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The structural and electronic properties of the arsenic in situ impurity in Hg;_,Cd,Te (MCT) have been
studied by combining the full-potential linear augmented plane wave and plane-wave pseudopotential methods
based on the density functional theory. The structural relaxations, the local charge density, and the densities of
states were computed to investigate the impurity effects on the electronic structure. The bonding characteristic
between the impurity and the host atoms was discussed by analyzing the valence and the bonding charge
density. The defect levels introduced by the in situ arsenic impurity were determined by the transition energy
levels which agree well with the experimental results. Based on the calculated formation energy, the chemical
trends of the in situ arsenic impurity and the compensation effects between Ast. and Asy, in Hg;_,Cd,Te have
been studied systematically. A brief discussion on the activation model of the postgrowth annealing process of

arsenic-doped MCT was also presented.
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I. INTRODUCTION

One of the most important limitations of the applied pros-
pect for the semiconductor materials is the difficulty of n- or
p-type doping via incorporation of suitable impurities. For
example, ZnSe materials can be fabricated as blue emitting
laser diodes, which is mainly profit from the achievement of
sufficient p-type doping.!> Another typical instance is ZnO.
The difficulty of efficient p-type doping? is the limitation for
its practical applications until now. In general, the doping
controllability is the major challenge in most semiconduc-
tors. The difficulties, generally speaking, concern two as-
pects: dopant stability and doping efficiency. The dopant sta-
bility, consequently low diffusivity, mainly determines the
performance of homo- or heterojunction devices which rely
on the sharpness of the doping profile.* The problem of the
doping efficiency might arise from a variety of causes.
Firstly, an element can be a desirable dopant in certain semi-
conductor, depending on whether it can produce a shallow
impurity level. The shallow impurity levels can provide high
thermal excitation of carriers into the valence or conduction
bands, namely, it can easily be electronically activated. Sec-
ondly, the solubility of the dopant in a host lattice can be a
source of doping restrict. Lastly, the compensation effect is
another most important obstacle to be overcome in the dop-
ing process. The compensation can either result from the
intrinsic defects with low formation energy or from the
dopant-induced AX (DX) centers.” As for the amphoteric
dopant, the self-compensation is a crucial limitation of the
doping efficiency, such as the doping behavior of arsenic in
II-VI semiconductors and alloys. The experimental results
have indicated that arsenic can provide a shallow acceptor
level in Hg,_.Cd,Te (MCT) grown by bulk method,’ liquid
phase epitaxy (LPE),'° molecular beam epitaxy (MBE),'!"13
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and metal organic chemical vapor deposition.'* At the same
time, the amphoteric behavior of arsenic in HgCdTe has been
found. Arsenic behaves as a p-type dopant under Hg-rich
growth conditions and behaves as an n-type or unactive dop-
ant under Te-rich growth conditions.”!%!3:14 Moreover, the
theoretical and experimental results'>~'® showed that there is
a significant fraction of arsenic residing on the cation sublat-
tice even under cation-saturated growth conditions. So, an
annealing process is required for its electric activation.'”
However, as the doping levels reach 5% 10" cm™, the ac-
tive efficiency of the p-type arsenic doping drastically drops
due to the strong self-compensation effect.’®?! So, the am-
photeric behavior of the arsenic in situ impurities in MCT is
a typical prototype to systematically study the self-
compensating effect.

