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We study the electronic, the optical and the transport properties of both bulk materials ErNoapeds s75N, which crystallize in zinc-

blind and wurtzite structures, respectively, and are utilized in quantum well devices. The properties are calculated using density functional
theory (DFT), by applying the full-potential linearized augmented plane-wave (FP-LAPW) method with a spin-orbit coupling effect. The
analysis of the electronic properties shows that ErN angd £Ga s75sN have a band gap at 0.79 and 3.38 eV, respectively. On the other
hand, the technology makes it possible to stack these materials for a quantum well heterostructyres:@d&&7sN/ErN. The optical
properties such as optical coefficients, refractive index and extinction coefficient are discussed in detail. The transport properties of alloys
are investigated using the semi-classical Boltzmann theory as implemented in the BoltzTraP code in conjunction with ab initio electronic
structure calculations. Our findings suggest that Er doping of wide band gap semiconductors could be a viable option for quantum well
devices.
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1. Introduction is of significant interest for different industrial applications
because of their temperature independence and stable emis-

Semiconductors are used in the vast majority of modern eleciOn together with the possibility of optical or electrical ex-
tronic devices. As a result, plenty of research is being concitation [6, 7]. Rare-Earth elements dopéd/ -V are ar-
ducted to improve their electronic and optical properties withd4ably among of the most studied in optical-electronic de-
this ever-increasing number of available materials; it is beiceS using principles of band gap engineering and quantum
coming increasingly important to predict the optical proper-confinement. Their applications spanning from a laser, light-
ties of new materials in order to determine their usability in€Mitting diode (LED), vertical-cavity surface-emitting lasers

optoelectronic devices such as semiconductor lasers or s&/CSELS), and quantum-confined Stark effect (QCSE) [8].
lar cells [1]. I7T—N compounds are direct band gap energyThe cause of energy loss by transmission or thermalization
(E,) ranging from 0.7 eV for InN, 3.42 eV for GaN, and of photons is related to the shift between the incident solar
6.2 eV for AIN. They can be used at high-temperature, highSPectrum and the band gap of most solar cells. The photon
frequency, and high-power microelectronic devices. In par_conversion strategies such as downconversion, upconversion,
ticular, the GaN is an excellent compound, due to its thermaftd downshifting are possible technologies to increase the ef-
stability, high thermal conductivity, strong bonding, and dis-ficiency of §0Iar cells. In th|s regard, trivalent Ianthgnlde ion-
tinguished structural, physic-chemical properties [2]. Of par_doped_ Iumlne_s_cent ma_terlgls have attracted great interest due
ticular importance from theoretical and experimental view-{© their promising application as spectral converters [9-11].
points, BBIN and Gd dopediII—N have been studied in de- Er-doped///—N materials have been investigated using dif-
tail by Samet al, and Amiriet al, respectively [3, 4]. These f€rent growth methods such as ion implantation; Stetkl
materials hold enormous promise in optoelectronic and spin@!- [12] have reported on the fabrication of GaN-based dis-
tronic applications. The electronic configuration of each lan-Play materials doped with various high concentrations of
thanide RE element is often denoted &&|4 ™, where| Xe] rare-earth ions and have fabricated electroluminescent de-
is the electronic configuration of xenon andis the num-  Vices by molecular beam epitaxy (MBE). Altahtamouni

ber of electrons in the innetf shell. When incorporated 2l [13], have synthesized Er-doped GaN quantum well struc-
into a host material, the RE atom tends to form a trivalenfureS Py metal organic chemical vapor deposition (MOCVD)
ion (RE**). An interesting aspect of these compounds is thd13]. This was the motivation for the theoretical study of elec-
occurrence of localized strongly correlatéfi electrons, the ~ TONIC, optic, and transport properties of both bulk materials

treatment of which presents a challenge to band-structure thB€terostructure ErGaN/ErN where the barrier and well crys-
ory [5]. The incorporation of rare-earth elements ififd —N tallize in wurtzite and zinc-blind structure, respectively. Our
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calculations are based on the GGA+U method with a spinHubbard potential/ = 8 eV andJ = 0 eV for 4 f electrons
orbit coupling effect. The structural band, optical parametersof Er as already reported by Harmenal [19], and modified

