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ABSTRACT

We investigate the native point defects in the long-wavelength infrared (LWIR) detector material Hgy 75Cdg 25 Te using a dielectric-depen-

dent hybrid density functional combined with spin-orbit coupling. Characterizing these point defects is essential as they are responsible for i
intrinsic doping and nonradiative recombination centers in the detector material. The dielectric-dependent hybrid functional allows for an &
accurate description of the bandgap (Eg) for Hg,  Cd,Te (MCT) over the entire compositional range, a level of accuracy challenging with s
standard hybrid functionals. Our comprehensive examination of the native point defects confirms that cation vacancies Vigcq) are the §
primary sources of p-type conductivity in the LWIR material given their low defect formation energies and the presence of a shallow accep- =
tor level (—/0) near the valence-band maximum. In addition to the shallow acceptor level, the cation vacancies exhibit a deep charge transi- &
tion level (2—/—) situated near the midgap, characteristic of nonradiative recombination centers. Our results indicate that Hg interstitial
could also be a deep center in the LWIR MCT through a metastable configuration under the Hg-rich growth conditions. While an isolated
Te antisite does not show deep levels, the formation of Vyg-Tep, defect complex introduces a deep acceptor level within the bandgap.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0187006
I. INTRODUCTION and long minority carrier lifetime (up to 1 us at 77 K),”™ compared
Mercury cadmium telluride (MCT) refers to the class of to competing materials. MCT is esp §c1a]ly plie\.falent in long-
. . . wavelength IR (LWIR, > 6 um) where its detectivity outcompetes
pseudo-binary II-VI semiconductor Hg,  Cd,Te, of which the L
o W all other technologies.’
bandgap is direct and tunable across the entire infrared (IR) range . A . -
. L. . . 12 L. The main recombination mechanisms dominating the dark
via composition engineering.*~ MCTs were initially prepared by o .
. . . current, and thereby limiting the ultimate performance of MCT
the bulk crystal growth method in the 1960s, but it was proved dif- ; . 2.
fiedlt d he hich h | melti photodiodes, include the radiative, Auger, and Shockley—Read-Hall
1 t aue to' the hig HS vapor pressure at the crystal melting (SRH) nonradiative recombinations. In particular, the SRH recom-
point. L1qu1(.1 phase epitaxy and, more receptly, vapor phas'e bination, occurring through deep defect levels within the bandgap,
epitaxy techniques such as metal-organic chemical vapor deposi- is responsible for minority carrier lifetimes in lightly doped
tion and molecular]beam epitaxy are currently th? main growth  MCT.” At high doping concentrations, these deep centers can
methods for MCTs . Evsn six decades after the initial proof of facilitate trap-assisted tunneling of carriers across the junction,
concept in IR detection,” MCT is still the leading choice in the  which also contributes to the generation of dark current.” MCT IR
high-performance detector market because of its exceptional physi- detectors typically require cryogenic cooling systems in order to
cal properties, among which are high absorption coefficient minimize the diffusion current due to thermally generated carriers.
(1000 cm™1),* high electron mobility (10° cm? V~'s™! at 77K),’ High operating temperature (HOT) MCT detectors have recently
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emerged,'” whose performances are limited by SRH recombination
processes.

While there are indications from experiments that native
defects are responsible for SRH recombinations in MCT,>'"'? the
definitive nature of the SRH centers remains elusive. The reported
positions of SRH centers in MCT span the whole bandgap but
their nature is obscure.”” Numerous experiments suggest the Hg
vacancy as the origin of SRH recombinations as Hg-poor grown
MCT, largely p-type, exhibits considerably shorter minority carrier
lifetimes.*™"? On the other hand, it is well established that the Hg
vacancy is a shallow double acceptor.””" It is unclear how the dual
roles of the Hg vacancy reconcile. Other proposed candidates for
SRH centers include the Hg interstitial, which according to reso-
nance ionization spectroscopy measurements gives rise to trap
levels near midgap in long-wavelength IR (LWIR) n-type
MCTs.”>** In addition, the Te antisite has been contemplated as a
possible origin of the deep levels in undoped p-type MCTs.'**

The ambiguity in resolving the nature of the deep centers in
MCT arises from their much lower concentrations compared to the
equilibrium carrier concentration of the bulk material. Many
optical spectroscopic techniques are thus ineffective for this
purpose as optical transitions from deep levels can be obscured, in
particular, given the narrow bandgap of MCTs."”

The uncertainties associated with the experimental characteriza-
tions emphasize the need for an atomistic understanding of the SRH
centers, and more broadly, the overall defect landscape in MCT from
the theoretical viewpoint. During the early 1990s, a series of pioneer-
ing work investigated native point defects in MCT using self-
consistent first-principles supercell calculations,”™" whereby Hg
vacancy was commonly found to be the origin of the p-type conduc-
tivity of undoped MCT, and Hg interstitial”> and Te antisite™ were
among the defects that were considered important as potential
sources of SRH centers. A more recent account indicated that Hg
vacancy can introduce a deep trap center in addition to the shallow
acceptor level.’' These results, while illuminating, need to be taken
with caution because the bandgap of MCT was not correctly
accounted for by density functional theory (DFT) within the (semi)-
local approximation of the exchange-correlation functional
Additionally, structural relaxations were either neglected” or limited
to the nearest-neighbor atoms for only the neutral charge state,”
thereby failing to account for the strong geometrical distortions
among different charge states that are common to defects in II-VI
semiconductors.””® The lack of a proper treatment of electrostatic
finite-size effect for charged defects in a supercell further complicates
the interpretation of defect levels and defect characteristics.