The purpose of this paper is to identify the amphoteric
doping behavior of arsenic in MCT. MCT is currently one of
the most widely used infrared materials since its band gap
can be tuned by varying the alloy composition to scope the
infrared air windows. Due to the low diffusivity of the group
V elements in MCT (Ref. 15) compared with the native ac-
ceptor and the group I elements, attention has focused on the
group V elements for decades, especially arsenic, as the
p-type dopant in heterojunction devices. Although a simple
model of the arsenic amphoteric behavior has been sug-
gested, there is no comprehensive consensus on the micro-
scopic mechanism of group V impurity incorporation in
MCT. Moreover, the alloying effect of MCT interferes with
the behavior of the amphoteric dopant, which makes the
study more complicated. It is affirmable that the understand-
ing of the amphoteric behavior of As in MCT is essentially
important for qualifying the material growth and device de-
sign. In a previous work,?? we reported the relaxations, bond-
ing mechanism, and the electronic structure of Asy, in
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Hg, sCd sTe. In order to gain full understanding of the elec-
tronic behaviors and the compensation effect of the in situ As
impurities in MCT, we have performed the total energy cal-
culations of full-potential linear augmented plane wave (FP-
LAPW) to systematically investigate the effect of the arsenic
in situ impurity on the electronic structure, bonding mecha-
nism between the impurity and the host atoms, the relax-
ation, and the chemical trends of the As in sifu impurity in
Hg,_.Cd,Te. In this paper, we choose Hg,sCd,sTe as the
major prototype system. Furthermore, the results and conclu-
sions of the calculations on Hg, sCd, sTe are confirmed and
also extended to the other mole fractions by using plane-
wave pseudopotential calculations with larger supercells.
Our general understanding of the amphoteric impurity be-
haviors and its self-compensating effect in MCT from the
present study is expected to be applicable also to other semi-
conductors and alloys.

The remainder of the paper is organized as follows. Sec-
tion II describes our computational methods. The results and
discussions are presented in Sec. III. We discuss the relax-
ation procedure corresponding to different mole fractions,
the bonding mechanism between the impurity and host at-
oms, and the impurity levels. The relationship between for-
mation energy and the mole fractions of MCT, and the com-
pensation effect between Asy, and Asy, are systematically
discussed. Section IV gives a brief summary of this work.

II. COMPUTATIONAL PROCEDURE

The density functional theory?® calculations were per-
formed using the FP-LAPW method implemented in the
WIEN2K package.”* We adopt Perdew-Burke-Ernzerhof
functional® to describe the exchange-correlation interaction.
We consider a 2 X2 X2 supercell (SC) with a total of 64
atoms, consisting of eight quasi-zinc-blende crystal structure
of the unit cells of Hg,_,Cd, Te (each unit cell contains eight
atoms including four Te atoms and four cations of Hg and Cd
atoms corresponding to the fraction x). The doped system
was modeled by putting one As atom at the center of a peri-
odic supercell. A 2X2 X1 supercell with 32 atoms without
any impurity was chosen as a reference system for compari-
son purpose, and the computational parameters are set to be
the same as the As doping cases. To ensure convergence
well, the muffin-tin (MT) radii and the number of k points
for generating the final results have been carefully chosen
after optimization. 8 and 32 k points in the irreducible Bril-
louin zone have been chosen for doped and pure MCT, re-
spectively. A satisfactory self-consistent convergence has
been achieved by considering a number of FP-LAPW basis
functions up to Rj;7K,,,x=6.0 for the 64-atom supercell and
Ry1K nax=7.0 for 32-atom supercell. K, is the maximum
value of the plane-wave vector which determines the energy
cutoff for the plane-wave expansion. Self-consistent iteration
was considered to be converged when both the total energy
and the total charge in the atomic sphere are stable within
10™* eV per unit cell and 10™* electron charges per atom,
respectively. The relaxation procedures were conducted fol-
lowing the damped Newton dynamics schemes.?®?” The cri-
terion of the force convergence for all atoms was 0.05 eV/A.
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The relativistic effect of spin-orbit (SO) coupling was also
included.

To confirm the results from the 64-atoms supercell using
FP-LAPW calculations and to extend the conclusions to the
other mole fractions of MCT, plane-wave pseudopotential
calculations were performed using the Vienna ab initio simu-
lation package (VASP).??° In the VASP calculations, the core-
electron interaction was modeled by the ultrasoft
pseudopotentials,® which can yield reasonably precise re-
sults with relatively low cutoff energy. Thus, it is possible to
deal with the larger supercell. In this work, supercells with
256 and 512 atoms have been chosen. The plane-wave cutoff
energy was chosen as 300 eV, and the Brillouin zone was
sampled by using 5X5X5 and 3 X3 X3 Gamma centered
Monkhorst-Pack grids for 256- and 512-atom supercells,
respectively. The energy convergent criterion was 1
X 10~* eV per unit cell, and forces on all relaxed atoms were
less than 0.01 eV/A.

