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Abstract
Search of newnovelmaterials for bringing advancement in the field of energy storage and optical
materials is tremendously growing in order tomeet future challenges. Galliumnitride (GaN) shows
exceptional optoelectronic behavior which is highly needed for production of optoelectronic devices.
Therefore, in this research study, we investigate the structural, electronic,magnetic, and optical
properties of pureGaN, titaniumdopedGaN (Ti@GaN), zirconiumdopedGaN (Zr@GaN) andTi-Zr
co-dopedGaNusing theWien2k code. Proactive role of dopants Ti andZr d-states is observedwhich
appreciably tune electronic properties. GaN remains non-magnetic after zirconium substitutionwith
Ga atomhowever, Ti doping andTi-Zr co-doping producemagnetism intoGaNwith totalmagnetic
moments of 0.99 m ,B and 1.503 m ,B respectively. Substitution of Ti/Zr intoGaNmay bemore
favorable atN-rich conditions due to lower formation energy. Absorption spectrumof Ti@GaN and
Zr@GaN showblueshift while for Ti-Zr@GaNmaterial exhibit redshift. However, absorption spectra
of both proposedmaterials significantly enhanced in theUV regionwhich propose their potential uses
in the high powerUVoptoelectronics, spintronics, photonics devices and in solid state nano-emitters.

1. Introduction

At present, a great research interest has been found in semiconductor physics due to their applications in
optoelectronics, spintronics, photonics, and power electronics. III-nitride semiconductors [1, 2] come forward
because of their wide applications in the short wavelength region. Galliumnitride (GaN) belongs to III-nitrides
and remains the focus of research in the current decade because of its strong candidacy in the progress of
emerging technology. Energy efficiency, higher drift velocities, high chemical stability, better doping efficiencies,
and economical cost of GaN emphasize its uses in current research [3, 4].Moreover, GaNpreferred as an ideal
material for production of high electronmobility transistors (HEMTs) [5], spin lasers [6], solid state lightning
[7], high resolutionmicro displays [8], UV optoelectronic transistors [9], biological sensors [10], optogenetics
[11], light emitting diodes [12], and photonic devices [13]. Physical properties of galliumnitridemay be changed
upon adding dopants and several studies (experimental and theoretical)may be found in literature which further
explores its scope in various applications [14–20]. Knowing this fact, we performed current study in order to
explore andmanifest the electronic structure,magnetic and optoelectronic properties of GaNwith zirconium
doping andZr-Ti co-doping effects using thewien2k.
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Search formaterials for fabrication of electronic, photonic, and spintronic device is themain quest of
researchers. Scientists are trying to propose newmaterials which could be potentially used for fulfilling the needs
of the electronic and spintronic industry. Transitionmetals doping into semiconductors have been focusedwith
great interest in developingmaterial science due to the fact that theymay enhance the reactivity properties and
may bind strongly to nanomaterials [21]. Among the transitionmetals, Ti andZr are considered as excellent
dopants owing to their versatile and facile fabricationmethods. They also yield rapid separation rates of charge
carriers [22, 23]. Zirconium (Zr) is appraised for doping into semiconductors because of its unique properties
including increased photoemission [24]. Literature review revealed that research on zirconium (Zr) doping into
GaN is not conducted somuch and yetmore is to be investigated. SyyedHassan Saberi et al [25] have studied
(using PWSCF code) electronic structure andmagnetic properties of transitionmetals dopedGaN. They found a
non-magnetic behavior of Zr dopedGaN. Jia-Bin Li andHong-Xia Li [26] theoretically investigated (using
CASTEP code) transitionmetal dopedGaN and found a non-magnetic character of Zr dopedGaN.On the other
hand, titanium (Ti) proved to bring surprising changes into electronic, optical, andmagnetic properties of GaN
[27, 28]. Titaniumdoping intoGaNhas earlier been reported in one of our research studies [29]where addition
of Ti impurity bringsmagnetic character intoGaN. Also, co-doping is expected to bring surprising changes into
the optical, electronic andmagnetic properties. Itmay further enhance stability ofmaterials in comparison to
mono-doping [30, 31]. Knowing the importance of Ti andZr doping intoGaN, in this research study, we
performed co-doping of Ti andZr intoGaN (Ti-Zr@GaN). Hence, the current study is a computational study,
inwhichwe calculated the structural, electronic,magnetic, and optical properties of Zr doped andTi-Zr co-
dopedGaN.

