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Fe-doped CulnSe: An ab initio study of magnetic defects in a photovoltaic material
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Iron substitution in CulnSgecould have important implications either for photovoltaic or spintronic appli-
cations. To better understand the Fe effects, we have performed density functional calculations on the CulnSe
chalcopyrite as well as on Fe-doped derivative compounds with different concentrations and geometries. The
defect formation energies of [;and Fe, substitutions for different Fe/metal concentratiog625% to 100%
have been determined and we have shown that these energies fluctuate with the Fe content depending on
concentration and magnetic ordering. In these Fe-substituted adamantine structures, the antiferromagnetic state
has been found to be most of the time more stable than the ferromagnetic state. The magnetic moment of the
iron atom was found to slightly decrease with the amount of substituted Fe. The antiferromagnetic to ferro-
magnetic transition temperatures have been determined by Monte Carlo methods and have been found to be
around 100 K in most instances. The analysis of the densities of states was used to make predictions on the
influence on photovoltaic performance improvement and on spintronic properties induced by substitutional Fe
atoms. For the case of CulnSd-e impurities are expected to impart to the material spintronic properties,
depending on the site in which it is substituted, but to degrade its photovoltaic properties.
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I. INTRODUCTION A priori, a good spintronic material is expected to have

The ternary I-111-Vl, compound CulnSg(CIS) is a mem-  POOr PV properties because spintronic material requires a

ber of the chalcopyrite semiconductor family. Its structural,me“"'”C,Sem“‘,""mﬁin or;]e spin di(ectioﬂwith a semiconduc-

electrical, and optical properties make it a promising materiatOr semiband(n the other directio) whereas good PV per-

for photovoltaic application&:3Indeed CIS and related com- 'ormances requires not only a fully semiconducting character
but also a low nonradiative electron-hole recombination rate:

pounds Cun,Ga(S,Se,, using thin film technology, are oY ¢ e :
one of the most promising solutions for the production Of_the lifetime of the excited photocarriers is one of the major

. - i X issues for the selections of a PV material. Therefore, mag-
e_conompally_competltlve ph%tovoltam energy with CONVET hatic impurities are expected to induce poor PV properties in
sion efficiencies up to 22.59

; . . . the material because of the occurrence of the metallic semi-
However, this solution could run short as indium is not a

| i th b th onl / band at large concentration and also because of the possible
common element in the earth’s crust, with only 300 t/yr €x-recombpination through midgap levels at low concentration.

tracted. For photovolta_liQPV) application, this means that These subgap states would act, as in nonmagnetic semi-
the maximum production of solar modules based on thagonductors, both in enhancing subgap absorption of photons
technology would be limited to about 7 GWr (Ref. 9  (peneficial effect and recombination(deleterious effegt

with reasonable assumptions for device structures and peThe two effects are not independent of course because of the
formances, and assuming that all In production is consumeghicroreversibility principlet>-® which states that the prob-
for CIS photovoltaic device manufacturing. It is therefore of ability of the forward reaction is the same as that of the
strategic importance to investigate whether In can be substbackward reaction. Only in very special cases (@ary ide-
tuted by another more abundant element such as Fe whikdized midgap impurities expected to yield some improve-
retaining the properties that make CIS attractive for PVment of the material's performances to the lifetime of
applicationst® Note that Fe is also an impurity found in CIS trapped carriers and on the optical cross sections of the oc-
films and crystald! Many compounds with a similar struc- cupied or empty defect. One has to get close to the radiative
ture have also been proposed for spintronic applicatiérté.  transition limit(i.e., when all the transitions are done through
This makes it also interesting to study the behavior of magthe creation or the annihilation of a phojoto expect an
netic impurities in this system. improvement.

In the context of a single material finding applications in  Progress in the direction of the recombination reduction
several domains, it is thus interesting to investigate whethecan be achieved by enhancing the electron-hole separation,
magnetic and photovoltaic properties have an influence ofike in a heterojunctioriFig. 1(a)]. Another way of reducing
one another, and specifically, if the presence of iron, or anyhe recombination rate is by blocking the transition, at first
magnetic impurity, are detrimental for PV properties or onorder, for instance, because it involves spin flip, as illustrated
the contrary can be beneficial, something which to the bedn Fig. 1(a). The abscissa is no longer the spatial coordinate
knowledge of the authors has not yet been investigated. (as in the heterojunction casbut the spin state. This pro-
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Heterojunction / Ferromagnetic material tical absorption, which are not specific to the magnetic char-
e acter of the element introduced. These well known effects
2 T2 i
@) can play both ways and increase or decrease the PV perfor-
T mance.
CB Let us now turn then to the specific influence of the spin
states and magnetic order on photovoltaic energy conversion
- - - - whose influence has so far never been investigated to the best
3) of our knowledge. The positive effect of the introduction of a
magnetic element has been experimentally observed by Chou
et al?lin ZnSe. They display an unexpected long hole spin
VB relaxation time associated with the strain splitting of the va-
e lence band. This indicates that carrier lifetimes can be ex-
—— tended in such system3.
Spatial coordinate / Spin state If lifetimes could be extended long enough so that optical
pumping could proceed, as proposed for instance in Ref. 23
model magnetic system for multiband systems and shown in Fig. 1, then the material
efficiency could reach values as high as 62% provided the
energy level separation is well matched to the solar spec-
SRl trum. Although multiband and multilevel systeths3?*have
—Efi been proposed previously, experimental systems enabling
collection of the gains are still lacking because the losses in
b Efp such systems are very Ii.kely to overcome the gains. We pro-
- pose that magnetic doping could be used to implement this
L efficiency enhancement. The occurrence of this recombina-
tion bottleneck depends on the ratio of the scattering time
with magnetic impurities yielding the spin polarization ver-
sus the photogenerated carrier lifetime, on the efficiency of
e 9 L the polarization of the carriers via scattering by magnetic
impurities, and on the band structure. Stabilization of the
Yo SPIN ¢ |} exited states in the intermediate levétsrough spin flipping
can be achieved using the splitting of the density of states
(DOS) in spin-up and -down states as shown in Fig. 1. This
would hinder spontaneous recombination so that efficient net
absorption from the intermediate state could in principle be
enhanced. There is an analog to this effect in organic fluo-
rescent dyes where the triplet state, energetically more stable
$han the singlet state, imparts to the system long decay times

circles for low initial state electroigfinal state holg occupation (i.e., an extended excited lifetiméo ground state because

probability. The horizontal arrows represent the current flow in anthe relax_atlon process _|nvolves spin flipping and therefore
operating device. some spin-orbit interactions.