In this work, we revisit the native point defects in MCT,
specifically the LWIR Hgj75Cdy,sTe, by means of a dielectric-
dependent hybrid functional’” within the framework of the gener-
alized Kohn-Sham DFT. As we will show, this dielectric-dependent
hybrid functional enables a faithful description of the bandgap for
Hg;_,Cd,Te over the whole compositional range. The
Hgy75Cdy25Te is modeled by a special quasirandom structure
(SQS),*® upon which various point defects are incorporated for the
determination of the formation energies and charge transition
levels. Spurious electrostatic interactions for charged defects are
accounted for by the correction scheme of Freysoldt et al.””*" Our
calculations indicate that Hg vacancy, being the dominating native
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point defects, is both a shallow and deep acceptor. Hg interstitial
can also contribute to the deep levels observed in LWIR MCT
through a metastable configuration. Our results further suggest that
the cation vacancy-Te antisite complex is a deep center, whereas
the Te antisite alone is not.

The paper is organized as follows. In Sec. II, we outline the
method and computational details. Section III presents the elec-
tronic structure for the pristine MCT. Section IV reports the defect
formation energies and charge transition levels for the native point
defects and some defect complexes. The implications of our results
are discussed in the context with existing experiments in Sec. V,
followed by a brief summary and concluding remarks in Sec. V1.

Il. METHOD
A. Dielectric-dependent hybrid functional

Standard global or range-separated hybrid functionals are based
on one or a set of fixed parameters for admixing a fraction of Fock
exchange with semilocal DFT exchange. For example, the widely
adopted Heyd-Scuseria—Ernzerhof (HSE) hybrid functional admixes
25% of Fock exchange (o = 0.25) in the short range and retains the
full DFT exchange in the long range. The range separation of the
Coulomb potential is achieved through an error function with an
inverse screening length (1) of 0.106 bohr~'.">"* However, as the
mixing parameters are material specific, a fixed set of values are
inadequate for describing materials of varying characteristics (e.g.,
bandgap).** The insufficiency of the standard hybrid functional has
driven the development of a category of hybrid functionals that
derive the mixing parameters nonempirically by introducing a dielec-
tric dependence (DD).””*”™** The DD hybrid functionals have
shown remarkable accuracy in predicting the bandgaps of a broad
range of materials without the need of any empirical tuning. Among

the various DD schemes available,”* we herein employ the DD-CAM
hybrid functional,” a range-separated and dielectric-dependent ;

hybrid functional adopting the Coulomb attenuating method
(CAM).” Specifically, DD-CAM adopts the full Fock exchange in
the short range (o, = 1) and admixes a fraction of Fock exchange
equivalent to the inverse macroscopic dielectric constant in the long
range (ai, = €'). The screening length can be obtained either by
fitting the dielectric function in the long-wavelength limit or through
the Thomas—Fermi (TF) wavevector as proposed by Cui et al.,*’

1
a1/ 1 i
#:5[; (GW_IH)#%F} , 1)

where ¥ = 1.563 is set empiricially, and the TF wavevector is defined
by up = (3n/ m)Y® where n is the valence electron density.
Generally speaking, the u parameter is less critical for the determina-
tion of the bandgap and it has been shown to be well converged near
the average value of 0.71 bohr™'.”” As Eq. (1) requires no further cal-
culations apart from n and €, it will be used to determine u in our
DD-CAM calculations.

B. Computational details
1. Pristine MCT

The LWIR MCT is modeled by a 64-atom supercell which
contains 8 Cd and 24 Hg atoms, giving rise to the stoichiometry
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Hgo75Cdg 25 Te. Since MCTs are known to form in solid solu-
tions,”” we assume a fully disordered cation sublattice and generate
the supercell using the SQS method™ as implemented in mcsqs of
the atat code.”’ We take into account the correlations of pair clus-
ters up to the sixth nearest neighbor (NN) and triplet clusters up to
the second NN in the zinc-blende structure. The resultant cubic
SQS supercell reproduces the ideal correlations for all clusters
except for the pair cluster at the fourth NN.

All hybrid-functional calculations are performed with the vasp
code using projector-augmented wave (PAW) potentials.””>
The 4s and 5s semicore states are included for Cd and Hg, respec-
tively. The cutoff energy for the plane-wave basis set is 500 eV. A
3 x 3 x 3 T-centered k-point mesh’ is used for the 64-atom
supercell. For the primitive cell of CdTe and HgTe, a 8 X 8 X 8
T"-centered mesh is used. The effect of spin-orbit coupling (SOC)
is taken into account for single-point total energy and electronic
structure, as will be applied throughout the study.