2. Computationalmethod

Current researchwas performed using theWien2k code [32, 33] based on the Perdew–Burke–Ernzerhof (PBE)
generalized gradient (PBE-GGA) [34] approximations with the density functional theory (DFT). In the gallium
nitride supercell ( )´ ´1 2 2 , oneGa atomwas substitutedwith one titanium (Ti)/zirconium (Zr) atom in
order to realize supercell of Ti dopedGaN (Ti@GaN) andZr dopedGaN (Zr@GaN). A concentration of 6.25%
was obtained by doping Ti/Zr atoms intoGaNwhile substitutionwas performed at second siteGa atom. Then
Ti andZr atomswere co-doped at second and fourth site inGaN supercell by substituting oneGa atomwith Ti
and anotherGa atomwith Zr atom (Ti-Zr@GaN). The supercells of pureGaN, Ti@GaN, Zr@GaN andTi-
Zr@GaNmaterials have been represented infigure 1. In the computationalmanipulation, the (4p1 3d10),
(2s2 2p3), (3d2 4s2), and (4d2 5s2) states were supposed as the core states corresponding toGa,N, Ti andZr atoms.
Ground state separationwas chosen by taking−6 Ry value of energy separation. Angularmomentum expansion
value l= 6was selected and potential is kept spherically symmetric within themuffin-tin sphere. The energy,
charge, and force conversion values equal to 10−4 Ry, 10−2 C, and 1mRy/a.u. were set for self-consistency
criterion. 1200 k points were selected and relativistic effects were not included.

3. Results and discussions

3.1. Structural properties
Structural properties for the titaniumdoped, zirconiumdoped, and titanium-zirconium co-dopedGaNwere
calculated using the optimizational procedure in theWien2k code. Structural informationwas encoded in terms

Figure 1. Supercell of (a) pureGaN, (b)Ti@GaN, (c)Zr@GaN and (d)Ti-Zr@GaN.
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of structural parameters including bulkmodulus (B0), minimumof total energy (E0), and equilibrium volume
(V0). These parameters have been calculated usingMurnaghan equation of states (EOS) [35, 36],
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These structure constants have been tabulated in table 1. Volume versus energy curves have been shown in
figure 2.Optimized lattice constant of pureGaN estimated to be 4.53 Åwhich shows slight difference from
values of lattice constants (4.49 Å, 4.54 Å) as calculated experimentally by T Lei et al [37] andM J Paisly et al [38],
respectively. Calculated lattice constant of pureGaNhave close resemblance with theoretical findings ofHongbo
Qin et al [39] andM J Espitia R et al [40]. However, doping has caused significant change in lattice constant due
to difference in ionic radii of dopants. In comparison to ionic radius of Ga~1.30 Å, larger ionic radius of
dopants, Ti~1.40 Å andZr~1.55 Å have caused slight expansion of lattice constant. Consequently, lattice
constants of Ti@GaN, Zr@GaN andTi-Zr@GaNhave been obtained to be, 4.96 Å, 4.94 Å, and 4.99 Å,
respectively (table 1).Moreover, bond length betweenGa-N atomswas obtained to be 1.95 Å [25, 41]. However,
upon substitution of Ti andZr atomswithGa atom, average bond distance betweenTi-N andZr-N estimated to
be 2.01 Å [27, 29] and 2.32 Å [25, 26], respectively.