In the present work, we have chosenaminitio approach
cess, to be effective, implies that procggs in Fig. 1 is  to study the modification of the DOS induced by Fe in CIS
much faster thari3). The utilization of such ferromagnetic SO as to evaluate the potential of these compounds either for
systems pushes to the limit the concept of interpenetrateBV or spintronic applications. We have also investigated the
heterojunction, used for instance in polymer electronics angtabilities of the various possible compounds formed and
polymer photovoltaicd?2° This possibility can also be ex- their magnetic order.
tended in both caseeterojunction and ferromagnetic ma- ~ The CulnSg compound has been studied experimentally
terial9 to multiband system$Fig. 1(b)]. The cross in Fig. and theoretically by several group$.Nowadays, these stud-
1(b) indicates the hole-electron recombination with the elecie€s have focused on the impact of structural modifications on
tron spin inversion(spin-up casgor hole spin inversion its optical and electronic properties. Indeed, a large variety of
(other cases Arrows with circle indicate recombination rates isolated point defects can be formed, which generally de-
impeded because few electroffiled circle) or holes(open ~ crease the efficiency. In  particular, Zunger and
circle) with the correct spin are available for the transition to co-worker$>=2" have investigated the isolated intrinsic point
occur. The fastest recombination paths are, in principle, thoséefects(Ve,, Vin, Cuy,, Cu, whereV stands for a vacancy,
not involving spin inversion. Therefore the recombinationfor an interstitial, and the subscript stands for the crystallo-
path with crosses could be of negligible influence in mostgraphic site of the related defect or substituted gtamd
favorable cases. mixed point defectg2V,+Ingy,...) in CulnSe. They ob-

Of course, adding magnetic elements in a solid will bringserved that some of these defects have very low formation
many changes that will bear on the efficiency of photovoltaicenergies. The vacancy formation enefd.(Vc,)] equals
conversion such as band gap maodification or strength of opd.6 eV and the mixed di-copper-vacancy|rcomplex for-

Energy

Efn]- - -
Efil

>r'
L

Efplob-----

FIG. 1. (a) Schematic electronic transition for an heterojunction,
which can be seen as a ferromagnetic matefiale™-h* pair gen-
eration, e.g., via phonon absorptio(®) e transport, (3) (3")
e-h* recombination(3") € -h* recombination inhibited(4’) cur-
rent injection.(b) Schematic electronic transition of a model mag-
netic system. The symbols on the arrows are as follows: cross
correspond to small recombination matrix elements, offtled)
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mation energy E;,(2Vc,+Inc,)] equals 0.33 e¥P Otherab TABLE I. Convergence test on the energy cutoff aagoint
initio calculations confirmed these trends. For instance, usingesh. Results on the equilibrium volur(®) of CulnSe per motif,
pseudopotentials and 32-atom supercells within the locatnd energy differences between the AFM and FM stdtes
density approximation (LDA), we obtained E;o(Vcy) —E;;) of FeInSg and CuFeSgper motif are given fo.r 240 and 350
=0.47 eV andE,,(2Ve,+Ing)=0.17 eV22° Some surface eV energy cutoff, and B 6X 6 and 12< 12X 12 k point mesh.
properties have also been addressed: surface states and the

(112) surface electronic structu?®,or the (110) surface  Cutoff K ((CulnSe) AE(FelnSg) AE(CuFeSg)

transformation from nonpolar surface to polar facet €v) point (A% ev) ev)

surface®! However, few theoretical efforts have been related 249 6X6X6 101.0 ~0.119 -0.345

to e>.<trinsip e_Iements in chalcopyrites. 240 12x 12X 12 100.9 ~0.120 ~0.341
First-principles calculations have shown that the preferen- .., o ~ o 1012 ~0.123 -0.343

tial site of Mn in Cu based QUX, chalcopyrite depends
strongly on the Cu ant¥ cation chemical potentiaf&.It has

also been shown that Mn substitutes for Cu in Meich L : : :

) o . . erated within the gradient conjugated approximatiGGA
region, and _f0|1VI with in the Cu-rich orM-poor regions _of JPerdew and Wa?‘w‘@ (PW91)] Jtog descrigg the e§<chan)ge-
the_pha:csizhdlaghralm. Fu.r;[he.rmtc;]re Mhn redgpes the SFt,"?‘b(':;g.d correlation energy. In the pseudopotential approach, core
main of the chalcopyrite In the phase diagram. FICEZl - g0 04rons that do not participate in the bonding character of

33 initi i i _ .
?:ll'J Ggavihgﬁég)m:ﬁ?t;t'gg&f:;cgfém;ﬁow;gih“gnir?]ogfg N the material are frozen and only valence electrons are taken
3 pyrite. ; mportant, account. For the pseudopotentials used, the electronic
role of Mng, substitutions on the magnetic properties of this

H H H 10 1
material. Their calculations showed that the ground state ionﬂguraﬂons were, respectiveBar]4s’ad’’, [Krlss’spt,

