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This work presents a comprehensive ab initio investigation of the structural, electronic, elastic, and optical properties of aluminum-doped
zinc oxide (Zn-.Al.O) using the DFT¥ framework. A realistic 22x2 supercell model is employed to simulate substitutional doping

at various Al concentrations (up to 25%). The results reveal a systematic reduction in band gap energy, reaching 2.216 eV at the highes:
doping level, which reflects enhanced electrical conductivity. Density of states analysis highlights the emergence of Al-3p states near the
conduction band, contributing to donor-like behavior and supporting n-type conductivity. The elastic properties show a progressive decrease
in stiffness and an increase in anisotropy with Al content, indicating mechanical softening of the ZnO matrix. Optically, the doped systems
exhibit improved transparency, a blue shift in the absorption edge, and modulation of the dielectric response, consistent with the Burstein
Moss effect. These findings suggest that Al doping significantly tailors the multifunctional behavior of ZnO, making it a promising candidate
for transparent conducting electrodes, optoelectronic components, and sensor technologies. The theoretical insights presented herein provi
useful guidelines for experimental optimization of Al doped ZnO-based materials.
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1. Introduction tronics, such as solar cells [16], spintronics [17-19], gas sen-
sors [20], and photodetector applications [21]. Doping ZnO

For many years, Zinc oxide has been used in the chemicaVith suitable elements can improve its optical characteristics
and pharmaceutical industries [1, 2]. Zinc oxide (ZnO) holdswith increased transmission in the visible { 90%) and ac-
significant potential in the medical field, particularly in drug celerate the run for its practical applications [22-28]. Also,
delivery systems and cancer treatments, due to its biocompa@Xygen vacancies improve both optical and electrical prop-
ibility, antimicrobial properties, and ability to target cancer- erties, particularly electrical conductivity (~ 1072 Q!

ous cells effectively [3,4]. New avenues of research in opcm~ ') [29-32]. Moreover, thermal treatment plays a crucial
toelectronics are beginning to advance with the evolution ofole in improving the electrical properties of ZnO, as demon-
technology like photoluminescence applications [5-7]. Thestrated by the work of Abdulliret al [33]. Furthermore,
latest technological trend shows that zinc oxide doping withsintering and precursor concentration have a greater impact
transition metals such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni and CuPn ZnO physical properties [34]. In particular, the doping of
can be used as a ferromagnetic material and also has gre@O with Aluminum considerably modifies its physical prop-
interest in spintronic applications [8—10]. After industrial in- erties [35-37]. Al-doped ZnO compounds exhibit high trans-
terest in this material became more prominent, research ingarency in the visible range [38, 39]. It has been shown that
its physical properties was extensively studied not only forthe gap can be controlled by introducing a small amount of
the development of the microelectronics industry but also tgluminum [40]. Several research groups are currently work-
collect as much information as possible on its energy behavg on developing more efficient solar cells by doping zinc
ior concerning the preparation conditions. ZnO, with its wideoXide with aluminum [41, 42]. For three decades, the num-
gap (3.37 eV) and its high binding energy (60 meV), is con-ber of publications addressing the doping of ZnO has failed
sidered one of the most promising semiconductor materialt® fundamentally understand the effect of doping with metal-
for technological applications such as laser diodes emitting ific €lements on electrical, optical, and electronic properties.
blue and UV spectra [11-13]. Moreover, the thermoelectricThis work focuses on the microscopic aspect of doping on
field extensively uses ZnO with metallic impurities such asband gap energy, elasticity, and optical absorption. This study
aluminum [14, 15]. Zinc oxide in thin films has enjoyed con- aims to deepen the understanding of the atomic-scale effects
siderable importance in various fields of research in receref aluminum doping in ZnO, with a focus on its structural
decades due to its multiple potential applications in optoelecand mechanical behavior relevant to advanced technological
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applications. By employing a realistic x 2 x 2 supercell  al. [51] and report & sensitivity analysis confirming that all
model, we sought to closely mimic experimental conditionsqualitative trends versus Al content are robust. We employ
and generate reliable data on dopant-induced changes. Sg@GA+U with the previously cited, in house optimised pa-
cial emphasis was placed on comparing ZnO:Al with othemameters calibrated to the band gap, Zn(3d) binding energy,
transparent conducting oxides to assess its standing withiand equilibriuma andc, and noU is applied to Al(3p), and
this family of materials. The findings help categorize the ma-the qualitative trends remain robust withit9.5 eV.

terial based on its directional performance and mechanical In ab-initio calculation, it is necessary to test the conver-
stability. They also offer valuable theoretical insights to sup-gence of the results with respect to the cut-off energy )

port high-efficiency experimental design. and the K-points mesh configuration in the first Brillouin
zone (1BZ). According to the optimization operation, a good
convergence is obtained for a plane-wave energy of Ecut-off
values of 500 eV ané x 6 x 4 K- points mesh configura-
tion. In this study, Al atoms are introduced into the hexagonal
In this study, ab initio calculations are performed using theVUrtzite structure of ZnO via a substitutional doping mecha-
plane wave method, incorporating the pseudopotential agdiSm- Figure 1 illustrates @22x2 ZnO supercell consisting
proach within the framework of density functional theory Of 16 zinc and 16 oxygen atoms, designed to allow the sys-
(DFT) [43]. To improve the accuracy of the results, the tematic sut_)stltutlon o_f _Zn atoms with Al at Qn‘ferent doping
Generalized Gradient Approximation (GGA) was adopted’conc_entrafuons. Specifically, Al atoms substitute Zn atoms at
specifically using the Perdew-Purke-Ernzerhof (PBE) func-Alomic ratios ofr = 6.25%, 12.5%, 18.75% and 25%, corre-
tional [44]. Simulations are carried out using the CASTEPSPONding to 1, 2, 3, and 4 Al atoms, respectively, within the
code, leveraging Vanderbilt pseudopotentials to efficientlySUPercell. This method preserves the overall hexagonal sym-

model electron-ion interactions [45]. The pseudo—potentia[“etry while allowing investigation of the effects of increas-

of Vanderbilt-type ultra-soft was used to compute the poteni"9 dopant content on the structural and electronic properties
f zinc oxide. The substitution of 2 with smaller AP+

tial seen by the valence electrons [46]. This choice of potenf—) : - o
tial enables the following valence configurations to be used'OnS introduces extra free electrons into the system, making it