Bulkmodulus is one of the critical parameter of anymaterial and describes resistance of amaterial under
compression. Values of bulkmoduli have been listed in table 1. Value of bulkmodulus for pureGaN (176 GPa)
as calculated in our computational study have great resemblance with the theoretical findings ofHongboQin
et al [39] andM. B. Kanoun et al [42]. On the other hand, values of bulkmodulus for Ti, Zr andTi-Zr co-
substitutedGaNhave been found to increase in comparison to that of pureGaN. TitaniumdopedGaNhas bulk
modulus value of 199.99 GPawhich howevermatches with


B values as calculated theoretically byM J Espitia

Rico et al [27] andM. Junaid Iqbal Khan et al [29]. However, values of bulkmoduli of Zr@GaN (201 GPa) and
Ti-Zr co-dopedGaN (205 GPa)may be comparedwith values reported inworkswhere same group elements
have been doped intoGaN [27, 29] and these valuesmay further be comparedwith pureGaN [39, 42].
Moreover, bulkmoduli have been increasedwith dopants addition as,


B (PureGaN)< 

B (Ti@GaN)<

Figure 2.Volume optimization curves of pureGaN, Ti@GaN, Zr@GaN, andTi-Zr@GaN.

Table 1. Lattice constants (a(Å)), bulkmodulus (B0), minimumequilibrium energy (E0),
and cohesive energy of pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaN.

Materials a(Å) ( )B GPa ( )E eVmin ( )E eVcohesive

PureGaN 4.53 [37, 39] 176.42 [40] −194.33 −8.92 [45, 46]
Ti@GaN 4.96 [27, 29] 199.99 [27, 29] –190.34 −11.95 [29]
Zr@GaN 4.94 [27, 29] 201.54 [27, 29] −186.43 −6.89 [25, 46]
Ti-Zr@GaN 4.99 [27, 29] 205.98 [27, 29] 182.55 −7.52 [46]
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
B (Zr@GaN)< 

B (Ti-Zr@GaN)whichmeans that Ti-Zr@GaNmaterialmuch harder than other supposed
materials.

Cohesive energy is ameasure of strength of forces which bind atoms together and it describes stability of
structure. According toGaudoin et al [43], it is defined as energy which is equal to difference between total
energy of compound and energy of individual atoms. Itmay be calculated using [44],

( ) ( )/ /= - + + + +-E E aE bE cE a b ccohesive total Ga N Ti Zr Ti Zr

Where, E ,total E ,Ga and EN represent total energy of system, energy of isolatedGa andN atoms respectively.
While, / / -ETi Zr Ti Zr correspond to energies of Ti dopedGaN, Zr dopedGaNandTi-Zr co-dopedGaN,
respectively. The constant numbers a, b, c, and d, represent the numbers of Ga,N, Ti/Zr/Ti-Zr atoms in the
Ti@GaN, Zr@GaN, andTi-Zr@GaN, respectively. Relative comparison among cohesive energies of all
compounds has been tabulated in table 1. Cohesive energy values are however different from the cohesive energy
of pureGaN as calculated theoretically by F. Benkabou et al [45],Maurizia Palummo et al [46] andAgostino
Zoroddu et al [47].

3.2. Formation energies
Weperformed formation energy calculations of proposedmaterials with andwithout spin inclusion and found
that spin polarized calculations aremore favorable than non-spin polarized calculations. Formation energies of
Ti/Zrmaterials have been calculated using,

/ /m m m= - + + -E E Ef Ti Zr GaN GaN Ga N Ti Zr1 @

Where /ETi Zr and EGaN are the energies corresponding to total energies of Ti@GaN, Zr@GaN, and pureGaN,
respectively. m ,Ga m ,N and /mTi Zr are the chemical potentials of Ga,N, Ti, and Zr atoms in their stable bulk
structure. To check stable configuration, we have calculated the formation energies of single Ti/Zr atoms doped
GaN. TheμGa depends on the experimental growth condition, Ga-rich andN-rich. To estimate the chemical
potential, we have used the m m m= + ,GaN Ga N relationwhere mGa and mN represent the chemical potentials of
Ga andN, respectively. mGaN can be considered as the total energy of pureGaNper formula unit (EGaN ). mGa for
theGa-rich environment is equal to E ,Ga where EGa is the total energy ofGa per atom in the structure. Thus, we
can compute mN for theGa-rich environment from m m- .GaN Ga For theN-rich condition, mN is equal to E ,N

where EN is the total energy ofNper atom in the cubic crystal structure. Therefore, mGa can be calculated for the
N-rich environment as m m- .GaN N Formation energies of Ti@GaN andZr@GaNmaterials have been tabulated
in the table 2. From table 2, itmay be observed that the formation energies under theN-rich condition for Ti/
Zr@GaN are negative and lower than those under theGa-rich conditionwhichmeans that Ti/Zr atoms can be
easily incorporated intoGaNunder theN-rich condition due to lower formation energy [48].