4 7 o ;
these compounds is ferromagnetic rather than antiferroma Arlds*pf, and [Ar}4s'3d’ for copper, indium, selenium,

netic. For spintronics applications, a large amount of experi; nd iron. In this work, the kinetic energy cutoff chosen was

mental and theoretical work was carried out on binary semi-240 eV and a Monkhorst-Patigrid was used to sample the

conductors such as GaA%3*The substitution of Ga by Mn, irglgg”‘s?;:ieﬁ Z? dee?'trgigzmr;%fot:;io'gt"?tr:?e\ézﬂesmvﬁg
which is a transition metal, leads to a ferromagnetic groundP P i y

state and, for low Mn concentration, a semimetallic characte r|IIOU|nd;t9ne. The supzrcclall {ahpproacr;.wnh pﬁ'ﬁdt'c bot‘”.‘d'
is even observed. If Fe rather than Mn is substituted, n ry conditions was used. In he primitive ce at contains

ferromagnetic ground state is generally fodAd. wo CulnSe motifs, convergence is achieved with a grid

We assume that the ionic charge of the atoms is 1+ fopontaining 6<6x6 k points. Among the different conver-

copper atom, 3+ for the indium atom, and 2- for the selegence tests performed to assess the energy cutok antht
! ! mesh used, some comparisons for 240 and 350 eV as energy

nium atom. This charge distribution is in agreement with the utoff and for 6<6x 6 and 12 12X 12K point mesh are

:ﬁgug';eig?taslscgl%téo?o?féze Zngnfg?alirr]ge;mrjea_lllz Zg ?())/r Psaerlagresented in Table I. Therefore, for a 64-atom supercell

Thus, the defect physics of feand Fg, may have different (Cumlnl.es%?)’ we .have. L.JS?d 833 k point grid. The
behaviors as they have different second-neighbor shells. calcula}tlon IS §em|relqtlwst|c apd for the Fe-doped CulnSe
In this paper, we have studied the Fe-doping effects on thg"e_Spln pola_rlzatlon IS taken into account. Both fe_rromag-
CulnSe compound. Cationic substitutions by Fe have bee etic and antiferromagnetic states have been pon5|dered _for
considered from low concentratigf.25% of Cu or In atoms e atoms. Al structures have been re[axed using the conju-
substituted, equivalent to 1 wt% Fe concentratiom to gate gradient algorithm. Both the atomic position and super-

FelnSe and CuFeSecompounds and we have analyzed theCell volume have been qptimized, except for the_ largest su-
effect of the substitution on the energetic proper{mssti- percells(64 atoms for Wh'Ch. only the atomic positions have
tutional energy and the magnetic properties of the com- been relaxed. After relaxation, the forces on the atoms were

pounds. From this analysis, the opportunity of Fe doping inchecked to be lower than 0.02 eV/A. From these calcula-

CulnSe is discussed. FerromagnetféM) and antiferromag- tions, energies, magnetic moments, and relaxed structures

netic (AFM) states for Fe-substituted compounds have beefjave been analyzed. In_addition, the total density of states as
investigated and the associated transition temperatures ha\vl"ee" ZS :[rhe p?rt'?l der;fltypgf stateh§ DOS'ha.s beefn geterl—
been deduced. Finally, the influence of the magnetic state ofy '€¢- '0 caicu ate the PDOS, the projection of the elec-
the optoelectronical properties of the chalcopyrite com-tronic density onto the atomic orbital requires definition of
pounds is discussed the radius of the sphere on which to project. The following
' atomic Wigner-Seitz radii 1.312, 1.677, 1.312, and 1.302 A,

Il. METHODS respectively, for Cu, In, Se, and Fe atoms were chosen.

A. Computational method B. Defect calculation method

We performedhb initio calculations based on the density- ~ The defect calculations are performed by replacing one or
functional theory’ (DFT) and using the Viennab initio several Cu or In atoms by Fe atoms in different size super-
software packag®4!(vasp). The ultrasoft pseudopotentials cells containing 8, 16, 32, or 64 atoms. The 8-atom cell with
of Vanderbilt typé? of the vasP library and a plane wave the following lattice vectors,{(-a/2,a/2,c/2), (a/2,
basis set were utilized. The pseudopotentials used were gena/2,c/2), (a/2,a/2,-c/2)}, has al42d-D§[2j (122) space
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TABLE 1. Chalcopyrite CulnSg(142d-D2-122) structural parameters) is the volume by motif.

Experiment Theory
Reference 45 Reference 46 This work FLAPW  Pseudopotentil
a(h) 5.781 5.782 5.859 5.768 5.562
c(A) 11.642 11.619 11.765 11.628 11.134
u 0.226 0.235 0.220 — 0.237
QA3 97.3 97.1 101.0 96.6 86.1

aFull potential linearized augmented plane wave; Ref. 25.
bReferene 36.