It is well known that local density approximation calcula-
tions typically underestimate the band gap of a semiconduc-
tor and are unable to give the absolute positions of the im-
purity level accurately. Here, we emphasize on the analysis
of the defect formation energy and the transition energy
levels.”?! At temperature of 0 K, the formation energy of
arsenic impurity in a given charge state g in MCT is given by

AH{(As,,q) = E(As,,q) + E(a) - EIMCT) - E(As)

+ qEypy + qEF + o — Hoas- (1)

AH{As,,q) is the formation energy for a supercell contain-
ing the arsenic dopant in charge state g. E(As,,q) and
E(MCT) are the total energies for the supercell containing
the arsenic dopant in charge state ¢ and for the supercell of
the same size without impurity, respectively. E(«) and E(As)
are the total energies of host atoms (Te, Cd, and Hg) and the
impurity arsenic atom, respectively. The atomic chemical
reservoir is Te, molecule, Cd and Hg gas for host atoms, and
As, molecule for arsenic impurity, respectively, which coin-
cide with the MBE growth conditions. u, and u,, are the
external chemical potentials of the host atoms and the arsenic
impurity, respectively. Equation (1) indicates that the forma-
tion energy with arsenic dopant, AH f(Asa,q), is a function of
the E and the chemical potential of host and arsenic impu-
rity, p, and wa,. The defect transition energy level &,(q/q")
is the Fermi energy Er in Eq. (1), at which the formation
energy AH/(As,.q) of arsenic impurity with charge ¢ is
equal to that of another charge ¢'. The formation energy and
transition energy levels of MCT with arsenic dopant were
calculated by the projector-augmented wave (PAW) method
for the 64-atom supercell. For the charged systems with im-
purity, a uniform background charge is added to keep the
global charge of the periodic supercell neutral. The total en-
ergy of the systems with charged defect has been corrected
for the interaction of the charged defect with the compensat-
ing background and its periodic images.?> For the 64-atom
SC, the error bar is about 0.2 and 0.1 eV for the calculated
formation energy and transition energy level, respectively,
due to the finite cell size and basis set.
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FIG. 1. Relationship between the inward radial relaxations of
the NN atoms and the mole fraction of MCT.

III. RESULTS AND DISCUSSIONS
A. Structural relaxation

The existence of the in sifu arsenic impurity in MCT in-
duces the structural relaxation of the host atoms and modifies
the electronic structure of the system. All the internal struc-
tural parameters of the supercell in this work were optimized
by minimizing the total energy and quantum mechanical
forces. Geometry optimizations reveal that the As impurity,
either substituting Te or Hg (Cd atom for CdTe), leads to
inward relaxations of the nearest-neighbor (NN) host atoms
around the impurity. The radial relaxations of the NN atoms
around the impurity calculated by using the PAW method for
64-atom supercell are shown in Fig. 1. On the one hand, the
inward radial relaxations derive from the difference of the
covalent radii between the As and the host atoms substituted
(the covalent radii are 1.20, 1.36, 1.49, and 1.48 for As, Te,
Hg, and Cd, respectively). On the other hand, the inward
relaxations of the NN atoms around impurity are induced by
the strong bonding mechanism between the As and the host
atoms. The detail will be discussed below. The results also
show that the Asy, impurity induces larger inward radial re-
laxations of the NN atoms than Asy,. The relaxations of the
NN atoms around the impurity calculated by using the
FP-LAPW method give the same inward relaxed trend. How-
ever, the inward radial relaxations of the NN atoms derived
from the PAW method are nearly three times larger than
those from the FP-LAPW method. For example, as x=0.5 for
the Aong case, the inwardo radial relaxations of NN Te is
0.01 A (Ref. 22) and 0.03 A for the FP-LAPW and the PAW
method, respectively. Larger radial relaxation of the PAW
calculations mainly comes from relatively small force crite-
rion by comparison with that of FP-LAPW calculations.
Considering the large computational time consuming, full
relaxation of atomic positions was used in PAW calculations,
while symmetry constraint was applied in FP-LAPW calcu-
lations. To confirm the results of the FP-LAPW and PAW
calculations on the 64-atom supercell, larger supercells with
256 and 512 atoms have been used. The structural relax-
ations are conducted by using the PAW method implemented
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FIG. 2. Valence charge density and bonding charge density in
the (110) plane for Asy.. The contour step size is 1X 1073e/a.u.3
and 0.5X 1073¢/a.u.3 for total charge density and bonding charge
density, respectively.