Similarly, we have calculated the stability of the Ti-Zr co-dopedGaNusing,

m m m= - + - --E E Ef Ti Zr GaN GaN Ga Ti Zr2 @

Where -E ,Ti ZrGaN and EGaN are the total energies of Ti-Zr@GaN, and pureGaN, respectively.μGa,μN,μTi and
μZr are the chemical potentials of Ga,N, Ti, and Zr, atoms, respectively. The formation energies are estimated to
be 1.66 eV and−4.16 eV under theGa-rich andN-rich conditions, respectively. The negative formation energy
indicated the easy fabrication of Ti-Zr@GaN in the experiment under theN-rich environment.

3.3. Electronic andmagnetic properties
Weperformed spin polarized calculations and calculated partial density of states (PDOS) alongwith total density
of states (TDOS). Vertical dotted line represents the Fermi level.We studiedDOS behavior during−5 eV to
5 eV. The density of states of pureGaNhas been shown infigure 3(a)where symmetric DOSdistributionwas
observed for both spin up and spin down channels. Symmetric DOS indicate non-magnetic character of GaN,
having zeromagneticmoment. DOS analysis revealed that onlyGa d-states andN p-states are influential sowe
have only plotted these orbitals inDOS plots of pureGaN. It is consistent with the researchfindings of Jiabin Li
andHongxia Liu [49],MUmair Farooq et al [50] andEMaskar et al [51].

On the other side, for the Ti@GaN, Zr@GaN andTi-Zr@GaNmaterials, we have plotted only highly
contributing orbitals of Ga,N, Zr, andTi atoms in order to providemore clarity in discussion ofDOS. Partial

Table 2. Formation energies (Ef ).

Configuration Ga-rich N-rich

Ti@GaN 5.65 −3.61

Efi (eV) Zr@GaN −2.55 −4.43

Ti-Zr@GaN 1.66 −4.16
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and total density of states of Ti dopedGaNhave been shown infigure 3(b)where both spin channels of Ti 3d, Ga
3d, andN2p-states found to be asymmetric. Asymmetry of states representsmagnetism in the Ti@GaN.
However, significant contribution of Ti 3d-states has been noticed and is responsible for tuning electronic
behavior of Ti@GaNmaterial. Similar spin polarizedDOS trends have been reported in the study of Victor
Mendoza-Estrada et al [52],Miguel J Espitia R. et al [53] andZhihuaXiong et al [54]. Density of states shows
symmetric distribution for Zr dopedGaNduring−5 eV to 5 eV, energy range (figure 3(c)). In the valence band,
Ga 3d-states, N 2p-states andZr 4d-states are localized in−2.9 eV to−0.7 eV. In the conduction band,Ga d-
states, N p-states, and Zr d-states are located in 0–2.4 eV but prominent behavior of Zr 4d-states is remarked. Zr
4d-states vanished almost during−5 eV to−2.9 eV,−0.7 eV to−0.2 eV, and 2.4 eV to 5 eV, energy ranges.
However, non-magnetic character of Zr@GaN is obtained in this research studywhichmatches with already
published researchworks of SHSaberi et al [25] and Jia-Bin Li andHong-Xia Liu [26]. In addition, Ti andZr co-
dopedGaNhave shown asymmetric DOS behavior in conduction and valence bandwhich pointsmagnetism in
thismaterial. In the valence band,Ga d-states andN p-states are observed in the low energy region (−5 eV to
−3.2 eV). The 3d-states of Ti andZr 4d-states were not noticed in−3.2 eV to−0.6 eV but these states are
localized around Fermi level which consequently enhanced electronic properties of Ti-Zr@GaN.DOS behavior
of Ti-Zr@GaN resembled already reported other transitionmetal co-dopedGaNmaterials [28, 29].Moreover,
hybridization of d-states of dopants and p-states ofN atoms is observed.