group. For the cell containing 16 atoms AE(Culn,_FeSe)=E(Culn_FeSe)

a,0,0, (0,a,0), (0,0,c)} there are two cases: if the cell
{ ). ( ). ( )} — - (1 -x)E(CulnSe) - XE(CuFeSe).
has a reverse center of symmetry the space group-ﬁ 2.0
(82); otherwise the space group R4-S} (81). For these '
cells, we optimized the structurdattice parameters and Note that this relation is independent of the chemical poten-
atomic positiongto obtain the equilibrium geometiigorre-  tial of the elements.
sponding to the total energy minimynThe ce_II containing
32 _atoms has lattice vectors{(ay2,ay2,0), (ay2,
-ay2,0), (0,0,c)}, and both the atomic positions and the
supercell volume have been optimized. For 64 atoms, only A. Optimized structures
the atomic positions have been relaxed at fixed volume with , chalcopyrite structure is derived from the cubic zinc-

t:h;':filglecgz:\/r:\?woerfe(rzsaé?e’?He(%azlilyig)riyu(rg 'r())a;(r:;}rﬁzeerz ?)E?aine(%lende structure, whizch contains, however, only one type of
after full relaxation of the 16-atom supercell without any Sat|on (Space groupry). The presence in the chalcopyrite

tructure of two different cation&Cu and Ir) ordered in the

Ill. RESULTS

defect. . . half tetrahedral sites yields a doubling of the zinc-blende unit
fong\r,\veszfgzr?atlon energy of a defeat is calculated as cell along the thec direction. The anior{Se) has four first
’ neighbors: two copper and two indium atoms. Table Il gives
AH¢ = SE(@) + Neyteey + Ninttin + NEatleer (2.1)  the calculated and the experimental lattice parameters. The
where structure is optimized by alternatively repeating the relax-

ation of the ions in order to minimize the forces, the varia-
SE(@) = E(a) — E(CulnSe) + ncwg%”% nmﬂlsr?"d*' ﬂpeuﬁcé"d- tiqn of the volume, and the shape of the supercell to mini-
2.2 mize the stress tensor. Tha and c parameters are
' overestimated by approximately 1.2%. This yields a volume
E(a) and E(CulnSe) are the total energies of the unit cell error of 3%, which is within the error usually obtained with

with and without the defect, respectivey;°'® and u$%"are ~ DFT methods. The distance between the copper and sele-

the total energy of ground state solid(ketragonaland solid ~ nium atoms is smallef2.41 A) than the distance between the
Fe (centered cubic The n; are the number of atoms trans- indium and selenium atomg.63 A). The structure exhibits
ferred from the supercell to the reservoir in order to createchannels along the¢l10 and (102 directions. Our calcula-
the defectu,, and ug. represent the chemical potential of the tions in Table Il correctly describe the chalcopyrite structure.
indium atom and the iron atom, which corresponds to the The structural parameters of CuFg®@d FelnSgin the
energy variation of an atom to or from a chemical reservoirAFM and FM states are reported in Table 1ll. CuFg&ea
which is not necessary in the solid ground state. To maintaitetragonal mineral called eskebornite, in the chalcopyrite
the accuracy by error cancellatiof(«) and E(CIS) are  group. However, to our knowledge, the FelaSempound
computed with the same grid &fpoints and the same kinetic has not been characterized experimentally.
energy cutoff for the same supercell size. For the small supercell calculatio® and 16 atoms an
Fe-doped CulnSecan also be considered as a definedincrease of the ke substitution concentration leads to a
compound along the pseudobinary lines CulaBelnSg or  strong decrease of the cell volurtae CuFeSgvolume cell
CulnSe-CuFeSe. The mixing energy for the Fe substituted is 15% smaller than the Culngeell). The distance between
on Cu sites is given by an indium atom and its selenium neighbor atoms is about
2.63 A, while the distance between an iron atom and its four
AE(Cu,FgInSe) = E(Cu;_,FelnSe) selenium neighbor atoms is 2.42 A, which is very similar to
- (1 -Xx)E(CulnSe) - xE(FeInSg), the Cu-Se distanc€.41 A). Consequently, the tetrahedron
(2.3 defined by Fe atoms and four Se atoms is close to a perfect
' one for CuFeSgand this chalcopyrite compound has/a
and for Fe on In sites: ratio almost equal to 2. Moreover, a large variation of the
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TABLE 1. Antiferromagnetic and ferromagnetic structures of CuFe&ead FelnSg{IZZd-D%ﬁ-lZZ)
structural parameter$) is the volume by motif.

Compound CuFeSeAFM CuFeSg FM FelnS¢ AFM FelnSe FM
a(h) 5.550 5.557 5.971 5.947
c(A) 11.139 11.154 11.984 11.937

u 0.256 0.233 0.193 0.204
QA3 85.8 86.1 106.8 105.6
d(Fe-Se(A) 2.39 241 241 2.43

angles is observe@Fig. 2), in particular, the Se-Fe-Se angles tiferromagnetic states structures are almost identical and the
with the variation of the Rg percentage converge to 109.5° relative relaxation is negligible compared to the variation of
for CuFeSe, whereas for the kg substitution, the angle the lattice parameters or angles with the Fe content.
variations are smalle=1°) than those for Rg(=5°).

The evolution of thea andc lattice parameters as a func-
tion of the Fe content are reported in Fig. 3 for Cu as well as
In substitution. As Fe's size is intermediate between that of The formation energies of the compounds obtained by
Cu and In, the lattice parameters decrease in the case-pf Fesubstituting Cu or In atoms by Fe atoms in Culp®ave
and increase for e To our knowledge, the only experimen- been calculated. The results are presented in terms of mixing
tal lattice parameter measurements available have been p@&nthalpies of Cy,FeInSe, compounds made from Culnge
formed by Sanchez Porras al*’ with up to 500 wt ppm Fe and FelnSg and of Culn_FgSe compounds made from
(i.e., 0.3%. However, no clear variation of the lattice param- CulnSg and CuFeSgalong the pseudobinary lingig. 4).
eters could be established, possibly because the variation Results for the AFM and for the FM configurations are rep-
too small compared to the accuracy of the experimentaiesented, taking as a reference the most stable magnetic state,
methods. Nevertheless, our calculations indicate a clear arice., the AFM configuration for the Fe compounds. The Fe
linear variation of the lattice parameters with Fe contentrepartition and the AFM state configuration with the notation
consistent with the relative Fe/Cu and Fe/In atomic sizeof the different configuration is given in Fig. 5 using rela-
ratios. For a given amount of Fe, the ferromagnetic and antions (2.3) and (2.4). The antiferromagnetic configurations