A key parameter for DD-CAM calculations is the macroscopic
dielectric constant €. However due to the size of the SQS super-
cell, an explicit evaluation of the dielectric constant would be com-
putationally too costly. Here, we take advantage of the quadratic
dependence of x for the €, of Hg;_,Cd, Te’

€0o(x) = 15.2 — 15.6x + 8.2x°. )

The use of the experimental dielectric constant for Hg;_,Cd, Te is
justified by the fact that the dielectric constants of CdTe and HgTe,
when determined self-consistently with DD-CAM, are in good
agreement with experiments (cf. Sec. III). This also is in line with
the general observation that the dielectric constants predicted on
top of DD-CAM are highly reliable,”” and as such using the experi-
mental dielectric constant becomes a viable choice.

The lattice constant of Hg;_Cd,Te has been shown to deviate
from Vegard’s law.”” Instead it varies nonlinearly with respect to x

as (in A),”°
ao(x) = 6.4614 + (8.4x + 11.68x> — 5.7x%) x 1073, 3)

which leads to ag = 6.464 A for Hg) 75Cdp 25 Te, 6.46 A for HgTe,
and 6.48 A for CdTe. These experimental lattice constants are used
in our calculations.

2. Defect computations

All defect computations are performed with a 216-atom SQS
supercell generated by the SQS method using the same clusters as
for the 64-atom one. A fcc-like k-point mesh is used with the
216-atom supercell, resulting in four k points in the Brillouin zone.
Compared to a regular 2 x 2 x 2 mesh, the special mesh enables a
fully converged total energy within 0.05meV/atom at a signifi-
cantly reduced computational cost. The bandgap is also found to
be identical to that of the 64-atom SQS.

The defect formation energy at charge state q is calculated as
the total-energy difference given by

AER, (@)

where EP (q) is the total energy of the supercell containing the

defect, E2Uk the total energy of the pristine bulk supercell, z; the

=E2(q) — BX% — Sin; + qBr + Eeorn (4)
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chemical potential of the defect species (not to be confused with
the screening length), n; the number of atoms added to (or
removed from) the supercell, Er the Fermi energy referenced to the
VBM (Eygm), and E.,; the electrostatic finite-size corrections of
Freysoldt et al.”>*" using the low-frequency (ion-relaxed) dielectric
constant (€9 = 17°). The thermodynamic charge transition level
between the two charge states g and ¢’ is expressed as

ED / _ED
E(q/q/) _ form(qq)_ q,form(q) 7

The atomic positions are allowed to fully relax until the resid-
ual forces are less than 0.01 eV/A. The lattice constant is kept fixed
during structural optimizations. For all native defects, we consider
the charge states up to g = +2.

We note that a recent study shows that charge transition levels
in CdTe converge slowly as 1/L, where L is the size of the super-
cell.”” The slow convergence primarily concerns shallow defects of
extended wavefunctions. Since the defect-defect interaction scales
inversely with the dielectric constant, we expect such a finite-size
effect to diminish for defects in Hgp75CdysTe. This is corrobo-
rated by our calculation of a mercury vacancy in a larger 512-atom
SQS supercell, showing that the formation energy changes only by
6 and 8 meV for ¢ = 0 and —1, respectively, as compared to the
results obtained with the 216-atom supercell.

Evawm. (5)

lll. ELECTRONIC STRUCTURE OF PRISTINE MCT

We begin with the electronic structure of the pristine
Hgj 75Cdp 25 Te. To provide an overall assessment of the accuracy of
the DD-CAM method for MCT over the entire compositional
range, we additionally include HgTe (x = 0) and CdTe (x = 1) as

well as two other compositions at x = 0.5 and x = 0.75. For :
x = 0.5, a separate SQS supercell is generated using the same clus- |

ters as described in Sec. II B. Table I lists the experimental macro-
scopic dielectric constants upon which the mixing parameters
(apr and u) are determined. The ensuing DD-CAM bandgaps are
given in Table I and graphically in Fig. 1(a) in comparison to the
experimental values according to the empirical expression of
Hansen et al.,”

EPP(x) = —0.302 + 1.93x — 0.81x% + 0.832x°. (6)

Equation (6) is a best fit of the data obtained from various optical
absorption and magneto-optic experiments.”” While the original
expression takes an additional term accounting for temperature
dependence down to 4.2 K, its effect is negligible at low temperatures
(less than 3meV at 5K). The temperature dependence is hence
neglected in Eq. (6) to approximate the bandgaps at 0K. The
DD-CAM bandgaps are in remarkably good agreement with experi-
ments for all the compositions considered hereby. We also calculate
the dielectric constant of CdTe and HgTe using the DD-CAM
Hamiltonian in order to assess to what extent the experimental dielec-
tric constant can be reproduced. The dielectric response is evaluated
by the finite electric field approach™’ on a 12 x 12 x 12 k-point
mesh. As expected, the calculated dielectric constants shown in
Table I agree favorably with experiments. This justifies the practice of
using experimental dielectric constant in DD-CAM calculations.
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TABLE I. Mixing parameters and calculated bandgaps (Eg) of Hgs_,Cd,Te using DD-CAM. The fraction of Fock exchange in the long range o, corresponds to the inverse of
€2 The e values are obtained according to Eq. (2) except for CdTe.*' For HgTe and CdTe, the macroscopic dielectric constants calculated with DD-CAM are given as
€%, The negative E, of HgTe refers to the T's-T'g gap due to band inversion [cf. Fig. 1(b)].