(3d194<%) for Zn, (3€3p') for Al and (282p*) for O. To im- suitable for n-type conductivity enhancement. The supercell

prove the description of localized electromsy, Zn 3d), we approach facilitates accurate modeling of local distortions,

used the DFTY method formulated by Dudaret al., where charge distribution, and band structure modifications result-
the total energy is expressed as [47]: ’ ing from Al incorporation. Compositions up to 25% Al are

U modeled in a 22x2 supercell to sample defect-defect in-
of Z [Tr(p?) — Tr (p°p”)], (1) teractions and provide an upper bound on electronic/elastic
2 5 trends. This does not assert bulk equilibrium solubility at

wherelUgt = U — J is the effective Hubbard parameté&f ¢  25% rather, it reflects non-equilibrium thin film processing

On-site Coulomb interaction and : Hund's exchange pa- windows where high nominal Al contents are reported while

rameter),p° is the occupation matrix for localized orbitals wurtzite reflections persist in XRD. Experimental evidence

with spino, Eper is the standard DFT energy without cor- for such regimes (FCM-CVD) and a discussion of possible
rections and Tr is the Trace of a matrix (sum of diagonal elephase separation at very high Al are provided in the refer-
ments). Hubbard corrections are also applied, with optimizegnces.

values of 5.5 eV for d-electrons and 8.5 eV for p-electrons, in ~ Similar criteria were employed by Damerge al., who

order to improve the treatment of electronic correlation ef-also selected doping sites to maintain the symmetry of the

fects. Thesd/ values have been widely optimized and re- hexagonal lattice [37]. Other studies, such as those by Ja-
ported in the literature [40, 48-50]. Unless otherwise statedfarovaet al., have selected the dopant-receiving sites based
we use GGA¥ with U4 for Zn andUp for O in the litera-

ture validated AZO window seen in the study of Shabeatni

2. Computational methods and geometric
model

Eprr+v = Eppr +

ZnO pure Znosi254lo1s750

FIGURE 1. 2x2x2) supercell models of a) pure ZnO and Al-doped ZnO wiftb) = Al/Zn: b) 6.25%, ¢) 12.5%, d) 18.75%, and e) 25%.
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TABLE |. Optimised lattice parameteaA) andc(A), cell volumeV (A%) for ZnO compared with other experimental and theoretical results
(Aa/aandAc/c: Relative error without units on the lattice parameteedc, respectively).

Zny Al O Reference
Our results T a(A) Aa/a (%) c(A) Acl(%) V(A?)
0 3.284 1.64 5.299 2.39 49.491 GGA
0.0625 3.251 5.294 48.119
0.125 3.249 5.205 47.259
0.1875 3.268 5.369 57.339
0.25 3.172 5.877 59.131
0 3.219 0.37 5.184 0.17 46.519 GGl +
0.0625 3.249 5.205 47.252
0.125 3.188 5.607 49.007
0.1875 3.233 5.190 46.653
0.25 3.219 5.180 49.088
Other (Exp.) 0 3.231 - 5.175 - 46.785 [17]
Other (Theo.) 0 3.240 6.93 5.190 0.08 47.183 [54]
3.340 7.29 5.350 0.58 51.687 [55]
3.184 10.23 5.147 3.16 45.184 [56]
2.940 6.85 5.070 0.74 37.952 [57]
3.225 0.33 5.174 0.27 46.603 (58]
3.186 6.44 5.150 0.23 45.272 [59]
3.240 5.15 5.190 0.69 47.183 [60]

on the criterion of minimizing the system’s total energy In contrast, the corresponding deviations obtained using the
[52,53]. Finally, self-consistency calculations were consid-DFT-GGA+U approach are significantly reduced to 0.37%
ered converged when the system'’s total energy become stand 0.17%, respectively. These results demonstrate that the
ble, ensuring the results’ reliability. Graphical representa-inclusion of the Hubbard U correction in the GGA framework
tions and crystal structure visualizations are performed usingnhances the accuracy of the structural predictions and yields
the Origin software and the VESTA applications. better agreement with experimental data.

Within GGA+U, the lattice-parameter response to Al
doping results from an interplay of the local chemical pres-
sure shorter Al-O bonds contract Al@etrahedra followed
by anisotropic relaxation through the wurtzite framework and
electronic changes Al donor electrons increase screening and

The first and fundamental step ab initio calculations is ionicity, softening bond-bending and couplirgc via the

the determination of a material’'s structural properties. Thignternal coordinater. This balance yields small, composi-
phase is crucial as it provides key insights into the materiafion dependent shifts and non-monotonic featuressamdc,
microstructure, serving as the basis for subsequent calculdthich we attribute to how specific Al configurations in the
tions related to electronic and elastic properties. The Opti2>< 2x2 Supercell redistribute local strain between basal and
mized lattice parameters of ZnO are essential for understan@xial directions.