are found to be more stable than the ferromagnetic ones for

B. Defect energies

18 the Culn_/FeSe compounds with Fe concentration larger
1141
113F 5.95
g T T T LJ——_—
_ 12k R
] 5.90 - Y =0.0009 X +58504
1] 11 .M!___,.'-’.—»«' +
g 110f 5. .
2l @ Culn_FeSe,| |
b o0 : oAt
108 <
<575 J
107
5.70| E
106 Y = -0.003 X + 5.8588
105, 5.65| 4
5.60) 4
120 555 2% i ' % 700
Fe concentration (%)
1181
116- 12'“ L} T T T
14 P
g 112F sk Y =0.002X+11.738 i
g 110
2 ® Cuin Fe Se,
28 ek = Cu, FenSe,|
106 <
o
1041 1.4 Y--0.005X+II;7'\ b
102[: B .,
100 L ' L L 112} \ 3
0 40 60 80 100 3
Percentage of Fe ,, substitution (%)
iati . 11.0 L L 1 1
FIG. 2. Variation of thez Se-Fe-Se angles wiila) Fg,, and(b) 0 2 Fo qoncentration (%) 80 100

Fec, concentration(FM statg. For pure CulnSg the Se-In-Se
angles are 108° and 112.5°, the Se-Cu-Se angles are 106° and FIG. 3. Evolution of thea andc lattice parameters as a function
111.2°. of Fe substitution content on Cu and In sit€¥ state.
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FIG. 4. Variation of mixing energgeV) with Fe magnetic center w O o

<& b Q7
concentrations(a) Fe, substitution: AE=Ecypn, e se,~XEcuinse 6//&6?6 6}%«5
~(1-X)Ecuress: (b) Feg, substitution: AE=Ecy _reinse, ¢ 9 Rt ez
~XEcuinse = (1 -X)Ereinsg. FOr both CuFeSeand FelnSgthe ref- ) ) . )

erence energy0) is the AFM state. FIG. 5. Antiferromagnetic configurationg32-atom supercell
represented and we only present one cation)typlee figures of the
In and Cu cation substitutions are similar W(%],%,%) translation.

than 25%(the energy difference being rather small for Fe
concentration below 25% For the Cy_FelnSe, com-

pounds, the energy differences between the antiferromag- ) ,
netic and ferromagnetic cases are not significant. 4). Because all concentration have total energies close to the

In the case of Rg substitutions two behaviors are ob- CuInSQ.—FeInSQ tie line, a strong site disorder can be ex-
served depending on the magnetic state. In the FM states, ti@cted in these compounds.
mixing energy is negative and compounds with different Fe
concentration on In sites may be expected, whereas, for the . .
AFM state, a tendency to demixion into end-line compounds C. Magnetic properties
is found. This is the stable state, in absence of an applied ) o )
magnetic field. For 50% of substitution, the most stable cases We have examined the variation of the local magnetic
are, respectively, the ca8¥, casg®®, casé€”®, and casg”  Momentug per iron atom as a function of the Feubstitu-
configurationgFig. 5). Only for some special configurations tion concentration. The local magnetic moment per iron atom
(cas@®) may an FM state be stableasg” and all the is calculated by subtracting from the spin-up electronic den-
cases with 25% Fe contgnfThe most stable cas{easé"%) sity the spin-down electronic density within a sphere cen-
is composed of two nearest-neightgf01) planes, one plane tered on the atomic site, and of radius the atomic Wigner-
containing the spin-up Fe atoms and the other plane with th&eitz (WS) radiusr (r{{s=1.302 A. The magnetic moment
spin-down Fe atoms. The most unstable cases are the cadies between 3.4 and 365 for Fg, substitution. For the
where the two planes are not nearest neighbors and wheFee, substitution, the magnetic moment per iron atom varies
there are both spin-up and -down Fe atoms in the s@®®  from 2.98 to 3.08ug. All the magnetic moments are not
plane. Indeed, two antiferromagnetic iron atoms in neareststrictly located on the Fe atoms. Indeed, the first-nearest-
neighbor positions reduce the total energy. neighbor Se atoms have a local magnetic momenrt@flug

For Fg, a 50% Fe compound could be stable but the(with ri%=1.312 A per Se atom, which may come from the
AFM and FM states have very close energies and the preseRe-Se covalent bonding. The other atoms carry much smaller
calculation could not determine the most stable of the twomagnetic moments, which are in fact insignificant.
Consequently a mix of both AFM and FM states may be The standard Heisenberg motfakas used to describe the
expected and along the pseudobinary line CujfiSeinSg a  exchange magnetic interactions between spins on Fe atoms.
solid solution can be expected on the Cu cation lattiig. ~ The effective Heisenberg Hamiltonian is:
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TABLE IV. Energy differencg AE) per Fe atongin eV) between the antiferromagnetic and ferromagnetic
configurations, and transition NE€|, or Curie temperatur@&. (in K) for the different configuration studied.
The uncertainty of these Metropolis Monte Carlo results is +5 K.