In our study, symmetric distribution of spin up and spin down states was observed inDOS plot of pureGaN
(indicating zeromagneticmoment) and itmatchwith the reportedworks [49, 51]. ZirconiumdopedGaN
materials obtained to be symmetric which suggested its nonmagnetic character. Absence ofmagnetism into
Zr@GaNmaterial as obtained in our researchmatches well with the study of SeyyedHassan Saberi et al [25] but
it did notmatchwith the result of Jia-Bin Li andHong-Xia Liu [26]. However,magnetismwas observed upon
doping Ti intoGaN andTi-Zr co-dopedGaN. Totalmagneticmoment of Ti dopedGaNas obtained in our
research is 0.99 mB and itmay bewell comparedwith research study ofMiguel J Espitia R et al [53]. It was
revealed thatmajor contribution ofmagneticmoment emerged fromTi atom (0.644 mB)whileGa andN atoms
havemoment values of 0.128 mB and 0.001 m ,B respectively. However, totalmagneticmoment of Ti-Zr@GaN
material is 1.503 mB withmagneticmoment values of titanium andZr atoms, 0.856 m ,B 0.218 m ,B respectively.
So, both the titanium and zirconium atoms played amajor role in producingmagnetic character into Ti-
Zr@GaN.Values of totalmagneticmoments of the selectedmaterials have been enlisted in table 3.

Figure 3.Density of states (DOS) of (a) pureGaN, (b)Ti@GaN, (c)Zr@GaN, and (d)Ti-Zr@GaN. Vertical dotted line represents
Fermi level.
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3.4. Band structure
Band gap of semiconductors helps in estimating technological uses of thesematerials in the field of
optoelectronics, photonics, and power electronics. Band gap of binary semiconductors includingGaN enables
their uses for fabrication ofmost of commercial optoelectronics and photonic devices. To overcome the band
gap problem,we have employed the Trans-Blaha-modified Becke-Johnson (TB-mBJ)method, as it is
considered to estimate the band gap near to the experimental value as reported by Fabien Tran andPeter Blaha
[55]. To begin, we looked at the band structure of pureGaNusing the TB-mBJ potential, as displayed infigure 4.
Our calculations demonstrate that pureGaNpossesses a semiconducting naturewith a band gap of 2.96 eV,
which is in close agreement with the experimental value as reported in study of T Lei et al [37] and Stephan Lany
andAlex Zunger [56]. Our calculated value of band gapmay further be comparedwith experimentally calculated
value by BenjaminW Jacobs et al [57]. The valence bandmaximum (VBM) and conduction bandminimum
(VBM) lies at the same symmetry pointΓ as shown infigure 4 indicating thatGaNhas a direct band gap.Our Tb-
mbj calculated band gap value has great resemblance with theoretical findings of Rafael BAraujo et al [58].

Consequent upon addition of Ti, Zr, andTi-Zr impurities into theGaN, shrinkage of bands have been
observed. Doping of impurities (Ti/Zr/Ti-Zr) intoGaNhas caused generation of states in the conduction band
and these states overlapwith each other, indicating conducting nature of selectedmaterials. However, role of
dopants d-states as observed inDOS plots, have significantly tuned electronic response of thesematerials. Scope
of thesematerials has been extended to the fields of device fabrication and design of photonic and power
electronic devices.

3.5.Optical properties
After understanding the electronic behavior of pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaN,we further
moved to calculate their optical response as it has direct dependence upon variation in electronic behavior.We
calculated optical constants including optical absorption ( )a , conductivity ( )s , refractive index (n), real
dielectric (er), extinction coefficient (k) and reflectivity (R) of thesematerials. Optical properties changes
because of interband transitions andmost of the information about transitions has been related to dielectric
function ( ) ( ) ( )e w e w e w= + ir i [59, 60]. Since, all of optical properties have been calculated in term of ( )e w so
that is whywemay see a clear evidence of optical transitions in each plot in termof various peaks.

Optical absorption is the fundamental parameter which precisely incorporates photoresponse of any
material upon its interactionwith the electromagnetic radiations. Theoretically, it is calculated in termof real
( ( ))e wr and imaginary ( ( ))e wi parts of dielectric constant ( ( ))e w [29],

Figure 4.Band gap of pureGaNobtained using Tb-mbj.

Table 3.Calculatedmagneticmoments of pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaN.