HgTe Hgy 75Cdg25Te Hgy5CdgsTe Hgj25Cdg 75Te CdTe
oy 15.2 11.8 9.5 8.1 7.1
u (bohr™) 0.64 0.64 0.65 0.66 0.66
E;ak (eV) —0.30 0.19 0.64 1.14 1.65
ecc;:lc 14.5 7.1

Compared to DD-CAM, hybrid functionals with fixed mixing
parameters are inadequate in describing the bandgap of MCT
over the entire compositional range. This is clearly illustrated in
Fig. 1(a) where the HSE hybrid functional with a fixed o parameter
fails to track the evolution of the bandgap with varying x. Indeed,
the optimal o value differs significantly for CdTe and HgTe, high-
lighting the need for empirical tuning specific to each stoichiome-
try for conventional hybrid functionals.

Figure 1(b) shows the band structure of Hgy75Cdg,5Te
together with those of HgTe and CdTe along L-I'-X. Because of
the loss of the translational symmetry, the band structure of the
Hgo.75Cdy 25 Te supercell is unfolded into the Brillouin zone of the
zinc-blende primitive cell using spectral decomposition.”’ The
effective band structure retains a highly dispersive and s-like
conduction-band minimum (CBM), characteristic of the I's sym-
metry for the CBM of CdTe. The fourfold degenerate valence-band
maximum (VBM) is reminiscent of the VBM of CdTe which is of
the I's symmetry and of Te-5p characters. The spin-orbit splitting
between the VBM and the lower-lying light-hole state is 0.8 eV at
I', which is also close to the I's-I'; splitting (0.9 eV) as for CdTe.

Our results indicate that Hgy 75Cdg,5Te preserves the overall
band-structure characteristics of CdTe albeit bearing a narrow

bandgap and a noticeably steeper curvature of the conduction band
near I'. The latter is indicative of a small electron effective mass
and is in accord with the exceptionally high electron mobility of
LWIR MCT. We estimate an electron mobility of 8000 cm? V=1 71
at room temperature for Hgy 75Cdy 25 Te from the empirical formula
given by Rosbeck et al.°* and Higgins et al.”® By contrast, the elec-
tron mobility of CdTe is 1000cm? V-!s™! at room tempera-
ture.””** We note that the smaller electron effective mass and
higher electron mobility associated with heavier cations are typical
for II-VI semiconductors.”*

IV. NATIVE DEFECTS IN MCT

The native defects considered in our work cover exhaustively
all the vacancies (Vg Vca» Vre), interstitials (Hg™, Cd™, Te™),
and antisites (Hgre, Cdre, Tepg, Teca). Cation antisites (Hgcq and
Cdyyg) are not included since they would be electrically inactive.

To arrive at a meaningful defect formation energy, the chemi-
cal potentials in Eq. (4) need to be determined to reflect specific

experimental growth conditions. To this end, it is convenient to ¢

a b HgTe Hgo.75Cdo.2sTe CdTe
3 o ol M‘
N | #*bogc | [ ¢
10 Hgy _xCdyTe Sl o’ .""-""
2 B I~ -
12 | I I .
y 6
'I
S S‘ 4 "_"'M" € - -
L O
o 08F o
g 2 - s
P
o L - . L
S 04} N i i'_,.*"", ‘..,..ﬁ"‘"«‘ A
[a1] R ' 4 X ‘\‘
—-O- DD-CAM Lt .r"’ oo, o0, o L
0.0 HSE(0.34) M“" ‘c ’ I'l‘
—O— HSE(0.25) A ., 2\ N
---- Expt. (0K 2F % ([ . R N
-0.4 i |p ( : ) q ’:i"ll A VA 4 ,". I"‘!
0.00 0.25 0.50 0.75 1.00 L XL r XL r X
X Wave vector

FIG. 1. (a) Fundamental bandgap of Hg,_,Cd,Te obtained with HSE and DD-CAM as a function of x. The experimental bandgap is given by Eq. (6). The bandgap refers
to the T’ — T's separation, which becomes negative for HgTe. (b) (Effective) band structures of HgTe, Hgo 75Cdp 25 Te, and CdTe obtained with DD-CAM. The symmetries

of band-edge states are given in the double-group notation for HgTe and CdTe.
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introduce Ay; such that

Auy = p; — ﬂfef> (7)
where 1/ is the chemical potential reference of the defect species i.
Here, we take the elementary condensed phases, namely, hexagonal
Hg and Cd and trigonal Te, for the references. The chemical poten-
tials are subject to the bounds set by the formation of secondary
phases

Mg cd 1) < 05 ®)
Auyg + Aur. < AHy(HgTe), )

Aucq + Aure < AHp(CdTe), (10)

where AH; denotes the formation of enthalpy and is calculated for
HgTe and CdTe using the aforementioned chemical potential refer-
ences. Finally, the stability of Hgy 75Cdy 25 Te requires that

3 1
ZAqu + ZAﬂcd + Ay = AHf(Hgo.75Cdo 25 Te). (11)

