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Structural and electronic properties of the in situ impurity As 4 in Hg sCdg sTe:
First-principles study
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The structural and electronic properties of tinesitu impurity As;q in Hgg sCdysTe (MCT) have been
studied by using the density-functional theory within the full-potential linear augmented plane wave method.
The supercell with 64 atoms has been considered in the calculations. The relaxation, local charge density, and
density of states are shown to discuss the effects of local environment induced by impurity on the electronic
structure. Then situ Asyg impurity in Hg, sCdy sTe exhibits a single donor level to be close to the conduction-
band minimum(CBM), and the donor level position is quantitatively determined to be 9 meV below the CBM,
in agreement with the experimental results of the photoluminescence.
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Mercury cadmium telluridéHg, _,Cd,Te) is currently one  impurity incorporation in MCT, which is essentially impor-
of the most widely used semiconductor materials for infraredant for infrared focal plane array technology. There are some
detector arrays. It is well known that the applications of thetheoretical studies of arsenic-doped MCT materials. How-
semiconductor materials especially for 1I-VI compounds ancever, the calculations reported with thb initio method, to
alloys mainly depend on whether they can be doped with ®@ur knowledge, are lacking. Therefore, we have carried out
donor or acceptor. For infrared detectors fabricated by full-potential linear augmented plane waifeP-LAPW) total
Hg,_,Cd,Te (MCT), the p on n heterojunction is currently energy calculations to investigate the effect of,Asnpuri-
the preferred device design. In recent years, due to its lowies on the electronic properties, the structural relaxation, and
diffusivity in Hg,_.Cd,Te 2 compared with the native accep- the bonding mechanism in l§gCdy sTe. The reason for the
tor and the group | elements, attentions have focused on th@ole fraction chosen in the present paper is that the calcula-
group V elements, especially arsenic, as pagpe dopant. tion results can be compared with the thoroughly studied
The experimental results have indicated that arsenic can prdl-VI semiconductors(CdTe and HgTeto some extent. On
vide a shallow acceptor level in molecular-beam epitaxythe other hand, the results can be easily extrapolated to the
(MBE) HgCdTe? But the arsenic doping is strongly self- other mole fraction compositions. It is well known that MCT
compensated, requiring annealing for ipstype electric is a pseudobinary alloys, which means the two type cations
activation? At the same time, the amphoteric behavior of occupy randomly the cation sites. The disorder may have
arsenic in HgCdTe has been found in materials grown bysome effect on the electronic properties of the doped MCT.
bulk method liquid phase epitaxyLPE),> and MBE/ with  In order to simplify the calculation procedure, we only chose
incorporation as g-type dopant under Hg-rich conditions, the perfect quasi-zinc-blende crystal structure as the basis of
and as am-type dopant or inactive dopant under Te-rich the supercel(SC), and the disorder effect is neglected in the
conditions. Although MBE is done at much lower tempera-present paper because it is very time-consuming work.
tures than LPE, and thus offers some distinct advantages, the Within the framework of the density-functional the&ty
group V impurities are still observed to incorporate asin combination with the Perdew-Burke-Ernzerh@®BE)
donors? self-compensating the-type doping. Reference 9 exchange-correlation potent?®l,our calculations are per-
has shown that there is a significant fraction of the arseniformed by using theviEn2k packagé,’ the implementation
residing on the cation sublattice even under cation-saturateef the FP-LAPW method. We have considered & 2X 2
conditions. According to the arsenic dopant incorporationSC of 64 atoms consisting of eight hl&Cd, sTe unit cells in
model® and the quasichemical predictioHs;? some of the quasi-zinc-blende crystal structure. One of 16 mercury atoms
doped arsenics in MCT grown by MBE are incorporated onin the SC is replaced by an arsenic atom as dopant. The 2
the cation sublattice as isolated defectsyfsinbound to X 2x1 SC of 32 atoms without As impurity has been chosen
vacancies, as donors. Although the arsenic incorporation cais a comparable reference. The satisfactory convergence has
be switched fromm- to p-type through post-growth anneal- been achieved by considering the FP-LAPW basis functions
ing, the electronic properties @fi situ Asyg not only deter-  uUp to RyrKn,=6.0 for the SC, wher&y is the muffin-tin
mine the material properties before annealing, but alsdMT) radius andK, is the maximum value of the plane-
mainly dominate the annealing activation process frerto ~ wave vector which determines the so-called energy cutoff for
p-type. Moreover, for doping levels above<3.0'8 cm 3, the  the plane-wave expansion. The states treated as valence are
As activation efficiency drastically drops because of thgAs Hg (5d'%s?), Cd (4d'%s?), Te (5s5p*), and As
self-compensatidd4 Although the models of the amphot- (3d*%s?4p®), respectively. The muffin-tin radii are 2.60
eric behavior have been suggested, there is not a compreheatomic units(a.u) for all four kinds of atoms. Eight and 32
sive consensus on the microscopic mechanism of group Yoints in the irreducible Brillouin zone have been chosen for
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TABLE I. The relaxation of NN(Te) and NNN(Cd,Hg around
the arsenic and the bond length change betweer(TéNand NNN
(Cd,Hg atoms. The positive and negative signs mean outward re-
laxation and inward relaxation, respectively. The unit of the bond
length and the distance change is A. The superscript is the numbe "
of the atomic shells around As.