Materials ( )m mB
interstitial ( )m mGa

B ( )m mN
B ( )m mTi

B ( )m mZr
B ( )m mB

Total

PureGaN 0 0 0 — — 0 [49, 51]
Ti@GaN 0.217 0.128 0.001 0.644 0.99 [53]
Zr@GaN 0 0 0 — 0 0 [25]
Ti-Zr@GaN 0.426 0.002 0.001 0.856 0.218 1.503
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( ) [ ( ) ( ) ( )] /a w e w e w e w= + -2 r i r
2 2 1 2

Frequency dependent absorption spectra of zirconiumdopedGaN andTi-Zr co-dopedGaNhave been
shown infigure 6(a). Impurities addition causes prominent changes in the absorption traits upon comparison to
pureGaN. Absorption of pureGaN increasedwith increase in photon energy and hasmaximumabsorption at
7.87 eV (~157.54 nm). However, absorption didwas not observed below 2.25 eVwhichmeans lower energy
photons are notwell absorbed insideGaN. Absorption trends for pureGaNmatches with study of J. O. Akinlami
and I.OOlateju [61]. Absorption spectra of pureGaN alsomatchedwithwork reported by J FMuth et al [62].
Absorption of titaniumdopedGaN increases with increase in photon energy and demonstratesmaximum
absorption at 8.06 eV (~ 153.86 nm). After attainingmaximumabsorption, absorption starts decreasing but
becomes constant for higher energy values. Photons having energy energies in range (0–0.67 eV) do not cause

Figure 5.Band gap of Ti@GaN, Zr@GaN andTi-Zr@GaN. Top panel represent spin up states and down panel represent spin dn
states..

Figure 6.Optical (a) absorption, (b) extinction coefficient of pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaN
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any absorption in Ti@GaN.Ourfindings are supportedwith the results of ZhenCui et al [28] andM Junaid Iqbal
Khan et al [29]. Zero photoresponse of Zr dopedGaNwas observed between 0–0.77 eVbut thismaterial absorbs
photons having energies higher than 0.77 eVuntilmaximumabsorption is observed at 8.0 eV. This absorption
shoulder is shifted to higher energy in comparison tomaximumabsorption (7.87 eV) of pureGaN and thus
exhibits blueshift [28, 29]. Similar absorption trend and blueshift has been noticedwhile doping zirconium into
other semiconductor [63, 64]. Blueshiftmay be attributed to strong bonding andmay be related to defects in
lattice which causes change in bonding among various atoms. Itmay emerge due to nanostructure formation
and increase in particle size [65]. On the other hand, Ti-Zr co-dopedGaNabsorbs photon even at lower
frequencies and an extended absorption edge is observed in 0–1.19 eV. Almost a constant absorption trend is
noticed during the 1.19–2.98 eV energy rangewhich after 2.98 eV, rises suddenly untilmaximumabsorption is
noted at 7.7 eV. Absorption edge is shifted to lower energies in comparison to pureGaN and thus, redshift is
observed. Absorptionmaxima for Zr@GaN andTi-Zr@GaNwere obtained at energies, 1.9, 2.83, 3.95, 5.85,
8.0 eV, and 0.6, 1.52, 7.7 eV, respectively. Absorptionmaxima of these selectedmaterials indicate good
absorption at these energy values. Titanium substitution intoGaN shifted the absorption edge to higher energies
as found in our already published research [29] but Ti andZr co-doping intoGaN shifts the absorption edge to
lower energies, causing redshift. However, bothmaterials have excellent photoresponse in theUV region.
Emerging absorption trend of Ti-Zr@GaNmaterial in the low energy regionmay be associatedwith quantum
confinement effects [29]. Extended peaks occurring in the Ti-Zr@GaNmaterialmay be the effect of co-doping
and interband transitions. Improvement in the absorption spectra of thesematerialsmay emerge due to states
which are generated into theGaN after adding zirconium andTi-Zr co-doping. Absorption trends of Zr@GaN
andTi-Zr@GaNhave great resemblance with absorption spectra of other transitionmetals doped
semiconductors [66, 67].Moreover, photoresponse of thesematerialsmay be controlled and tuned to our
desired frequency range by adjusting the proportion of dopants.