ing its structure and impact on various physical properties. In DFT, the GGA+J approximation is generally more
These parameters offer valuable information about the atomisuitable for the geometric optimization of materials that ex-
arrangement within the crystal lattice, ultimately influenc- hibit strong electronic correlation effects, such as those con-
ing its mechanical, thermal, and electronic behavior. Table taining transition elements wittk-orbitals orf-orbitals. The
provides an overview of the structural properties, comparingsGA alone may underestimate the band gap and fail to accu-
them with existing experimental and theoretical data. To val+ately capture strongly correlated electronic interactions. In
idate our findings, we meticulously compared our optimizedcontrast, adding thg term (Hubbard correction) in GGA*
values with existing experimental and theoretical data. Ouenhances the description of these interactions by correct-
results for the undoped and Al-doped ZnO lattice parameterig the energy of localized electrons, often leading to more
and volumes are in excellent agreement with the existing exprecise geometric optimizations for these types of systems
perimental and theoretical data. The relative errors in the latf49, 50]. According to the DFT criteria outlined by Damonte
tice parameterd\a/a andAc/c, calculated using DFT-GGA et al., our results exhibit strong agreement with both exper-
for the undoped ZnO, are 1.64% and 2.39%, respectivelyimental and theoretical data [37]. For undoped Zinc oxide,

3. Results and discussions

3.1. Structural properties

Rev. Mex. Fis72060501



4

S. HAIRECHE, M. ELBAA, M. HABIRECHE AND M. BOUCHENAFA

our study yielded a value of 3.2 and 5.184A for a and
¢, aligning closely with theoretical values of 3.226and
5.174A [58] and 3.184A and 5.147A [56]. This result also

ues of 3.2314 and 5.175A for a andc, respectively [20]. In
the case of doping, the lattice parameteasidc of aluminum

doped ZnO change only slightly, and the crystal structure ap-

the gap energy between the valence and conduction bands is
distinctly observable. The Fermi level lies in the middle of
the bandgap, indicating it's an intrinsic semiconductor. In the
demonstrated favorable agreement with the experimental valindoped ZnO, the material exhibits a direct band gap located
at thel point, consistent with the known semiconducting be-

havior of pure wurtzite ZnO.
As Al is introduced into the ZnO

lattice, a systematic re-

proximately retains its hexagonal lattice, despite the absenaguction in the band gap is observed across the series (b—e),

of experimental values for a proper comparison.

ZnO, contributing to the broader knowledge of their unique

crystalline behaviors.

3.2. Electronic properties

Band structure of undoped and Al doped ZnO
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accompanied by a noticeable shift of the conduction band
These findings highlight the complexity of crystalline be- minimum (CBM) toward lower energies, especially near the
havior in these compounds and stress the significance of intg* M points. This narrowing is attributed to the incorpora-
grating both theoretical and experimental perspectives. Thigon of Al-3p orbitals, which contribute additional conduction
comprehensive comparative study enhances our understanstates and introduce donor-like behavior, effectively lowering
ing of the structural properties of both undoped and Al dopedhe CBM.

While the valence band maximum (VBM) remains rel-

atively stable in energy, slight changes in its curvature and
dispersion are observed, reflecting the perturbation of the
electronic structure due to local lattice distortions and Al—
O bonding. The shift is most pronounced at 25% doping,
where the band gap becomes significantly reduced and the

The band structure is composed of permitted and prohibite@ands exhibit increased overlap and dispersion, suggesting a
energy bands. The permitted energy bands, also called véansition toward a more conductive regime.

lence and conduction bands, determine the electrical proper- In previous results, it is observed that replacing a certain
ties of the material. The valence band is the lowest energpercentage of zinc with aluminum leads to a decrease in the
band and is generally occupied by electrons. The conductiofnergy gap as the doping level increases [63]. By comparing
band is the highest energy band, which can be partially opur results with the theoretical ones, we see an improvement
completely empty. From an energetic point of view, a matein the value of the gap for zn,Al,O. K. Dakhsi's study

rial band gap corresponds to the lowest energy needed for &owed that the gap energy of films decreases from 3.29 eV
electron to transition from the valence band to the conducfor undoped ZnO to 3.27 eV for 5% Al-doped ZnO [64].
tion band. Materials can be classified based on the size dfhis decrease is attributed to distortions of the crystal lattice
this bandgap into insulators (large bandgap), semiconductogaused by the introduction of impurities and the increase in
(medium-sized bandgap), and conductors (zero or near-zetbe concentration of free electrons. Additionally, the gap de-
bandgap). The graphs in Figs. 2a) to 2e) represent the bartieases as the concentration of metal doping increases [65].
structures of ZnO and Al doped ZnO at various atomic ratiogn contrast, results from FCM-CVD reveal a relatively stable
of Al/Zn from 0 to 25% Al impurity quantities. In this graph, bandgap around 3.1-3.2 eV for doping levels between 0% and
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FIGURE 2. Band structure for: a) the undoped ZnO and Al doped ZnO with different atomic ratios of doping b) 6.125%, c) 12.5%, d)18.75%
and e) 25%, f) Evolution of the band gap energy as a function of dopant concentration in previous research.
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and 5%, indicating limited Al solubility or incorporation un- distribution of electrons. The undoped ZnO is also presented
der those processing conditions [40]. Figure 2f) illustratedor comparison purposes. The total and partial density of
the variation in band gap energy as a function of aluminurrstates (TDOS and PDOS) of Al-doped ZnO, evaluated over
doping concentration in ZnO. The trend shows a significanthe energy range from15 eV to +15 eV, reveal substantial
decrease in Eg with increasing Al doping from the undopednodifications in the electronic structure with increasing Al
ZnO to 25% Al doped ZnO. Initially, for pure Zn&xE 0),  concentration. Inthe deep valence regieni§ eV to—5 eV),

the band gap is around 3.375 eV. As Al is introduced=( the PDOS is dominated by oxygen 2s states, showing mini-
0, 0.06125, 0.125, 0.1875, 0.25), the band gap decreasasal sensitivity to doping levels. Betweerb eV and 0 eV,
reaching a minimum at = 0.25, dropping to approximately the valence band is primarily composed of O-2p states, with
2.216 eV. This reduction is attributed to introducing free car-a minor contribution from Zn-3d orbitals, which remain rel-
riers and changes in the electronic structure caused by Adtively stable across different doping ratios. However, as the
substitution. The observed trend suggests that controlled AAl content increases, a slight shift and broadening in this re-
doping allows for tuning ZnO electronic properties, makinggion indicate perturbations in the local bonding environment,
it suitable for various optoelectronic and transparent conducparticularly due to Al-O interactions. Around the Fermi level

tive applications. (set at 0 eV), the undoped ZnO displays a clear band gap
characterized by the absence of electronic states, while the
TDOS and PDOS of Undoped and Al doped ZnO doped structures exhibit a progressive narrowing of this gap.