and transport properties are calculated. The rest of the pap&ecke-Jonson approximation (mBJ) [20]. The wurtzite struc-
is organized as follows: Section 2 provides a brief overviewture of GaN contains 16 atoms, 8 atoms of Ga and 8 atoms of
of the computational method used. The detailed electroni®N, one atom of Ga was substituted by one Er atom, to obtain
properties are discussed in Sec. 3.1. Section 3.2 goes ovéite ErGaN corresponding to a doping concentration 0.125 %
the optical properties and 3.3 discusses transport propertiest Er. The wave functions are expanded into planes waves

Finally, Sec. 4 concludes the paper.

2. Computational details

in the interstitial region with a cut-ofK,,.x = 8/RMT
where RMT has the smallest of alM/T sphere radii and
Kax is the plane wave cut-off structures ErN and ErGaN we
used 2000 and 208 -points, respectively, in the irreducible
Brillouin Zone (IBZ) for our calculation. The BoltzTraP

We have investigated the electronic, optical and transpor¢ode [21] was used to calculate thermoelectric (TE) proper-
properties of ErN and ErGaN bulk materials shown in Fig. 1 ties from ab-initio data using the semi-classical Boltzmann
based on DFT [14, 15] using the FP-LAPW method [16, 17]transport theory within the constant relaxation time and rigid
as implemented in the Wien2k code [18]. To calculate théband approximations.

exchange correlation potential, the GGA+U approach was

utilized with a spin-orbit coupling effect, we have used the

FIGURE 1. Unit cells of ErN and Ef.125G&.s75N.

3. Results and discussion
3.1. Electronic properties

Itis interesting to note that ErN turns out to be a semiconduc-
tor for the majority spin based on the band structure shown
Fig. 2. Anindirect band gap at 0.79 eV, with the valence band
maximum (VBM) can be seen at poihitand the conduction
band (CBM) at pointX in the spin-orbit coupling effect with

the Hubbard approach. On the other hand, the electronic band
structure of Eg 125G&.g75N is shown in Fig. 3, the VBM is
located at poinfX and CBM at point” of the Brillouin zone,
which means that we have an indirect band gap at 3.38 eV us-
ing the GGA + U approach and a spin coupling effect, which
is in good agreement with Filhet al.,, [22] in wurtzite and in
contrast with cubic structures found by Largtial.[23] and
Lazreget al.[24]. Ery.125G& 75N is, consequently, consid-
ered as a semiconductor. The band gap values with different
approaches are depicted in Table I.

—
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FIGURE 2. Band structure of ErN with GGAmbJ+U+so approxi-
mations.
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,%\/ % TABLE |. Band gap for ErN and Br2;Gay.s7sN materials with
] different approximations.

\ Materials Approximation Eg(eV)
/ GGA 0.000 (Metal)

I

Eneray(eV)

. ErN GGA+U 0.418
] mbJ +U+ so 0.790
Other calculation 0.97 [25]
GGA 0.666
2 i p ; s mbJ+U+so 3.380
Other calculation 3.109 [23]
FIGURE 3. Band structure of Bri25Gay.s7sN  with
GGAmbJ+U+so approximations.
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FIGURE 4. Total and partial density of states of ErN with GGAmbJ+U+so approximations.