Plot depicting extinction trends of Ti@GaN, Zr@GaN andTi-Zr@GaNhave distinct trends in comparison
to pureGaN figure 6(b). Extinction coefficientmay be calculated using [29].

al
p

=k
4

Extinctionmaxima for pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaN (1.87, 1.33, 2.33, 1.73) have been
observed at 7.85 eV [61], 0.42 eV [28], 1.85 eV and 7.6 eV, respectively. These extinction edges emerged due to
effect of impurities and showsmaximum light absorption. A notable thing in extinction plot is that extinction
maxima for Ti@GaN andZr@GaN found in low energy regionwhereas kmaximumvalue for pureGaNwas
observed in theUV region [28, 29]. Extinction edges were the result of efficient light absorption. However,
extinction values as calculated in our research study lies in 0–0.41. Extinction trends obtained in current study
matches with [28].Moreover, relative absorption and scatteringmay be conceived from the extinction plots
whichmay further guide us tofindmaterial applicability in the photonic, solar and allied devices.

Optical conductivity response of thesematerials alongwith change in energy of photons has been illustrated
infigure 7(a). Optical conductivitymay be calculated using [29],

( ) ( ( ) )s w
w
p

e w= - -i
4

1 .

Optical conductivity of pureGaNhasmaximumabsorption at 7.09 eV but shows zero absorption in
0–2.2 eV. Conductivity trends of pureGaNmatches well with thework reported by ZhenCui et al [28] andYujie
Du et al [68].While, we did not observe any conductivity traces of Ti dopedGaNmaterial in 0–0.56 eVbut it is
maximumat 7.45 eV. After 7.45 eV, conductivity suddenly decreased owing to least absorption. Conductivity
trends of Ti@GaNmaterialmatches with thework ofM Junaid Iqbal Khan et al [29] andmay further be
comparedwith pureGaN [28, 68]. In comparison to pureGaN [28, 68], notable variations in conductivity
spectra of zirconiumdopedGaN andTi-Zr@GaNhave been observed. Conductivitymaxima for Zr@GaN and
Ti-Zr@GaN exist at 7.44 eV and 7.35 eV, respectively. Conductivity of Zr@GaN is zero in 0–0.65 eV energy
range. Bothmaterials showed enhanced conductivity in theUV region. Conductive response of thesematerials
in the low energy range is the result of interband transitions. However, conductivity response is decreased in
some regions and itmay appear due to improper light absorption. Ti-Zr co-dopedGaN exhibited best
conductivity in theUV region and such behaviormay have a good comparison to other transitionmetals co-
doped semiconductor systems [69, 70].Moreover, DOS variations caused prominent variations in conductivity
plots and shifting of conductivity edgesmay be caused by p-d hybridization (figure 3).

Refractive indices ( ( ))wn of pureGaN, titaniumdoped, zirconiumdoped andTi-Zr co-dopedGaNhave
been shown infigure 7(b). Refractive indicesmay be calculated using [29],
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Distinct n trends for both thematerials have been noticed in 0–8.5 eV. Atfirst instance, it has been observed
that refractive indices trends showed oscillatory trends. These oscillatory trendsmay emerge as the result of
excitonic transition and because of light absorption at different energies. But static values of refractive indices of
pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaNwere observed to be 2.3 [28, 68], 3.78 [29], 3.6 and 4.6,
respectively. These static n values are larger than the value of n for pureGaN [29]. It is worthy tomention here
that the n(0) value for Ti-Zr@GaN is larger than its static counterpart for Ti@GaN [28, 29] and itmay be due to
the effect of co-doping.Maximum refractive index value (4.21) for Zr@GaNhas been obtained 1.51 eV.
Calculated value of refractive index in current research (2.79) at 1.99 eV (623.04 nm)has good agreementwith n
value obtained in the research study of SonerÖzen [24]. Differences between two research studies lie within the
provision of theoretical (DFT) and experimental procedures. Decreasing trend in n values at different energies
represent densermedium and itmay be further related to density of states (DOS) as observed infigure 3.