For doping levels starting from 6.25% up to 25%, the con-
The density of states (DOS) is a fundamental physical quanduction band minimum shifts closer to the Fermi level, with
tity that provides deep insights into the electronic band strucAl-3p states contributing significantly to the conduction re-
ture of materials. Understanding DOS is essential becausedgfion just above 0 eV. In some cases, shallow donor states
influences many of the material electronic properties, such aappear within the gap, indicating the possibility of n-type
electrical conductivity, optical absorption, and thermal prop-conductivity enhancement. The conduction band (0 to +5
erties. By examining the DOS, particularly the total densityeV) becomes increasingly populated with Al-derived states,
of states (TDOS) and partial density of states (PDOS), rewhich hybridize partially with Zn-4s and O-2p orbitals, sug-
searchers can infer critical information about the distributiongesting an improved carrier mobility. At higher energies (be-
of electrons at various energy levels within a material. Thisyond +5 eV), the contributions of Zn and Al states remain
understanding is especially important for materials like ZnOnotable but less structured, indicating a convergence toward
which have widespread applications in electronics and optofree-electron-like behavior. Overall, the TDOS and PDOS
electronics due to their specific properties. Figure 3 showgrofiles demonstrate that Al doping modifies both the valence
the Total Density of States (TDOS) and Projected Density ofind conduction band edges, introduces new states near the
States (PDOS) for both undoped and doped ZnO, with differFermi level, and thus significantly influences the optoelec-
ent atomic ratios of =Al/Zn (z = 0, 0.0625, 0.125, 0.1875 tronic properties of ZnO. Zhoet al. obtained similar results
and 0.25). Peaks in the PDOS indicate significant contribuin their study on the bonding mechanism of ZnO using the
tions from specific orbitals at corresponding energies. In the.DA+U method [66]. A detailed analysis of the PDOS for
context of zinc oxide (ZnO), in its pure and aluminum-dopedundoped ZnO reveals that the oxygen atom’s p orbitals dom-
forms, the DOS analysis reveals intricate details about hovinate the valence band, contributing more significantly than
doping affects the material’s electronic structure. Typically,the zinc atom’s s orbitals. The valence band of ZnO is pre-
the energy origin in these analyses is fixed at the Fermi levelJominantly shaped by the electronic contributions of oxygen
which serves as a reference point for measuring the energgtoms, indicating that O-2p orbitals govern the bonding in-
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FIGURE 3. TDOS and PDOS for a) undoped ZnO and with different atomic ratios of Al/Zn b) 6.25%, ¢) 12.5%, d) 18.75% and €)25%.
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teractions in this region. In contrast, the conduction bandering low-lying conduction states, which blocks the lowest
is mainly influenced by the Zn-4s orbitals, which are criti- interband transitions even as the many-body/electrostatic per-
cal to the material’s electrical conductivity [67]. In the caseturbation narrows the fundamental gap in the calculations.
of ZnO doped with 25% Al, the total and partial density of Importantly, the PDOS shows no prominent deep mid-gap
states (TDOS and PDOS) reveal the electronic effects of aliresonances, indicating that Al acts as a shallow donor rather
minium incorporation. than introducing compensating traps hence the finite N(EF)
Doping with Al alters the electronic structure by shifting and Al(3p)/Zn(4s) character at the CB edge are the micro-
energy levels and modifying the intensity and distribution ofscopic origin of the enhanced n-type transport.
DOS peaks, thereby impacting the material’s electronic and
conductive properties [68]. 3.3. Elastic properties
As depicted in Fig. 3, the upper energy states of the doped ) ) o .
system are primarily derived from the Zn d-orbitals, O p_A material elastic constants off_er _crgmal information about
orbitals, and Al p-orbitals. A detailed comparison betweenth® types of forces operating within it as well as a connec-
the PDOS of doped and undoped ZnO highlights pronounceHO” between its _me_chan_|cal and dyngmlc prope.rtlles. Specif-
differences, particularly near the valence band maximum',ca.”yv they offer insights mto the stability and r|g|.d|ty of ma-
where Zn and O exhibit distinct modifications. The emer-terials [69, 70]. The elastic constants;@re obtained from

gence of new electronic states at the valence band edge tle second-order derivative of the total energy with respect to

attributed to interactions between Al and its nearest-neighbortrain [71]:
Zn and O atoms. These findings confirm that Al doping ef-
fectively tailors the DOS of ZnO, in agreement with the ob- 1 8?Eios
servations reported by Khuiét al. [67]. Cii = Vo pe. (2