Case AE(Fec)=E; ~Ey Te(Fesy) AE(Fgn)=E; —Ey; T(Fay)
casé>” -0.02 - -0.05 -
casg>” -0.01 40(N) -0.01 30(N)
casg>” 0.02 70(C) -0.03 60(N)
casg?® 0.04 150(C) -0.11 120(N)
casg?” -0.04 50(N) -0.18 400(N)
casg”® 0.04 40(C) -0.04 50(N)
casg”® 0.02 100(C) -0.02 50(N)
casé” -0.01 <50 -0.12 55N)
casg>” -0.07 35(N) -0.26 100(N)
case00% -0.12 600(N) -0.34 1000-1200N)
Her= - D 36 -6, (3.1) T_he relation between the energy difference anditterms is
i%] given by
where J;; is the exchange interaction between two Fe sites _ _
(W) anAé, is the unit vegctor pointing in the direction of the AB(TL =BT -E(D= 2% (). @3

magnetic moments at the siteFrom the energy difference

between the FM and AFM ground states, the coupling pad,(x) is assumed to decay as a power I3yx)=sx™, with
rameterJ and the associated transition temperature have=1 for the FM ground state arg+-1 for the AFM ground
been determined. In almost all the cases investigated herstate. The obtained values for theexponent are close to 3
the AFM ground state is more stable than the FM groundTable V) for almost all the configurations explored.

state. The different substitutional configurations of the Fe TheseJ(x) parameters have been introduced in a Me-
atoms having complicated geometries, the Néel and Curigopolis Monte Carlo simulation. A system containing 6
transition temperatures have been obtained directly by stan< 6 chalcopyrite unit cell§1728 possible sitgsvith periodic

dard Metropolis Monte Carlo simulation. boundary conditions was simulated. The system size was
The energ)E of a configuration is given by found not to have a significant effect on the results obtained.
The simulation box was first heated up to a high temperature

E= % apdn(X), (32 (>1000 K), and then the temperature was made to decrease

linearly by 5 K steps until reaching 0 K. All the sites were
where J, is the exchange interaction energy between thegandomly visited and the spin inversion of a site was ac-
nth-nearest Fe neighbors ang is the associated number of cepted according to the Metropolis algorithm. A Monte Carlo
pairs. Table IV gives the energy variatidE,| between the step was constituted of one visit of each site, and 500 steps
ferromagnetic state and the antiferromagnetic state of a sanger temperature were made. The Néel transition temperature
configuration and the associated exchange interaction termgias determined by the temperature of the transition of the

TABLE V. Expression ofAE as a function of the coupling terdy(x) and coupling term parametsiand
MJ(x)=sx] between the antiferromagnetic and ferromagnetic configuratioirs A).

Case AE=2% apJy(x) s(Fexy) MFecy s(Fay) \Fa,)
casé>” 2J(4.1)+43(7.2) +43(9.2 +83(10.9 -1 3.554 -1 3.036
casg>” 8J(5.9) -1 3.632 -1 3.699
cas§™” 8J(7.2+163(10.9 1 3.181 -1 3.072
casg”” 43(4.1)+8)(7.2)+8J(9.2)+16J(10.9 1 3.510 -1 2.979
casg”” 8J(4.1)+8J(7.2 +12)(9.2) -1 3.543 -1 2.529
casg”® 16J(7.2+321(10.9 1 3.224 -1 3.192
casg™” 16)(5.8)+8J(7.2)+16)(10.9 1 3.138 -1 3.108
casg>” 8J(4.1) +161(5.8)+243(7.2) -1 5.183 -1 3.476
casg™” 12)(4.2)+243(7.2) -1 3.786 -1 2.931
cas@é00% 16J(4.1)+323(9.92 +163(10.9 -1 3.065 -1 2.490
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energy of the system from disordered to ordered AFM. The
Curie temperature corresponds to the temperature of the tran-
sition of the magnetization from FM to AFM. For most of
the cases, the final spin order found by Monte Carlo methods
was consistent with the order found in calv initio calcula-
tions.

The transition temperatures obtained are low as expected
from the small energy difference between the FM and AFM
states. They are within the range 30—40QKble IV) for
most of the cases. The transitions are first order except for
the configuration cage” for which a second-order transition
occurs.

For few configurations, the final AFM order is different
from theab initio ordering(casé® and casg for Fg,,, casé’
for Feg,, and cas¥ for both substitutions The final Monte
Carlo order obtained does not converge to a succession of
(001 planes(completely substitutedwith the same spin.
Casg’ decays to casé for Fg,. The other configurations
converge to another planar spin order. In these cases, our
simple pair interaction model does not lead to the ordered
structure calculated bgb initio and additional termé&uch as 1
three-body may be required. The Néel temperature is higher 15— _'4 : '2 — 2
for the configuration whose AFM-FM energy difference is Energy (eV)
the largest, and for Culng@asé®”) due to the strong AFM
coupling, the transition temperature is around 1000 K. [ L

DOS (States eV " Unit Cell™)

D. Electronic structure

The CulnSe partial densities of states provide informa-
tion on the different interactions between Cu-Se and In-Se.
The DOS obtainedFig. 6 for 0% Fe substitutionis in
agreement with the previous calculations of Jaffe and
Zunger?’ The DOS can be decomposed into several parts. At
6 eV below the Fermi levelEg), the states correspond to a
hybridization between In$ states and Sepd states. The
states from —5 eV to the Fermi level represent the hybridiza-
tion of the Cu & states and Sepdstates, In p states, and
Se 4 states. The gap of CIS is controlled by the GLehd
Se 4 states(valence bangdand the In 5 states(conduction
band. The DFT method is known to underestimate the band
gap value as previously explain&t.

Figures 6 and 7 show, respectively, the DOS of
Culn_,Fe Se, and Cy_,FeInSe, for 6 values of the Fe con-
centration. The substitution of Cu by an Fe atom leads to
different changes in the electronic structure than the substi-
tution of an In atom. . 5 SV E—

For the Culp_,FeSe, compounds, new states can be ob- Energy (eV)
served in the gap between -3 and -2 eV only in the spin-up
band. The number of these states and their width depend on
the percentage of Fe substitution. For concentrations larger
than 25% the gap is filled. These states represent three elemancentration. The spin-up and -down densities of states are
trons (spin up per Fe atom. For small Fe concentrationsoverlapped at the Fermi level.