\\
N\

Y

As-Tet As-CE As-Hg? Tel-Hg? Te-Cd

Prelaxation 2.831 4.624 4.624 2.831 2.831
After relaxation 2.826  4.638  4.649 2.856 2.863
Change -0.010 0.013 0.021 0.025 0.028
Change ratio -0.37% 0.28% 0.47% 0.89% 0.99%

doped and pure HgCd, sTe, respectively. The localized lev-
els are deduced from the calculations of the single electror
energy levels at th& point and are aligned using core elec- (a)
tron energy levels. The relaxation procedures are calculatea

following the damped Newton dynamic schem&s® The FIG. 1. The diagram of the relaxation process of the NN tellu-
relativistic effect of spin-orbit(SO) coupling is also in-  yjum atoms around the arsenic.

cluded.

It is well known that impurities induce the atomic struc- the bonding-charge density on thELO) plane. From the fig-
tural relaxation in the host and modify the electronic struc-ure, we can see that the charge-density distribution between
ture of the system. Before the relaxation calculations, thehe arsenic impurity and NN tellurium atoms shows the co-
equilibrium volumes have been obtained for doped and unvalent characteristic. The valence charge density along the
doped materials from the calculated total energy versus difAs-Te bond line has been picked up as shown in Fig. 3,
ferent volumes around the lattice constants given by Vegard'ghich indicates that it is a nearly perfect covalent bond. Be-
law. All the calculated values are fitted to the Murnaghansides, the smaller radius of arsenic than that of mercury
equation of staté! In comparison with the experimental re- causes the NN tellurium to relax inwardly; the stronger co-
sults, the optimized bond lengths oR(Te-Cd and valent bonding also results in NN Te inward relaxation.
R(Te-Hg are about 1% larger than that of experiments for In the LAPW formalisms, a unit cell is partitioned into
CdTe and HgTe. Due to the little mismatch of the latticetwo types of regions, namely the sphere around the atoms
constants of CdTe and HgTe in the alloys of MGSmaller  (MT sphere and the interstitial region. Due to this spatial
than 0.3%, the calculated bond length relaxations of MCT decomposition, the charge distribution is also partitioned into
are less than 0.1% in the present work. In Table I, the relaxtwo corresponding regions. It is instructive to compare the
ation results of arsenic-doped kid,sTe are listed. From total valence charge of the doped materials with that of the
the relaxation results, we can find that the NN tellurium at-undoped one for the corresponding site ions with the same
oms show 0.37% inward relaxation. In contrast, the NNNsize MT spheregwhich is the basis for the comparison in a
cations show outward relaxation, 0.28% for Cd and 0.47%different compountf). The charge-transfer results, listed in
for Hg relative to the impurity. Further, the relaxation of the
bond angles around the impurity indicates that the inhomog-
enous cation configuration around the NN tellurium makes it
relax along the arrow as shown in Fig. 1, which produces an
inverse change of the bond anglesind 8(a> B). The bond
angle relaxation causes the bond length of-Fg? smaller
than that of T&Cd.

In order to understand the bonding mechanism of arsenic
doping on HgsCd,sTe, the valence charge density and the
bonding-charge densf§’have been calculated. The bonding
charge density is defined as the difference between the total
charge density in the solid and the superpositions of neutral
atomic charge densities located at atomic sites, i.e.,

Ap(r) = peoiic(f) = 2 palf = 4. (1)

Therefore, the bonding-charge density represents the net
charge redistribution as atoms are brought together to form FIG. 2. The total charge density in tt{&10 plane, where the
the crystal. Figure 2 shows the valence charge density anebntour step size is 1072 e/(a.u.)>.
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FIG. 4. The total DOS of undoped MC®&) and Agyg MCT (b);
Fermi level is set to zero. The following Fermi level in the DOS
figures is in the same way.

FIG. 3. The total charge density along the bond line of
As-Te.