To quantitatively connect the DOS to the band-structure o
evolution and the ensuing n-type conductivity, we note thevhereV is the equilibrium volume of the unit celEq is the
following trends across = 0 — 0.25. For undoped ZnO, total energy, and;, ¢; are the applied strain components.
EF lies within the gap and the TDOS at EF vanishes, consis- In Young’s notation, Zp_,Al,O compounds exhibit a
tent with a direct-gap semiconductor. Upon Al substitutionhexagonal crystal structure, with their elasticity tensor com-
(AIt3 —Zn*2), one excess electron per Al is donated to theprising five independent componen®:!, C;,, C3, C33 and
conduction manifold. In the PDOS this appears as Al(3p)Cy4 [60].
driven spectral weight that hybridises with Zn(4s) and O(2p) These constants represent different components of the
at the conduction band edge. Asncreases, these Al(3p) de- stiffness tensor, which describe how the material deforms un-
rived states move into and broaden the CBM region, while EFler various stress conditions. Specifically,! quantifies the
shifts upward toward and at highey into the onset of these stiffness in the direction parallel to the crystallographic axis,
states. The net effect is a progressive increase of the DOS adicating the material’s resistance to deformation along this
near EF (N(E} 0), which is the electronic signature of donor axis. C12 andC43 describe the interactions between perpen-
filling and explains the measured expected rise in n-type cordicular stress and strain components, providing insight into
ductivity. This DOS evolution is fully consistent with the how the material reacts when stress is applied in one direction
band structure trends and with optics: the Burstein Moss blubut strain occurs in another [72]:33 represents the stiffness
shift observed ir2/absorption follows naturally from EF en- along the crystallographi¢axis, which is particularly rele-

TABLE Il. Elasticity constants’;; (in GPa) of Zn_,Al O with z = 0, 0.0625, 0.125, 0.1875 and 0.25 compounds compared with other
theoretical and experimental results.

Elasticity Constanté‘ij (GPa) C11 C1o C13 Cs3 Caa Ref.
Our results Zn0O 214.987 114.654 106.872 194.142 34.052
ZNo.9375Al 0.06250 195.452 92.740 100.840 165.887 18.633
Zno.g75Al0.1250 183.288 98.143 92.854 172.214 20.547
Zno.8125Al0.18750 170.915 95.190 91.732 140.756 31.805
Zno.75Al.250 150.193 89.124 98.540 171.232 21.241
Exp. data Zn0O 206 £ 4 118 £ 10 211 +4 44.3+4 44.6 =4 [58]
Theo. data ZnO 293.31 104.24 73.55 278.27 54.63 [54]
210 121 105.1 210.9 - [27]
191.16 111.96 85.63 190.57 36.89 [56]
222 118 127 215 51 [74]
199.7 104.3 92.9 192 43.2 [55]
240 161 135 253 39.5 [59]

Rev. Mex. Fis72060501



A DFT+U THEORETICAL STUDY OF THE EFFECT OF ALUMINUM QUANTITIES ON THE STRUCTURAL, ELECTRONIC,... 7

TaBLE Ill. Mechanical properties of Zn1-xAIxO compounds for varying compositions x (x=0, 0.0625, 0.125, 0.1875 and 0.25).

Mechanical properties of Zn.Al.O
X 0 0.0625 0.125 0.1875 0.25
Bulk modulus B (GPa) 142.32 135.80 127.74 118.03 117.80
shear-modulug. (GPa) 43.369 41.881 36.509 36.149 33.250
Lame) (GPa) 113.41 109.00 103.40 99.68 95.64
Young modulust (GPa) 118.11 112.99 100.00 94.17 91.17
Poisson ratia/ 0.362 0.365 0.369 0.368 0.371
Compressibility3.10° (GPa') 7.06 7.54 7.830 8.05 8.54
Universal anisotropy inde&" 0.181 0.214 0.059 0.698 0.867
Hardness H (GPa) 3.436 3.228 2.828 2.667 2.610