The real dielectric constant ( ( )e wr ) shows response ofmaterial in termof polarization upon interactionwith
electromagnetic light. Kramers-Kroning transformof imaginary part of dielectric constant ( ( ))e w yields real
dielectric constant [29],

( ) ( )/

/
/òe w

p
r

w e w
w w

w= +
-

¥

d1
2

.r
i

0

0

2 2

Energy dependent dielectric spectra have been shown in figure 7(c) and an elaborative comparison of real
dielectric plots of pureGaN, Ti@GaN, Zr@GaN, andTi-Zr@GaNmaterials has been presented. Real static
dielectric constant of selectedmaterials have shown an increase in comparison to pureGaN [28, 29]. Static
values of real dielectric constant of pureGaN, Ti@GaN, Zr@GaN andTi-Zr@GaNwere observed to be, 5.37
[28, 61], 9.9 [28, 29], 12.86 and 21.35, respectively. These values are greater than ( )e 0r for pureGaN.Higher
dielectric valueswere observed for Ti@GaN, Zr@GaN andTi-Zr@GaN andmay appear due to high charge

Figure 7.Optical constants including (a) conductivity, (b) refractive index, (c) real dielectric, and (d) reflectivity of pureGaN,
Ti@GaN, Zr@GaN andTi-Zr@GaN
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carriers. The real dielectric constant of Ti-Zr co-dopedGaNmay be comparedwith one of our already reported
research [29]. However, at higher energies (frequencies) a nominal decrease in dielectric constantwas observed
whichmay be due to presence of dipoles which are not alignedwith the external field at the higher energies.
Similar dielectric trends are noticed in the studies of transitionmetals doped semiconductors [71, 72].

Reflection of electromagnetic radiations frommaterial surface indicates least absorption inside thematerial.
Knowing usefulness of reflectivity in characterizingmaterials for various optical purposes, we theoretically
calculated it using [28],
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Reflectivity behavior of pureGaN, Zr@GaN, andTi-Zr@GaNhas been understood in 0–8.5 eV (figure 7(d)).
Static reflectivity,measured at zero frequency (R(0)) corresponding to pureGaN, Ti@GaN, Zr@GaN, andTi-
Zr@GaNhave 0.15, 0.27, 0.31, and 0.41 values, respectively. Reflectivity varies with photons of different energies
however, reflectivitymaxima (0.36, 0.28, 0.48, 0.43) have been observed at energies, 7.86 eV (~ pureGaN),
0.35 eV (~Ti@GaN), 8.45 eV (~Zr@GaN) and 0.12 eV (~Ti-Zr@GaN), respectively. Reflectivity behavior
(trend) of zirconiumdopedGaNhave a close resemblance with thework reported by SonerÖzen [24] in their
experimental study. A sudden decrease in reflectivity of Ti-Zr@GaNhas beenwitnessed in 0.43–1.0 eVwhich on
other hand, indicates good absorption of electromagnetic light in this region as observed infigure 6(a).
Moreover, the reflectivity trend of Ti-Zr co-dopedGaN shows a clear difference from the reflectivity plot of Ti
dopedGaN [29] and itmay possibly be due to the effect of co-doping.

4. Conclusion

In current research, we calculated structural, electronic,magnetic, and optical properties of Zr@GaN andTi-Zr
co-dopedGaN. Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) has been
employedwithinWien2k code. Lattice parameters were slightly enlarged due to substitution of impurities into
GaN. Electronic properties were greatly enhanced by the Ti 3d, Zr 4d andGa 3d, andN2p-states. p-d
hybridizationwas observedwhich enhancedmobility of electrons in conduction process. Zr substitution into
GaNdoes not bringmagnetism intoGaNwhile Ti@GaNandTi-Zr co-doping intoGaN, turns itmagnetic with
magneticmoments values of 0.99 mB and 1.503 m ,B respectively. Substitution of Ti/Zr intoGaNmay bemore
favorable atN-rich conditions due to lower formation energy. Blueshift in absorption spectrumof Ti@GaN and
Zr@GaNwas noticedwhile a redshift was observedwith Ti-Zr co-doping. Absorption spectra for both the
materials were significantly enhanced in theUV region, leading towards their potential uses in theUV
optoelectronics and in solid state nano-emitters.
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