Table 11, indicate that the impurity influences not only the
charge redistribution of the nearest neighbors, but also that and edge. By comparing Fig(a with Fig. 4(b), we can

the NNN cations. .
The total and partial DOS are calculated by using thefInd that the band edge of As-doped MCT shows more ap-

modified tetrahedron integration meti6dnd are broadened pare nt shoulders than that of 'the perfect MCT. The difference
by using a Gaussian-like function with full width at half mainly comes from the coupling of Asand NN Tep at the

maximum(FWHM) being equal to 0.1 eV. The DOS of un- VBM, and the coupling of A and the NNN catiors at the

doped and doped HgCd, cTe are shown in Figs.(d) and CBM. So, we can predict that the single donor of

4(b), respectively. In comparison with the undoped materials'A‘SHg'dOpeci Hg sCdysTe mainly comes from the coupling of

the valence bandwidth of the As-doped materials is broad.t—he Asp and the NNN catiors states. The coupling strength

. is determined by the distance between the impurity and the
ened about 176 meV due to the two extra As donding native atoms in the host. Figure 5 shows that the effect of the

states coupling into the valence band. Substitution of mer- ; : X

cury by arsenic makes the As-doped MCT metallic becaus ouplm% str_engtt)h bdetv\(/jeen_ thec:mpL:jnty arr:d dh.OSt atort?s on
an electron of the Ag-state fills up to the conduction band. Iaf g?r]rr:j;trlggllltznof ?heggallsc[uleat:geba?fjt gp g%ag\c;eangcome
The Fermi level does not lie within the band gap, but it04957.ev for undoped and doped cases grespec)imiyw
extends to the conduction band, as shown in Fib).4ol- that the doping causes the band gap to be 19 meV smaller

lowing the principle discussed in Ref. 25, for simple extrin-
sic impurities, one in principle can predict whether a dopan{han that of the undoped one. If we neglect the effect of the

is a donor or an acceptor by simply counting the number of
the valence electrons of the dopant and the host element:
Here, the integral of the density of states from CBM to the ]
Fermi level accommodates one electron occupying tthe 0.4
state. The energy state behaves as a single donor. The resu
agree with the theoreticdl*?and experiment&f-1°findings,
where the impurity Asg in Hgy sCd, sTe behaves as a single %‘
=3
8

om Ref. 26, our results show some fine structures on the

05

03

donor. Because the Gaussian broadened factor is differer_E
TABLE II. Charge transfer of NN Te and NNN cations for the & °-2'§
doped case and average charge transfer in the atomic sphere for e
undoped case. Subscriptsrystal’ and “atomi¢’ mean the crystal ]
charge and the superposition of atomic charge, respecti&)y. 0.1

=Qerysta~ Qatomic

H90-5Cd0-5Te'AS'|9 HgosCdo.sTe o0 30 80 A5 00 15 30
chystal Qatomic AQ chystal Qatomic AQ Energy(eV)

As  31.699  31.469 0.23 FIG. 5. The partial DOS of catios-states with the different
Te 49.958 49.730 0.228 49.947 49.730 0.217 distance from the impuritya) and(b) are the Hgs and Cds states,
Cd 46.628 46.541 0.087 46.576 46.541 0.035 respectively. The solid and dashed lines are the NNN (Bd)

Hg 78.466 78.398 0.068 78.424 78.398 0.026 around the impurity and the H@d) furthest from the impurity in
the supercell.
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valence-band broadening on the band gap, the change can tially, according to the most technologically important com-
ascribed to the donor state. The donor level can be qualitgsositionx around 0.2, the donor level is about 5 meV.
tively located in the region of less than 19 meV below the  |n summary, Ag, doping on Hg sCd, sTe produces some
CBM. The quantitatively calculated results from the single-ngye| relaxations. The charge density and the DOS results
Ealrtlckihe%eBnl\\;lalues rtra]wlalal tgat theTgonor Ilevel IS 9 MeVfgyeq| that the covalent bond between the impurity and the

elowthe » as a shallow donor. The results are In agreeg yo|iyrium becomes stronger and the impurity induces a
ment with the experiment findiRgfor the As,g-doped MCT . o .

single donor level, quantitatively being 9 meV below the

with stoichiometricx=0.39. It is well known that the calcu- . - :
lation in terms of the LDA approximation cannot give the CBM, @s @ shallow donor. The coupling of the As impurity

accurate band gap, as does the absolute position of the donith the NN and NNN atoms at the band edge determines the
level for the present case. But the absolute energy positior@ptical transition of the doped materials.

calculated by theab initio method are less significant than hi Ki di by th
the relative one In the meantime, the donor level has the _ | S WOrK is supported in part by the One-hundred-person

slike characteristics as mentioned above, so the relative pd-reiect of the Chinese Academy of Scien¢ie. 200012,
sition between the donor level and CBM, which is also de-the Chinese National Key Basic Research Special Fund, the
rived from thes states of group ¥ is accurate to some Key Fund of the Chinese National Science Foundatdo.
extent. Based on the relation between the ionization of thd0234040, the Chinese National Science Foundati®.
donor level and the mole fraction of MCT predicated by 60221502 and No. 60476040the Key Foundation of
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