vant for hexagonal materials like ZnO, which have distinct Our study determined the elastic constants for
properties along this axis. Finallgss andCgg are the shear Zn;_,Al,O compounds, with results such &S5;; =
moduli, describing the material’s resistance to shear defort91.8 GPa andC33 = 193.4 GPa. These values are com-
mation. This is crucial for understanding how the materialpared with experimental data from reference [74], where
behaves under forces that cause sliding or twisting.dhe  the experimentally measured elastic constantsCtgr and
Ci2, Cy3, C33, andCy, elastic constants of undoped ZnO and C33 are 206 GPa and 211 GPa, respectively, both with an
Al-doped ZnO are reported in Table Il for Zn,Al,,O com-  uncertainty of+t4GPa. Other theoretical methods and cal-
pounds, comparing our results with experimental data and rezulations, such as PBE-GGA Th-mBJ and PBE-GGA+U,
sults from other theoretical methods. The mechanical stabilprovide further comparisons. For instance, PBE-GGA Tb-
ity of a solid is one of the most crucial characteristics to bemBJ from references [60, 73] reports''C= 293.31 GPa
inferred from its elastic properties. The mechanical strengttand C33 = 278.27 GPa, demonstrating the variations in re-
of the crystalline lattice was initially formulated by Born and sults based on different computational methods. Including
Huang, who demonstrated that stability criteria can be demethods like LDA+J and PBE-GGAY helps to explore
rived based on conditions imposed on the elastic constantthe impact of Coulomb interactions on the material’s elas-
assuming that the internal energy of a crystal remains podic properties. Table Il reports the calculated mechanical
itive under small deformations. For the hexagonal systemproperties of Zn_,Al O compounds for varying aluminum
these criteria are given by the following relations of Born andconcentrations (x=0, 0.0625, 0.125, 0.1875, and 0.25). The
Kuang [73]: results reveal a clear trend of decreasing mechanical strength
with increasing Al content, indicating that aluminum incor-
poration gradually softens the ZnO matrix.
Ci1 > |Cr2, 2C%5 < Cs3(Chi + Ci2),
Cua >0, Cgs > 0. A3) Specifically, the bulk modulus, which reflects the ma-
terial’s resistance to uniform compression, decreases from
The elastic constants;; obtained for Zn_,Al,O reveal = 142.3 GPa (pure ZnO) to 117.8 GPa at x=0.25, suggesting re-
a clear decrease in overall mechanical stiffness as the alauced volumetric stiffness. Similarly, the shear modulus and
minum doping concentration increases. The progressive réfoung’s modulus indicators of resistance to shape change and
duction of C'! (from 214.99 to 150.19 GPa) ar*? (from uniaxial stress, respectively, also exhibit a consistent decline,
194.14 to 171.23 GPa) indicates a weakening of the crystatonfirming the weakening of mechanical rigidity upon dop-
bonding both within the basal plane and along the c-axis. Théng. For instance, the shear modulus drops from 43.4 GPa
sharp drop irC4* at low doping levels, followed by moderate to 33.3 GPa, and Young’s modulus declines from 118.1 GPa
fluctuations, highlights a pronounced sensitivity to shear deto 91.2 GPa. Poisson’s ratio slightly increases with doping,
formation. Although less systematic, the changeSig and  from 0.362 to 0.371, implying a more ductile behavior at
C'3 also reflect a gradual disturbance in transverse elasticititigher Al concentrations. This is further supported by the
caused by the substitution of Za with AlT3. Compared Lame parameter, which also decreases, and the compress-
to experimental data and other theoretical works, the valueibility, which increases with doping, indicating enhanced de-
remain consistent while capturing the specific effects of thdormability under pressure. A significant observation is the
GGA+U method and the use of a supercell model. Overallsharp rise in the universal anisotropy index, from 0.181 for
the results point to increased mechanical anisotropy and remdoped ZnO to 0.867 at = 0.25. This indicates increas-
duced structural robustness with doping, which must be careng elastic anisotropy as aluminum is introduced, likely due
fully considered when selecting optimal Al concentrationsto lattice distortion and local inhomogeneity caused by the
for TCO-based device applications. size and charge differences betweertZand A2 ions. Fi-
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nally, the Vickers hardness decreases from 3.44 GPa (ZnO) The real partz;(w), quantifies the amount of electromag-
to 2.61 GPa at the highest doping level, confirming a drop imetic wave energy stored as potential energy within the ma-
mechanical hardness with Al incorporation. terial. In contrast, the imaginary pa#z(w), indicates the
Physically, the mechanical softening upon Al substitutionenergy absorbed and dissipated as heat. The refractive in-
arises from a combination of electronic and bonding effectsdex n(), the extinction coefficienk(w) the absorption co-
First, Al acts as a donor, and the added free carriers enhanédficient «(w), reflectivity R(w) and loss function.(w) are
screening of long-range Coulomb interactions that dominatéalculated using the following equations Egs. (6)-(10) of un-
stiffness in polar wurtzite lattices, thereby reducing the ef-doped and Al doped zinc oxide are calculated using the fol-
fective interatomic force constants. Second, replacing Zrhowing equations [56]:
(whose filled 3d states contribute to Zn(3d)/O(2p) hybridiza-

tion) with Al (lacking 3d) increases bond ionicity and dimin- e1(w) 2(w) + 2(w) 2

ishes directional covalency; this selectively weakens bond n(w) = 5 T 5 ; (6)
bending responses and explains the pronounced reduction in

shear-related constant€'{,) and the drop in G. Third, the w [ea(w)

size/charge mismatch (Af vs Zn+2) introduces local strain nw) =\ =5 (1)
fields and heterogeneity, which elevate elastic anisotropy and ¢ )

open softer deformation pathways. These mechanisms ratio- 2

nalize our computed trends;; andCs; decrease with x, B, a(w) = V2w { el(w) +ej(w) - 51(”)] G

G, and E decline, Vickers hardness is reduced, and the univer- )

sal anisotropy index increases indicating a transition toward e1(w) + jea(w) — 1
_ \ . R(w) = ‘ : 9)
a more compliant yet still Born stable lattice as Al content /e1(w) + jea(w) + 1
rises.
Lw) = 2 (10)

2 2 :
3.4. Optical properties e1(w) +e3(w)
. . . . . . Figure 4 illustrates the complete set of optical properties
TE:nSgEndeyngzﬁguggggﬁof;s:lizf?;c?glnd ?:;iﬁlsss’i;dlﬁ:giof Al doped ZnO for aluminum concentrations ranging from
pher . pon, L L 9% to 25%. The spectral analysis of the optical response re-
on, is a basic means of understanding the properties of the | d ch in the dielectric behavi f
materials under the influence of incident light beams Fur.a's bronounced changes in the cielectric behavior, retrac-
thermore, the bandgap of the materials directl affecis sevt-lve index, optical conductivity, and absorption coefficient,

' gap y all evolving consistently with increasing Al content & 0,

eral optical characteristics, including the absorption coeff|-0_0625, 0.125, 0.1875, and 0.25).

cient and refraction. The optical properties of materials can The reals, () and imaginany,(w) components of the
be characterized by the transverse dielectric function, repre- ~~ dielgéci)ric functiong sho)\l/gv2n ‘;’n Ei Za) serve as ori.
sented ag(w) or complex refractive indel, which is ex- P ' 9- ' P

_ . : R _ mary indicators of electronic polarizability and absorption
pressed as(w) = &1(w) + iex(w). This function is a fun mechanisms, respectively. In undoped ZnO= 0), ¢, ex-

damental parameter in describing how a material interac;Eibits 2 prominent peak around 3 eV. followed bv a aradual
with incident photons across different energy or frequenc decline Fi)ndicatin Etron interband ’olarization Zmdgmoder-
ranges [38, 43]. The, is obtained by summing the jumps te di o Ug Al 9 i P thi K shifts t d
from occupied to unoccupied states within the selection rul 1€ dispersion. Upon Afincorporation, this peax shits towar
igher photon energies and its magnitude decreases progres-

of the Brillouin zone Eq. (1)¢; yieldse; are calculated from . ) . .
the Kramers-Kronig relationship Eq. (4), andis related to sively, suggesting enhanced electronic screening and reduced
Y ystatic polarization.