Total and partial spin polarized density of states of ErN3.2. Optical properties
are shown in Fig. 4. The valence bands are dominated by the

4f shell of Er states in the region ranging froa9 10 —7.5 14 gielectric function describes the linear response of a ma-

eV and by thesp shell of N _states fro_m—3.5_t0 -1.5 e_V. terial to a certain electromagnetic radiation wavelength or
The bottom of the conduction band is dominateddfyin - o100 energy, which relates to the interaction of photons
range 4.5 0 5.5 eV. For the total DOS, the valence band iyit, electrons. Other optical properties can be derived from
dominated by majority spin; in contrast, the conduction banclhe complex dielectric function [26]. The following study

is dominated by minority spin. The DOS ofd=;Gay.s7sN- s carried out using the formalism of Ehrenreich and Cohen,

is shown in Fig. 5, with thelf shell of Er being dominant ,here the complex dielectric function can be written as
and the Galp shell overlapping with théV 5p shell in the

valence band. Conversely, thg, 5p and4 f shell overlap in ) ,
the conduction band. & (w) = e.(w) + i€ (W), 1)

Rev. Mex. Fis68031301
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FIGURE 5. Partial density of states of Ef2;Ga.s75sN with GGAmbJ+U+so approximations.
2, [ W) ), (8
6;-(“) =1+ ;P/ o2 2dw/v 2 o(w)= Qeoercnthmz hw Z v'19c)® ), 8)

0
o where)_, . (g;'|g¢) is the overlap integral between the
¢ (w) = 2ﬁp/ e (w) dw’ 3) dependent envelope functions of a conduction band and va-
" m w?—w2 lence band[ is the width of quantum well® is the Heavi-
side step functiony,. is the refractive index of the well mate-
wherew is the integration variable? represents the Chauchy rial, and P is defined as® = N [, ¥ (r )pAql)k d .

principal value of the integral. Similarly, one can relate theg,, 4 quantum well,y,(z) = \/2/7Lsm(mrz/L) and
real and imaginary parts of the polarizability, namely, Eq. {8) can be recasted in the form

=1 P (4) a(w) = 727T62h 1
n(w) =1+ w’ — w  eoeren,m*2V hw

0

and XY |(ilp:l)I6(E; — By = hw)(fip = frp): (9)

2 /K b
Vi

\

®) where: and j are the initial and final states anfl-p is
the Fermi-Dirac distribution function. For two consecutive

The absorption coefficient(F) is given by states, Eq/9) may be written as:

4 2 2

a(E) = - K(E), (6) __ 2meh 1 (8

A a(w) eoercn,m*2V h
where) is the wavelength of light in vacuum.The real part of ; y
the optical conductivity is calculated according to the follow- X Z 6(E; — By — hw)(frp — frp): (10)
ing relation: J

w .

o(w) = ew). (7)  and Eq./10) can be put into the from

The most important property of a quantum well (QW) is the neme2h
absorption coefficient, which can be written as a(w) = mf215(AE — hw). (11)
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FIGURE 6. Optical properties: a) absorption coefficient, b) Real payt(c) Imaginary partd2) of dielectric functions and d) optical
conductivity @) of ErN and Eg.125Gay.s75N materials.

Here n, is sheet charge density anfd; defines oscillator fractive index of
strength from the first to the second state. The total absorp-
tion coefficient of QW is the sum of confined states and

free states continuum, approximated by the barrier absorp-
tion coefficient given as follows [27, 28]:

ot = (W) + ap(w). (12)

This parameter is calculated by combining two numerical
techniques; the first describes the optical properties for both
materials (ErN, Ef125G& .s75N) using the Wien2k pack-
age with GGAmBj+ U including a spin-orbit coupling ef-
fect, and the second consists in optical properties of QW  °1 ~—~7=7==°-

2 4 6 8 10 12 14

[27,29]. Figure 6a) shows the results of the absorbtion co- ’ energy revl

efficient; we noted increasing absorption trends of ErN and-;gure 7. Index refraction and extinction coefficient of ErN and
Erg.125Ga 75N while changes in absorption during energy Er, ,5Ga, 575N materials.

range 0-14 eV. For ErN, the absorption begins at a slightly

lower energy, 0.8 eV (1550 nm). It is worth noting that

absorption for Ef125Ga 375N begins at 3.4 eV (365 nm),

which covers a large portion of the solar spectrum. The variErN is 2.3; it begins to increase until reaches its maximum at
ation of the optical conductivity is shown in Fig. 6d), where 2.8 and for Eg 125G& s75N, the static refractive indices are
begins to increase and arrives at a maximum of at 2 eV foR.9 and 2.4, it shows an increase until it reaches its maximum
ErN and 8 eV in E§ 125G& g75N for both (zz) and(zz) di-  at4 and 3.4 fofzx) and(zz) directions. Thus, the extinction
rections. The evolution of the refractive index and extinctioncoefficient starts to increase from a threshold equal to 2.6 eV
coefficient are shown in Fig. 7. We note that the static refor ErN and 3.0 eV for ErGaN ifzz) and(zz) directions.