For consistency, the enthalpy of formations are calculated
with the mixing parameters for Hgg75Cdo25Te (cf. Table I),
leading to  Hy(HgTe)=-0.27, Hy(CdTe)=-0.58, and
Hy(Hgo25Cdg25Te) = —0.35, all in eV/atom. At 0 K, the chemi-
cal potential region where the stoichiometric Hgj75Cdg,s5Te is
thermodynamically stable is narrowly confined by the formation
of HgCd and CdTe, as shown by the blue region in the phase
diagram in Fig. 2. At finite temperature the stability of
Hg 75Cdg 25 Te would be enhanced by the configurational entropy
due to disorder. In the present study, we focus on 0 K and thus
ignore the vibrational and configurational effects. Two sets of lim-
iting chemical potentials are selected to represent the Te-rich and
Te-poor growth conditions (cf. Fig. 2) and are used to determine
the defect formation energies. Experimentally the growth condi-
tions can be adjusted through the solute content in liquid phase
epitaxy or the partial pressure in vapor phase expitaxy. Liquid
phase epitaxy growths of MCTs have largely been carried out with
Te-rich solutions in favor of a low compensating Hg pressure and
a good control of composition and uniformity®.

Figure 3 compiles the formation energy as a function of the
Fermi energy for all native defects under the Te-rich and Te-poor
conditions. We begin with the vacancies and then proceed to the
interstitials and antisites.

A. Cation vacancies

In MCT, the mercury vacancy (V) is introduced by removing
one Hg atom that is originally bonded to four Te atoms in a tetrahe-
dral coordination deviating slightly from the perfect T; symmetry
due to cation disorder. Upon relaxation of the neutral VI‘_)Ig, the four
neighboring Te atoms move toward the vacancy by 0.4 A with
respect to their ideal lattice positions, thus maintaining the T; sym-
metry.”’ In the tight-binding picture where the nominal valence elec-
trons are taken into account, Vgg can be described by six electrons
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FIG. 2. Chemical potentials Auy, and Augq bound to the formation of
Hgo.75Cdp 25 Te (blue shaded area). Two growth conditions, namely, the Te-rich (a)
and the Te-poor (w) conditions, are indicated. The chemical potential values
(Attg, Aticq, Aure) related to the two growth conditions are given (in eV).

contributed equally by the four Te atoms, which in the T, configura-
tion occupy a s-like a; level and partially a threefold degenerate

p-like t; level (cf. Fig. 4). The t, level can be filled by up to two more ¢

electrons giving rise to Vi3, and V7. We find that, upon electron
addition, the Te atoms show negligibie displacements away from the
vacancy. The T; symmetry is thus preserved for both the neutral and
the negative charge states. Unlike in CdTe,” we do not find any
symmetry-lowering distortion that can lead to a more stable vacancy
configuration.

Since the Te tetrahedral structure remains unchanged regard-
less of the lattice site at which the vacancy is created, the formation
energy of Vi is not strongly site dependent. Here, we consider
Vig in a Hg-rich environment (cf. Fig. 4) whereby the vacancy is
stabilized by 0.15eV more than in a Cd-rich environment. As
shown in Fig. 3, Vigg in Hg75CdgsTe features a shallow £(—/0)
acceptor level in proximity to the VBM as well as a deep e(2—/—)
acceptor level positioned 0.15 eV above the VBM. The shallow
acceptor level arises from the near-degeneracy of the t, levels in the
neutral and —1 charge states due to the tetrahedral coordination,
leading to a marginal separation between the unoccupied and the
occupied 1, levels, the latter being in resonance with the VBM. The
deep level exhibits a more localized character associated with Te-p
orbitals (cf. Fig. 4).

The cadmium vacancy (Vcq) is indistinguishable from Vi,
due to the isostructural and isoelectronic nature of the two cation
defects. Accordingly, the two cation vacancies function as a shallow
acceptor while still maintaining a midgap acceptor level.
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FIG. 3. Formation energies of native point defects in Hgp 75Cdy 25 Te under (a) Te-rich and (b) Te-poor growth conditions. The Fermi energy is referenced to the VBM of
Hgo.75Cdo 25 Te.

B. Tellurium vacancy

Removal of one Te atom from the pristine MCT effectively
leaves behind two electrons that can subsequently be depopulated