the electron polarization rate of the material. The imaginar i i .
Simultaneously, the, component displays a distinct ab-

art of the dielectric function,, is determined by summin i X
b ° y g orption edge corresponding to the fundamental bandgap of

the transitions from occupied to unoccupied states, foIIowingg AS the Al .9 his ab . q
the selection rules within the Brillouin zone Eq. (4). The real nO. Asthe CO”CG_””?“O_” Increases, this & sor_pt|or_1 edge
undergoes a blue shift, indicating an apparent widening of

part, 1 is then derived frone, using the Kramers-Kronig h ical band his shift | ibuted h .

relation Eq. (5), where; corresponds to the electron polar- the optical ban gap. T IS Shitt1s attri gte to the qustgln

ization rate of the material [75]; Moss effect, wherein the increased carrier concentration fills
the lower conduction band states, thereby raising the onset

472e2 energy of optical transitions.
e2(w) (mzwz) z:/|<i|M|j>‘2 fil=1i) The static permittivity {; at zero frequency) decreases
gl as Al doping increases, reflecting a reduced polarization re-
X 6(E; — B — w), d’k. (4)  sponse under low electric fields. This trend is consistent
) o , with findings from the studies of Almeida, Rosely [76] and
e (W)l + —P/ w;?(w 27de. (5) Haireche [77], aIthpugh contrary re.sult.s have been reported
™ o Jo Wf—wWw by Issam Derkaoui [23]. The refractive-index) fesponse in
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Fig. 4b) similarly confirms the trend. In pure ZnO, the refrac-ing effects on light matter interactions. For undoped ZnO,
tive index starts at a relatively high static value £.1) inthe  the onset of absorption occurs just above 3 eV, in agreement
low-energy limit and decreases monotonically with increas-with the band structure results. As the Al content increases,
ing photon energy. As the doping level increases, the peathe absorption edge shifts significantly to higher energies an-
value of n diminishes, and the overall curve flattens slightly,other manifestation of the Burstein Moss shift. Moreover,
suggesting that the material becomes optically less dense atite intensity of the absorption peaks also varies, reflecting
more transparent in the visible region. This behavior is conchanges in the joint density of states and transition matrix el-
sistent with a reduced dielectric constant and increased freements. Notably, at higher Al concentrations, a secondary
carrier contribution. absorption feature appears at higher energie8 ¢ 10 eV),

In some phases, the refractive index stabilizes at higlikely related to deeper interband transitions involving Zn-
doping levels, indicating that the material becomes less senssd or Al-3p states. The optical absorption coefficient is a
tive to further increases in Al concentration. Our results repcrucial parameter in determining the shape of a solar cell's
resent an advancement over the study conducted by Dada asgectral response curve [79]. The absorption spectrum ranges
Mochena [78]. As depicted in Fig. 4c), the optical conduc-from 0 eV to 40 eV. Since chalcogenide materials hold great
tivity (photon-induced current response) rises sharply acrosgotential for photovoltaic applications, examining the opti-
the near-UV {& 3 — 6 eV), consistent with dominant inter- cal absorption spectra under different doping levels is crucial
band transitions. While the undoped ZnO shows a sharp orfer enhancing their optoelectronic performance [80]. The re-
set of conductivity just after the band gap, the doped comflectivity spectra in Fig. 4e) further corroborate these trends:
pounds demonstrate a shift of this onset toward higher eneundoped ZnO shows a characteristic semiconductor response
gies, along with a broadening of the spectral width and inwith a modest UV peak of 10 — 12%. With increasing
tensity. This again confirms the widening of the optical bandAl doping, the reflectivity in the visible and Near-UV re-
gap and suggests increased participation of free carriers dggons slightly decreases, suggesting improved anti-reflective
to Al-induced doping. The spectra of the absorption coeffi-properties and enhanced transmittance desirable for optoelec-
cient in Fig. 4d) provide a particularly clear readout of dop-tronic and transparent conducting applications. Reflectivity
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TABLE IV. The static absorption coefficient, reflectivity, loss function and gap energy for undoped and Al dopéd Bafd gap calculated
with Tauc’s method.

T 0.107% cm™? Ro no Fp.1073 E, (eV) E, (eV)™

0 0.0 0.070 1.72 0.00 3.375 3.382
0.0625 0.6 0.064 1.67 0.14 2.999 3.102
0.125 27.2 0.152 2.28 2.84 2.778 3.532
0.1875 226.0 0.157 231 22.7 2.269 2.759
0.25 234.0 0.083 1.81 0.48 2.216 2.525

measures the percentage of light reflected off the material's To determine gap energ¥,, one plots {.hv)? versus
surface rather than being absorbed or transmitted. A notabler and extrapolates the linear region of the curve to intersect
aspect is the slight shift observed in the reflectivity spectrahe energy axis. The intercept gives the value of the band
as the incident photon energy nears the band gap energyap. This method allows for a simple graphical evaluation
emphasizing the material’s responsiveness to specific energf band gap changes due to doping, strain, or defects, and is
ranges [81]. Lastly, the energy loss function, which characextensively used in optical characterization of semiconduct-
terizes the energy loss of fast electrons traversing the matdéag thin films and nanomaterials. The Tauc plots presented in
rial and is directly linked to the plasmonic behavior, showsFig. 5 are used to estimate the optical band gap of Al doped
a sharp peak in undoped ZnO around 11 eV. This featur@&nO by analyzing the absorption spectra. With increasing
is attributed to the collective oscillation of electrons (bulk aluminum concentration, a clear blue shift in the absorption
plasmons). As Al concentration rises, the position of thisedge is observed, indicating a progressive widening of the op-
loss peak shifts slightly toward higher energies, and its intentical band gap. This shift is mainly attributed to the Burstein
sity increases, indicating a higher carrier density and modMoss effect, where additional electrons from Al doping raise
ified plasmon frequency due to Al-induced free electronsthe Fermilevel, filling low-energy conduction band states and
This plasmonic tunability could be leveraged in advanced