(6.25% and 12.5% some states with the spin-down charac- Fg, defects are intrinsically acceptor defe¢sge Fig. 6.

ter just above the Fermi level and up to 0.25 eV can bdncreasing the Rgdefect concentration in the CulnS&truc-
observed. They represent two electrons per Fe dteig.  ture creates more and more new levels above the Fermi level
8(a)]. (More precisely, at the Fermi level, the spin-up DOS is(Eg) whereas decreasing the indium atom concentration in-
not strictly O; for 6.25%, there is less than 0.01 electron withcreases the gap energy by removing $tstates around 1 eV
spin up character above the Fermi level, which is not signifi-aboveEg. We can observe that the spin-down bands of the
cant) These changes are no longer present for the high Figon are totally filled aEg and the spin-up bands are partially

DOS (States eV " Unit Cell ")

FIG. 6. Density of states of CujnFeSe (FM state.
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FIG. 7. Density of states of GuFeglInSe (FM state. FIG. 8. Partial density of states ¢d) Culns;1d€,,1658 and(b)

Cuside1dnSe (FM state.

filled. This effect is responsible for the magnetic moment of

the iron atom. 3d Cu states, usually localized between -5 and -3 eV and
Compared to Rg in Cy_,FelnSe, no new Fe states are between -2 and 0 eV, are shifted by -0.5 eV. Thus, the

created within the gap in thed¥Tu band(from -3 to -2 eV} Fermi level is localized 0.5 eV above the Fermi level of the

(Fig. 7). For low Fe concentratio6.25% and 12.59 the  pure CulnSg¢ compound.

Fec, defects are donor defects. At 0.5 eV below the Fermi In addition, at low Fe concentration, both FM and AFM

level, the presence of spin-down states can be observedtates have close energies and may coexist and the density of

however no spin up states are visible. These down statesates are represented in Fig(fér 3.1% Fe concentration

correspond to 2 electrons per Fe atfifig. 8b)]. The typical  For the FM state only electrons with spin-down character are
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CulnSe, 64 Atoms - 2 Fe, Cu substitution has a lower formation enthalpy.
BT/ — ] These examples stress the importance of the magnetic in-
10 teractions in the relative stability of the compounds. Indeed,
the nonmagnetic compounds were found in this work to be
much less stable than the magnetic ones for a given compo-
sition (for instance, nonmagnetic CuFgSs 0.95 eV less
stable than FM CuFeSe

Regarding the FM-AFM energy differen¢&able 1V), the
method usedDFT and GGA may overestimate the value
obtained, as Ciofingt al®® have recently shown using a new
generation of functionals applied to KNjend KsNiF, insu-
lators. Nevertheless, for almost all theJfeases studied and
some of the Fg configurations, the energy differences are
rather smalllsmaller than 25 me)/ the uncertainty may be
important, but the energy differences should remain small.

e 1, . ] According to our calculations, the behavior of Fe in
6 -4 e -2v 0 2 CulnSe is different from that of Mn in CuGaSeas studied
nergy (V) by Picozziet al3® Mn was found to preferentially substitute
CulnSe, 64 Atoms - 2 Fe, to the Ga catior{3+) and the FM ground state was found to
L I B e A ] be the most stable. The FM ground state for Fe and the AFM
one for Mn has also been obtained in the 1ll-V GaAs semi-
conductor by Sandratskii and Brud®dFor our chalcopyrite
compound, Fe has the same FM ground state and the mag-
netic ground state seems to be mainly dependent on the mag-
netic impurity rather than on the host semiconductor com-
pound.

Our conclusions, based on formation energies, is that Fe
substitution is more favorable than feNevertheless, in the
stability region of CulnSg the Fg, formation enthalpy is
lower than the Fg, one and Fe will preferentially substitutes
to In.

The donor or acceptor characteristics of the defects have
then been determined from the analysis of the magnetic mo-
. s ment and the charge of the Fe atoms. The electronic defect
-6 -4 -2 type is evaluated from the analysis of the total magnetic mo-

Energy (eV) ments of the supercell and the integral of the DOS and
. PDOS. They indicate that the ionic charge of the Fe atom in

FIG. 9. Density of states ofa) CulmygFeysSe and (b)  gypgitution is 3+ for Fg (magnetic moment of &g) and 1

CuzgFeyginSe; (FM and AFM states + for Feg, substitution(magnetic moment of 3g). For Fg,,

the charge is in agreement with what could be expected as
present around the Fermi level, whereas for AFM state, botlthe In charge is 3+ in pure Culngé~or Fe,, the charge is
spin characteristics are present due to the symmetry of the wgdso the same as the charge carried by the Cu &ten), and
and down parts of the DOS. Consequently, no spintronic efFe does not have the 2+ or 3+ charge usually carried by Fe
fect can be obtained with the AFM state. Furthermore, theatoms. The relative electronegativity can explain this behav-
spreading of the two-electron peak is slightly larger for theior. Fe electronegativity is between the Cu and In electrone-

=
o U o u
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o &% o o o
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h o o
—r
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FM than the AFM states. gativity [x(Cu=1.9, x(F&=1.8, x(In)=1.7, x(Se=2.4
(Ref. 51; consequently Fe behaves as the substituted cation.
IV. DISCUSSION Thus, the Fe substitution of In behaves as an acceptor defect