to create positively charged Te vacancies. Similar to the cation §

vacancies, Vr. in MCT demonstrates the tetrahedral symmetry %

with no indication of polaronic distortion. The two electrons, §

which are supposedly of the s-like a; character, hybridize with the =

conduction band and are delocalized over the whole supercell. As a %

) . ) . result, the charge transition levels are well above the CBM, and V. ©

c / is doubly ionized regardless of the Fermi level.
t w ‘ s :O: d 0 00 00 We note that, in contrast to the cation vacancies, Vr. adopts a
b VBM range of nearest neighbors due to the randomly distributed Hg and
Cd atoms. With the current SQS, the majority of the 32
Vre-centered tetrahedra are characterized by the Hg-rich muotifs,
2 —oe ° PR PR with HgzCd and Hg, accounting for 43% and 31% of them, respec-
tively. The remaining motifs are comprised of Hg,Cd, (20%) and
HgCd; (6%). Vr. is more likely to form within the Hg-rich regions,
v V- V2 and this can be attributed to the substantially lower enthalpy of for-
° Ho Ho mation of HgTe in comparison to CdTe. In Fig. 3 Vr. specifically
refers to the vacancy formed within the Hg, structure, of which the
FIG. 4. Charge density of Vi, associated with the single-particle defect levels formation energy can be 0.6 eV lower than those formed within
in the neutral, _.1‘ and —2 ch_arge stat_es dep_icted_ at the " point. Speciﬂcally, Cd-rich motifs. Nevertheless, no charge transition level of V. is
the charge density labeled (a) is assoqated with glther the Iun.occupled t level found within the band . . f the fi . diti
of the neutral charge state or the occupied t, level in the majority channel of the ound within the bandgap irrespective of the formation conditions.
—1 charge state, while the charge density labeled (b) is associated with either
the unoccupied t, level in the minority channel of the —1 charge state or the C. Cation interstitials
fully occupied t, level in the —2 charge state. The dark gray and light gray balls
refer to Te and Hg atoms, respectively. The charge density is shown by the Tetrahedral interstitials, typically the most stable configuration
orange contour with an isovalue of 0.001 e/A3. A schematic representation of for cation interstitials in II-VI zinc-blende semiconductors,””* are
the single-particle Kohn-Sham (KS) defect levels is given in (c), which assumes also preferred in MCT according to our calculations. Specifically,
the ideal Ty symmetry and depicts the alignment of the p-like £, levels and the the cation interstitials can form tetrahedral bonds with either four
s-like a levels with res_pect_ tp the VBM. The effect of spin-orbit coupling is not Te atoms (Te,) or four cationic atoms. Fizure 5(a) shows the for-
taken into account for simplicity. . 4 X - F1g o
mation energy of Hg, in both tetrahedral coordinations. For the
J. Appl. Phys. 135, 114502 (2024); doi: 10.1063/5.0187006 135, 114502-6
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FIG. 5. (a) Formation energies of the Hg interstitial in Hgo 75Cdp 25 Te assuming
two tetrahedral coordinations. The Te-rich growth condition is considered. (b)
Charge density at the T" point associated with the lowest unoccupied state of
Hgﬁf. The contour isovalue is 0.002 e/A. The dark gray, light gray, and red
balls refer to Te, Hg, and Cd atoms, respectively. A schematic representation of
this single-particle defect levels is given in (c).

cationic coordination, we consider four Hg atoms (Hg,). While the
neutral Hg interstitial (Hgi,) is slightly more stable within the Hg,
shell, the positively charged interstitials are more stabilized under
the Te, coordination by up to 0.25 eV, primarily through the pro-
nounced Coulomb attractions. This leads to distinct charge transi-
tion levels under the two coordinations as is manifested in
Fig. 5(a). Notably, Hgy,:—Hgs has the donor level (+/2+4) that is
located 60 meV above the VBM, whereas this donor level becomes
extremely shallow for Hgi,—Tes. The (0/4) level is nonetheless
always above the CBM.

The (4+/24) donor level is associated with the s-like single-
particle level localized at the interstitial as illustrated in Fig. 5(b).
The s-like state originates from the a; representation of the T; sym-
metry which is consistently preserved for the cation interstitials in
all relevant charge states. This level is clearly discernible within the
bandgap for Hgin—Hgy [cf. Fig. 5(c)], but it becomes resonant with
the conduction band for Hg;,—Tes, in accord with the disparities
observed in the charge transition levels.

Meanwhile, the donor levels of the Cd interstitial (Cdiy) are
consistently higher compared to Hgi,.. Consequently, Cdi,; does
not possess any defect levels within the bandgap under either tetra-
hedral coordination and remains doubly ionized.

D. Tellurium interstitial

In contrast to the cation interstitials, tellurium interstitial
(Teint) is found to be unstable in the high-symmetry tetrahedral
coordination. Instead, it forms a split Te-Te dumbbell that is ori-
ented approximately along the (100) direction in the neutral and
+1 charge state. The Te-Te bond length is about 2.7 A and is only
marginally contracted in the +1 charge state. When in the +2
charge state, Tey,: becomes a hexagonal interstitial, with an average
Te-Te (Te-Hg) bond length of 2.85 (3.15) A. Figure 3 reveals no

ARTICLE pubs.aip.org/aip/jap

deep level associated with Tejy as the two donor levels are situated
below the VBM.

In CdTe, a metastable Te;,; configuration is found where the
interstitial sits in the center of a Te-Te bond along the (100) direc-
tion.”” The metastable configuration is in effect a saddle point con-
necting two dumbbell configurations. We find that such a
configuration would always relax to the dumbbell configuration
and hence is not likely to play a role in Hgy 75Cdy 25 Te.

E. Cation antisites

Cation antisites on the Te lattice sites (Hgr. and Cdr.) can be
described as a system of four electrons (two connected to the Te
vacancy and the other two to the Cd atom) in the a?#? electron
configuration according to the T; symmetry. A Jahn-Teller distor-
tion is hence expected (except for the +2 charge state) due to the
threefold degenerate t, level being partially filled. In effect the
neutral cation antisites display a C,, symmetry, whereas the sym-
metry is further lowered in the +1 charge state.

We calculate the formation energy of the cation antisites in
various charge states and find no charge transition levels within the
bandgap as the they are all above the CBM (cf. Fig. 3). We recall
that the donor levels of the cation antisite are determined by the
p-like state stemming from the antisite and the surrounding
cations, for which the single-particle level remains in resonant with
the conduction band irrespective of the charge state. The cation
antisites are thereby doubly ionized in Hgj75Cdy 25 Te.