photonic applications. The inelastic interaction of electrons T T
with a material is strongly linked to the energy loss func- il ]
tion, which defines the likelihood of inelastic scattering, the 460 - .
energy loss distribution, and the angular scattering distribu- 230 ~ N
tion [46]. The energy loss spectrum illustrates the energy 0 L L L L
lost by a fast electron as it traverses the material, as shown 690 |- 3 6 9 12 ]
in Fig. 4f). Peaks in the loss function usually indicate strong 460 | ]
plasmonic excitations or other electron excitation phenom- 230 [ ]
ena. A weak peak is observed at 37.5 eV, followed by a max- & I _— x=18.75%
imum energy loss of around 22 eV, which coincides with a B A e ae
sharp decline in reflectivity [82]. In the general case, these & %90
optical spectra demonstrate that Al doping not only modu- = 4801 “ §
lates the band structure but also leads to significant tunabil- = 230 | ) _———
ity in dielectric response, transparency, light absorption, and "3 0 == . M T
carrier-induced optical transitions. Such tunability reinforces 690 | % L ]
the potential of Al doped ZnO for applications in transparent 6o | ]
electrodes, UV photodetectors, plasmonic devices, and opto- i
electronic components operating in the UV-visible region. : x=6.125%
For band gap estimation, a widely adopted approach re- 753 i 3 o s ]
lies on analyzing the optical absorption spectra of semicon- -
ductors. This method is applicable to materials exhibiting oo P ]
either direct or indirect allowed electronic transitions and is 250 - —
commonly expressed by the following relation [83]. 0 .; = é é 1-2
(ahv)" = A(hw — E), (11) E (eV)

wherea is the absorption coefficienty is the photon energy,  rigure 5. Optical band gap estimation by extrapolating the linear
E, is the optical band gapi is a constant, and depends on  region of ¢.hv/)? versus photon energyi¢) plot. The intercept on
the nature of the electronic transition: = 2 for direct al-  the energy axis indicates the optical band gap of the_ZAl,O
lowed transitions (as in ZnO), and= 1/2 for indirect ones.  material.
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requiring higher photon energies for electronic transitionsally slightly higher than the directly calculated ones, which
As a result, the band gap decreases fron3.3 eV for un-  may be due to the extrapolation assumptions inherent to this
doped ZnO to~ 2.5 eV at high doping levelsa( = 0.25). method. Overall, these results confirm that aluminum doping
The observed reduction in band gap suggests that doping isignificantly modifies the optical response of ZnO, making
duces significant modifications in the electronic structure oft a tunable material for applications in optoelectronics and
ZnO, which may enhance its absorption in the visible rangdéransparent conductive devices.

but at the expense of its UV selectivity.

Table IV summarises the s_tatic qptical propertie_s ofboty  cConclusion
undoped and Al-doped ZnO, including the absorption coef-
ficient (ao), reflectivity (Ro), refractive index %), energy  In this work, a detailed first-principles investigation based on
loss function ), and optical band gap energy (Eg), ob- the DFT+U formalism was conducted to examine the struc-
tained through direct calculation and extrapolation from ab+ural, electronic, elastic, and optical properties of Al doped
sorption spectra. In the undoped state, ZnO exhibits negliznO. The results demonstrate that aluminum substitution at
gible absorption at zero frequency, consistent with its knowrzn sites induces measurable variations in lattice parameters
transparency and wide band gap. As the doping concentravhile preserving the wurtzite hexagonal symmetry. The elec-
tion increases, particularly beyond= 0.125, the absorption tronic structure reveals a systematic narrowing of the band
coefficient rises significantly, suggesting the introduction ofgap with increasing Al concentration, reaching 2.216 eV at
localised states within the band gap that enable additional of25% doping, highlighting the effectiveness of Al as an n-type
tical transitions. Reflectivity initially decreases slightly with dopant. The emergence of Al-3p states near the conduction
low doping levels, then increases at higher concentrationgyand enhances electronic conductivity and introduces donor-
which may reflect changes in free carrier concentration or ditike behavior. Elastic property analysis confirms a gradual re-
electric behavior. The refractive index follows a similar non- duction in mechanical stiffness and a rise in anisotropy, sug-
linear trend, reaching a maximumaat= 0.1875, indicating  gesting a trade-off between electronic tunability and struc-
a stronger polarization response of the material under stati@ral robustness at higher doping levels. Optical characteriza-
fields. tion reveals substantial modulation of the dielectric function,

The non-monotonic evolution of the static refractive in- refractive index, absorption edge, and energy loss spectra,
dex ng with Al doping (maximum atz = 0.1875) reflects  driven by both the Burstein—-Moss effect and the formation of
a balance between the Burstein Moss shift which raises thinpurity states. The improved optical transparency and tun-
apparent optical gap and tends to lower the bound electroable electronic properties position Al doped ZnO as a strong
polarizability and a concomitant increase in low-energy oscil-candidate for applications in transparent conductive oxides
lator strength due to band structure renormalization and spe¢TCOs), UV photodetectors, and optoelectronic devices. The
tral weight transfer, which raisel (0) andng. In our dataset, use of a 22x2 supercell model allows for a realistic depic-
no slightly decreases at very low Al content, then increasegion of local atomic distortions and supports the reliability of
to a maximum at: = 0.1875 alongside marked rises in A0 the predicted trends. These findings offer valuable insights
and FO, before dropping at= 0.25 as free carrier screening for the design and optimization of Al doped ZnO materials,
and local field effects reduce the bound polarizability. Thisparticularly for photovoltaic, sensing, and biomedical appli-
interpretation is consistent with classical polarizability rela-cations. Future work may explore the impact of temperature,
tionships and with the joint evolution of RO, A0, FO, and Eg defects, and co-doping strategies, as well as experimental val-
summarized in Table IV. idation of the proposed theoretical framework.
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