(the ionic charge of Fe is 3+ and this cation can accept one

The formation energies of Cu and In by Fe have also beeglectron and give one hole according tol'Fe Fe! +h*),
determined using relation&.1) and (2.2). These energies while the substitution of Cu leads to the formation of a donor
correspond to the formation enthalpy at zero chemical poterdefect(the ionic charge of Fe is J4and this cation can give
tials (ucy=pin=pre=0). For the Feg, substitution the forma-  one electron according to g Féel, +e).
tion energies go from 0.80 to 0.86 eV depending on the Fe In this calculation, two levels due to Fe can be expected to
concentration, and they are lower than that for thg Ease Dbe localized within the CulnSegap, one above the Fermi
(formation energy between 1.01 and 1.23)eMowever, in  |evel when substituting Fe by In and one below forsFe
the homogeneity region of Culngémainly from uc,= These levels will form bands at large concentrati¢starting
-0.5t0 0 eV, fromu,,=-1.5to -0.8 eV,*® the formation  below the lowest concentration investigated in this vyark
enthalpy of Fg becomes smaller thaAH(Fe;,), whatever  shown in Figs. 6, 7, and 9.
the Fe chemical potential. There is only a small part within ~ This statement assumes that the gap underestimation of 1
the CulnSeg existence regiofiuc,— mwn=<0.2 eV) for which eV for CulnSe is almost equivalent to a shift of the conduc-
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FeX tion rate brought by these defects without any expected ben-
I = T efit. The magnetically doped chalcopyrite system may thus
i CB|CB not be the best choice for photovoltaic applications as the

-
5
-
=

band structure is not suitable, but the adjunction of Fe may
y lead to a spintronic material. A good system to study the
Ef i vy| Ef potential of magnetically induced inhibition of recombina-

A tion could be GaND,_,,>2 where an intermediate band near

O vB|vB Yol optimal optical transition values can be found for some com-
\\ yvy positions and where ferromagnetic impurities can lead to the
desired splitting, provided such compounds can be made
with high enough Curie temperatures. Moreover, this com-
pound contains relatively light elements and the spin-orbit

Energy

Sl 2 interaction is expected to be small, potentially leading to
effectively slowed down recombination rates, when they in-
o SPIN ¢+ volve spin flipping.

FIG. 10. Schematic electronic transition of Fe-doped CujnSe
for Feg. If X=Cu the Fermi level is above the Fe states, an¥ if

=In Eg is below the Fe states. V. CONCLUSIONS

tion band by 1 e\ It assumes also that the states associated We have performed density functional calculations on the
with Fe are not affected by this well known gap underesti-CulnSg chalcopyrite and its Fe-doped derivative compounds
mation and may have the same energies compared to tfad different concentrations. The analysis of the defect forma-
states of the valence band. tion energies indicate that the Feubstitution is the most
The analysis of the electronic structure using the densitfavorable in the homogeneity region of CIS, whereas the
of states shows that both the charge and the spin are impdire;, substitution is slightly more favorable than theFsub-
tant to account for the semiconductor’s properties. Dependstitution for the cation-rich compountuc,=u;,=0). The
ing on the Fe substitutional sit¢or concentration smaller substitution of In by Fe creates structural deformatiare-
than 12.5%, only one spin charactdispin down statesis  crease of andc parameters and a modification of the tetra-
present for a total of two electrons per Fe atoms alipee  hedral angles is observgdvhile Fe., substitution does not
low) the Fermi level for the Rg(Fe;,) substitution cases. lead to an important relaxation of the structure.
Therefore a change in the number of electr@ng., via dop- For Fg,, the ground state is antiferromagnetic for all the
ing) will affect the magnetism. The electronic structure of concentrations investigated. However forcfF¢he AFM or
Fe-doped CulnSeobtained from the calculated DOS is pre- FM ground state depends on the concentration and the con-
sented in Fig. 9. figuration of the Fe atoms. In all the cases, the energy differ-
For the previously described low Fe concentration, theence between the FM and AFM states is small and leads to
density of states is very small at the Fermi level, and beiransition temperatures within the 30-400 K range. In addi-
comes large with a significant difference between the up antlon, it was found that the relative arrangement of magnetic
down density at high Fe concentrations. Thus, these two sulpairs has a strong influence on the coupling constants and the
stitution cases may lead to spintronic effédtgequiring a  temperatures.
single spin character around the Fermi lewaily at concen- The effect of this substitution on the electronic structure
trations larger than 10%. of the compounds is to fill the gap between -3 and -2 eV
In addition, the presence of one Cu vacancy associatednd to create states above the Fermi level. It is thus an ac-
with one Fg, substitution may move the Fermi level be- ceptor effect. Our results show that the substitution of In by
tween the two-electron peaksne electron per peakvhich ~ Fe stabilizes the antiferromagnetic phase when the percent-
were just below the Fermi level for g This leads to the age of substitution is larger than 20%. We believe that this
formation of a semimetallic ground state, which may haveeffect can be extended to lower percentages, even though the
also good spintronic properties. The calculation of the DOSJlimension of the cell size did not permit exploration of these
with one Feg, and oneV, in a 64-atom supercell confirms ranges.
that the Fermi level lies in the middle of the two-electron We also found that Fe-doped CIS is unlikely to have at-
spin-down peak. Because of the antibonding character of thisactive photovoltaic conversion efficiencies at high Fe con-
top of the valence band,made from Cud states, Cu vacan- centrations. However, it could have potential applications in
cies are in principle easy to form in the chalcopyrite systemsspintronic devices, especially if the iron can be substituted
and are usually the easiest defect to form. for copper, a state presumably easier to achieve in the pres-
The consequences of the Fe-related defect in CIS on thence of Cu vacancies, i.e., under growth conditions with low
optical transitions are shown in Fig. 10. This is not the situ-Cu chemical potential. A closer examination of the influence
ation presented in Fig. 1 because the gap states are both wigh magnetic elements on the DOS of semiconducting alloys
the same spin state. No transfer between defect semibandseds to be further investigated in order to see which
able to reduce recombination is therefore expected. Cons@ragnetic-element—-semiconductor association could lead to a
quently, one is left only with a likely increased recombina- significant improvement of the conversion efficiency.
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