F. Tellurium antisite

Tellurium antisites (Teyg and Tecq) are associated with 12
electrons based on the analysis of nominal valence electrons. Under

the original T; symmetry, eight electrons occupy fully the bonding :
a; and t, levels whereas the remaining four electrons occupy the

antibonding a; level and partially the t, level. The partially occu-
pied t, level would suggest that the system undergoes a Jahn-Teller
distortion away from the ideal T; symmetry, similar to Tey, and
the cation antisites. Indeed, Te antisites in MCT exhibit the Cs,
symmetry in the neutral and +1 charge states, with the Te atom
displaced along the (111) direction. Te antisites in the +2 charge
state still exhibits the T; symmetry as the antibonding ¢, level is
unoccupied.

Figure 3 shows that the donor levels of Tey, and Tecq are
found below the VBM, rendering the Te antisites effectively neutral
in Hgp 75Cdg 25 Te. The absence of donor levels within the bandgap
is the result of the close proximity of the p-like level of the Te inter-
stitial to the VBM, along with the substantial reduction in forma-
tion energy for the neutral and +1 charge states due to the
Jahn-Teller distortion.

G. Defect complexes

Point defects can appear in the form of defect complexes
whereby the formation energy can be different from the sum of the
isolated forms due to charge transfer and Coulomb interactions.
Because of the predominance of the cation vacancy in
Hgy75CdoosTe, we investigate three Vpyg-related complexes,
namely, the Frenkel defect Vyg-Hgiy, the Schottky divacancy
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FIG. 6. (a) Binding energy of Vy-related defect complexes as a function of
Fermi level. (b) Formation energy of the defect complexes as a function of
Fermi level. The formation energy of Vig—Teyg is obtained under the Te-rich
conditions, and increases by 1.65 eV under the Te-poor conditions. The inset
illustrates the charge density (at the T point) associated with the lowest unoccu-
pied state of the neutral Vig—Teny complex.

Vig—Vre, and the vacancy-antisite pair Viyg-Tepg. All three defect
complexes are found to be stable against dissociation into individ-
ual defects as indicated by the calculated binding energies shown in
Fig. 6(a).

Figure 6(b) shows that the Frenkel defect and the divacancy
do not introduce any charge transition level within the bandgap,
and are therefore electrically inactive in the MCT. By contrast, the
Vig-Teng complex displays a deep acceptor level (—/0) at 0.14 eV
above the VBM. This deep level is associated with pronounced
p-like orbitals localized at the Te antisite as well as the Te atoms
surrounding the cation vacancy [cf. Fig. 6(b) inset].

V. DISCUSSION

Our survey over all possible native point defects indicates that
the cation vacancies (Vg and Vcg) are the only acceptors in
Hg.75Cdg 25 Te. The cation vacancies are not compensated by any
of the donors under Te-rich growth conditions thanks to the excep-
tionally low defect formation energy of the vacancies, which
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naturally leads to the p-type doping as typically observed for
as-grown MCT. Compensation of the vacancy acceptors only
occurs under highly Te-poor conditions by the Hgr. antisite,
pinning the Fermi level near the midgap (cf. Fig. 3). In either case,
MCT is not expected to exhibit n-type doping through the native
point defects. This aligns with experimental observations that
MCTs are intrinsically p-type.”’

Cation vacancies are generally shallow acceptors in II-VI
semiconductors.”” The fact that cation vacancies act as both
shallow acceptors and deep centers in Hgy 75Cd ;5 Te is intriguing.
The ultrashallow (—/0) level is attributed to the near degenerate t,
level of T; symmetry, which in the neutral charge state brings the
unoccupied defect state close to the VBM. As a result, the single-
particle defect level is admixed with the bulk resonance to some
extent (cf. Fig. 4). While the degeneracy can be lifted through a
Jahn-Teller distortion to give rise to a deeper (—/0) acceptor level
as found for the neutral Vg4 in CdTe,’® we find no such distortion
in Hgy75Cdg 25 Te, suggesting that the polaron cannot be stabilized
by the strong screening in the event of a very narrow bandgap. The
(2 —/—-) level, on the other hand, corresponds to the ionization of
the completely filled t, level, which is localized and sits roughly
halfway between the band edges.

The other point defects, all of the donor type, generally do not
exhibit any defect level within the bandgap of Hgj 75Cdy25Te. This
is at variant with CdTe which is more likely to host deep defect
levels of donors such as V' due to the much larger bandgap. It
is however worth noting that, in the metastable configuration
bonded tetrahedrally to four cation atoms, Hg interstitial bears a
localized (+/2+) donor level located 60 meV above the VBM.
Such a localized defect level could be relevant under Hg-rich
growth conditions, making the Hg interstitial more liable to nonra-
diative carrier capture. Using the nudged elastic band method,”” we
obtain an energy barrier of 0.25 eV for the neutral Hg interstitial in
the metastable configuration to overcome in order to relax to the
ground-state configuration. It is thus plausible that Hg interstitials
can be stabilized in the metastable configuration, particularly at low
temperature and under Hg-rich conditions.