Refractive index (n) and Extinction coefficient (k)

_______
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FIGURE 8. Electrical conductivity of ErN and ri2sGay.s7sN at three constant temperatures.

ErN ErGaN
2500" T T :

T= 250 (K) —— T- 250 (K) —
T-30 (K — ol T30 —
T-350 () —— et | T= 350 (K) ——

240" |

)]

15010

Kk (W/(m.K.s,

110"

50" |

a)

The chemical potential(w £ ) [eV] b) The chemical potential(y -¢ ;) [eV]

FIGURE 9. Electronic thermal conductivity of ErN and Er25Gay s75N at three constant temperatures.

3.3. Transport properties to be6.2 x 10%! 1/OQms and3.7 x 102° 1/Qms at 5.3 eV
and 3.5 eV, respectively, at 250 K. The electronic thermal

The effectiveness of a material for TE applications is deterconductivity (x) as a function of chemical potential is plot-

mined by the dimensionless figure of mefit]’ = ST/« ted in Fig. 9, and it shows clearly thatfor ErN and ErGaN
where S is the Seebeck coefficient. is the electrical co,n- increases as temperature rises. The Seebeck coefficient as a

ductivity, 7' is the absolute temperature, ands the thermal fu_nction of chemical potential at (250,300,350)K is shown in
conductivity. High values of figure of merit require high val- F19: 10- Its maximum values were found to be 580K (at

ues of S andos and low value ofx. The power factor of a 250 K) and 140QuV/K (at 300 K) respectively. In Fig. 11
TE material is given byP — .52, which involves all the shows the electronic power fact@P F') calculated as a func-
important electrical properties of the material. Our calcula-tion of chemical potential at three constant temperatures. Our

tions of TE for ErGaN/ErN are performed separately on bu|kcalculated show that ErN has its the highest power factor with
materials, using the BoltzTrap code [21] avalue of6 x 10° W/mK?2s at 350 K and energy level of ErN

is9 x 10'° W/mK?s at 350 K and energy level of 2 eV. The

The electrical conductivity as a function of chemical po- gjectronic power factor is a keynote quantity for measuring
tential at three constant temperatures (250,300,350) K i§ansport properties.

shown in Fig. 8, where it is clear thdt/7) of ErN and
ErGaN increases as temperature decreases. The maximum
electrical conductivityc/7) of ErN and ErGaN was found

Rev. Mex. Fis68031301
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4, Conclusion and imaginary parts of the dielectric function and the op-
tical coefficients were determined. Transport properties of
We have studied materials involved in constructing QW ofEr.125Ga& s7sN and ErN have been investigated by em-
Ero.125Gay.s75N/ErN by ab-initio calculation using DFT the- ploying the Boltzman theory implemented in the BoltzTrap
ory. The obtained results of the electronic properties shovwgode, the electrical conductivity, Seebek coefficient, elec-
clearly ErN to be a semiconductor with an indirect bandtronic thermal conductivity, and electronic power factor have
gap at 0.79 eV and that Er,5Gay s7sN presents an indi- been determined; their values show that these materials could
rect band gap at 3.38 eV, using GGA+U approaches, whiclpe potential candidates for energy conversion. The quantized

is in good agreement with other calculations. This indi-energy levels present in a quantum well, which can be tuned,

rect band gap was found to improve carrier extractions angirovide an opportunity to increase the limited efficiency of
lead to improved performance of these properties. The reaolar cells.
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