (Alz, — O;)~! in AZO
by contrasting HAXPES measurements with DFT
calculations. We believe these defects can account for
the low experimental o exponents.

The difference between the exponent values
from both approaches might be related to the
different behaviour observed in the retrieved £« values
(Fig. 7c). Furthermore, better agreement might be
found with other Sernelius based formulas. For
instance, Ruske et al. [7] found a better performance
by neglecting the wqpn(E) term and leaving wx as a
free parameter. Nonetheless, it should be noticed that
measurement noise might be reflected in the p; curves
from the point-by-point approach which can also affect
the retrieved a values.

5. Summary and conclusions

In this work, we have grown aluminium doped zinc
oxide (AZO) thin films with different aluminium con-
centrations and active substrate cooling via magnetron

sputtering of a ZnO and Al targets. The optoelectronic
properties of AZO were assessed by accurately model-
ing the complex dielectric function €™ (Aiw) in two spec-
tral regions. For this, we combined optical transmit-
tance and spectroscopic ellipsometry measurements.

In the UV-Vis spectral range, a self-consistent ap-
proach revealed the presence of an excitonic band con-
tribution overlapping to the fundamental absorption
even for free carriers in the order of 102%cm-3. This
feature is in accordance with the presence of Mahan
excitons, which were theoretically predicted to affect
the light absorption in heavily-doped semiconductors.
A recently developed model that accounts for exciton
and disorder-induced tail states contribution was used
to describe the fundamental absorption. The optical
bandgap, Urbach energy and exciton binding energy
were retrieve from the fitting of the imaginary part of
the dielectric function. Binding energies greater than
the room-temperature thermal energy 25 meV and Ur-
bach energies above 60 meV were determined. These
values suggest that the previously mentioned contribu-
tions should be considered to accurately determine the
optical bandgap of AZO thin films.

In the IR spectral range, we probed different dis-
persion models to describe the free carrier absorption
in AZO thin films. The best agreement with the exper-
imental data was achieved when a frequency-dependent
dynamical resistivity p~(w) and the polar nature of the
ZnO lattice are considered. This was done by us-
ing an empirical formula based on the one proposed
by Pflug et al. [21]. The real part of p™(w) follows a
power law p; ~w?® behaviour for frequencies above
the plasma frequency, where « is characteristic for the
main scattering mechanisms in the material. Thus,
a was left as a free fitting parameter and then com-
pared with the experimental one retrieved from the
self-consistency approach. For high Al concentration,

10



a tends to the characteristic value for ionized impuri-
ties considering the Singwi-Sj olander theory. On the
other hand, smaller a values for low doping levels
might indicate the presence of defect complexes such

as (Alzn — Vz,)~ and (Alzn _Oi)~1. Nonetheless, fur-
ther analysis is needed in order to identify the specific
contribution from each scattering mechanism in AZO
thin films.

The detailed discussion driven in this study is
expected to serve as a methodology to precisely
determine the optoelectronic properties of heavily
doped semiconductors. Particularly, for aluminum
doped zinc oxide thin films and ZnO based transparent
conductive oxides.
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