Our results show that Te antisite as an isolated point defect is
electrically inactive in MCT. Nevertheless, the antisite in the form
of defect complex when coupled to a neighboring cation vacancy is
found to be a possible origin of deep levels observed in MCT. The
acceptor level (—/0) nearly overlaps with the (2—/—) level of
Vig(ca)» potentially making it challenging to distinguish between
the two defects. In Fig. 7 the charge transition levels of the three
deep centers identified from our calculations are summarized.
Notably, the charge transition levels are situated at approximately
0.25E, and 0.6E, above the VBM.

Table IT compiles the experimentally identified defect levels in
LWIR MCTs. Certain experimental characterizations have revealed
the coexistence of a very shallow acceptor level and a deeper accep-
tor level, the concentrations of which are highly correlated with the
Hg partial pressure.””’>’%’% The origin of these acceptor levels was
believed to be the Hg vacancy, and this hypothesis is fully corrobo-
rated by our first-principles calculations. In particular, the experi-
mentally observed positions linked to the deep Vi, acceptor level
(ranging from 0.4 to 0.7E,) agree well with our computed level
(0.7E, above the VBM). Our theoretical results clarifies that the Hg
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from the present calculations. The level shown by the dashed line involves
metastable configurations.

vacancy can be at the same time a shallow acceptor (—/0) contrib-
uting to p-type doping and a deep defect (2—/—). Our results also
indicate that the Cd vacancy behaves similarly than mercury in the
mercury-rich alloy. This suggests that control of the Cd chemical
potential could be as important as the Hg chemical potential.
Other characterizations have observed donor-like defect levels
in p-type MCTs.”>"** In particular, Jones et al. reviewed the

TABLE |II. Compilation of defect levels observed experimentally in undoped
Hg,_,CdyTe. Defect levels are referenced to the VBM and are expressed in terms
of the bandgap Eg, which is given and estimated by Eq. (6).

x E, (eV) Levels (E;)  Assigned defect  Reference
Donor-like

0.215 0.08 0.42, 0.55 73
0.24 0.13 0.5 Hgine 23
0.271 0.18 0.39, 0.45 73
0.305 0.23 0.69, 0.89 73
0.32 0.26 0.4 74
0.2-0.4 0.06-0.39 0.4, 0.75 TeHg 24
Acceptor-like

0.20 0.06 0.12, 0.7 VHg 75
0.216 0.09 0.15, 0.4 VHg 76
0.23 0.11 0.21 VHg 77
0.224 0.10 0.07, 0.50 Vhg 78
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deep-level transient spectroscopy data on a series of undoped
Hg, ,Cd,Te (x=0.2-0.4) and found two common donor-like
recombination centers (0.4E, and 0.75E, above the VBM).”*
Though only scant information was available about these centers,
Jones et al. found that their concentrations were proportional to
the acceptor concentration, thereby tentatively attributing this deep
center to the Tepg antisite. This assignment contradicts our calcula-
tions indicating that the donor levels of Tep antisite are slightly
below the VBM. However, we point out that rather than an isolated
Te antisite the defect complex formed in conjunction with a cation
vacancy can introduce a deep acceptor level near the midgap.
Nevertheless, the acceptor nature of the complex apparently dis-
agrees with the donor-like defect levels from experiments. It is pos-
sible that extrinsic defects and other defect complexes related to
cation vacancies or may contribute to the observed deep donor
levels.

Another possible deep center as pointed out by Littler et a
is the Hg interstitial, which shows a direct correlation with the trap
level at the midgap. Experimentally Hg interstitials have been intro-
duced intentionally by thermally decomposition of an anodic oxide
layer,”””” and it is plausible that these interstitials could be formed
out of equilibrium and did not necessarily remain tetrahedrally
bonded to the Te atoms as in the low-energy configuration. Indeed,
we have shown that the Hg interstitial introduces a deep level at
roughly 0.25E, above the VBM when tetrahedrally coordinated
with cations (cf. Figs. 5(a) and 7), thus providing support for the
experimental interpretations.

123

VI. CONCLUSION

By means of the DD-CAM dielectric-dependent hybrid func-
tional combined with spin-orbit coupling, we have obtained a com-

prehensive understanding of native point defects in LWIR MCT at :
an unprecedented level of accuracy. Our results substantiate the |

role of cation vacancies as the primary deep centers through the
localized p-like state from the neighboring Te atoms. Given its low
formation energy and the charge transition level near mid-gap, we
infer that the cation vacancies are likely to play an important role
in the SRH recombination although the exact recombination rate
requires further investigation. We have also identified Hg intersti-
tial as a possible deep center through a metastable configuration. In
addition, while Te antisite per se is not a deep center, when it
forms a defect complex with a cation vacancy, a deep acceptor level
can emerge near the midgap.

The fact that both Hg vacancy and interstitial are deep centers
implies that SRH recombinations could be an issue in MCT for
both Hg-rich and Hg-poor conditions. Under Hg-poor growth
conditions that is often used for p-type doping, the Hg interstitial
is less relevant because of its higher formation energy and passivat-
ing Hg (and Cd) vacancies might offer a way to limit SRH recombi-
nations. Another possible route would be to perform extrinsic
p-type doping and bypassing the formation of Hg vacancies, which
has been proven to be difficult and demands further research.””
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