in VASP. The results with 256- and 512-atom supercells give
the same relaxation trend of NN atoms as that of the 64-atom
SC. Approximately linear relationship between the radial in-
ward relaxation of the NN atoms and the mole fractions of
MCT is shown in Fig. 1. The inward relaxations of the NN
atoms become smaller as the mole fraction becomes larger in
the Asy, doping cases, while in the Asy, doping cases the
radial inward relaxations become larger as the mole fraction
becomes larger.

B. Bonding mechanism

To find out the reason of the NN atom inward relaxation
in MCT caused by the As impurity, the valence and the bond-
ing charge density 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 placed at atomic sites, i.e.,

Ap(r) = Pootid(r) = 25 palr = 14). (2)

Therefore, the bonding charge density represents the net
charge redistribution as atoms are brought together to form
the crystal. The bond rehybridization induced by the As im-
purity can also be revealed clearly by the bonding charge
density. The valence and the bonding charge density of
Hg,5Cdy sTe in the (110) plane for the Asy, were calculated
by using the FP-LAPW method and are shown in the Fig. 2
(refer to Ref. 22 for the results of the Asy, case). In the
figures, the dash lines denote that the electrons move out
relative to that of the atom superposition. In Fig. 2, the
charge density distributions between the arsenic impurity and
the NN host atoms show the covalent characteristic. The
bonding characteristic between the impurity and the host at-
oms is similar to the situation in the case of Asy,.?? The
valence charge density along the line of As-Hg/Cd bond in
the case of Asy, is shown in Fig. 3 (refer to Ref. 22 for the
results in the case of Asy,). The results indicate that
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FIG. 3. Valence charge density along the bond line of As-Hg and
As-Cd for the Asr, case and the total charge density along the bond
line of Te-Hg and Te-Cd for the pure system.

As-Hg/Cd bonds for the Asy, case are covalent with stronger
ionic characteristics than that of Te-Hg/Cd bond in the pure
system. Together with the bonding mechanism analysis in the
case of Ang,22 we can see that, in addition to the smaller
arsenic radius, the strong bonding also results in the NN host
atom inward relaxation. Moreover, the strong bonding char-
acteristics account for the stably doping behavior of As in
MCT, which produces low diffusivity of the As doping.
The total density of states (DOS) of Asp.-doped
Hg,sCd,sTe is shown in Fig. 4. Substitution of a tellurium
by an arsenic atom produces the resulting system metallic.
Evidently, the Fermi level of the Asp.-doped system (see
Ref. 22 for the discussions of the Asy,) does not lie within
the band gap which extends to the valence band, as shown in
Fig. 4. The DOS integrated from the Fermi level to the mid-
gap accommodates one electron. The results show that the
impurity Ast, in MCT would behave as a single acceptor.
The theoretical predications are in good agreement with the
experimental results.'®!3 For the case of charged neutral
Asr., the defect center has a total of seven electrons. Two of
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FIG. 4. Total DOS of Ast.-doped MCT-0.5. The Fermi level is
set to zero.
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FIG. 5. Calculated available equilibrium chemical potential re-
gion for MCT:As in the two dimensional (¢, i, and py) plane.
The shaded and diagonal area is forbidden under equilibrium
growth condition.

them occupy the aj states, five of them occupy the 7} states.
One of unoccupied 7} state just above the valence band maxi-
mum (VBM) behaves as a single acceptor.

C. Formation energy

During the defect formation, there are particles exchanged
between the host and the chemical reservoir. The defect for-
mation energy depends sensitively on the atomic chemical
potential, as well as on the Fermi energy, as indicated in Eq.
(1). Moreover, there are some thermodynamic limits on the
achievable values of the host and impurity atoms’ chemical
potentials. In order to maintain a stable MCT compound, to
avoid precipitation of host and impurity element, and to
avoid the formation of secondary phases between the dopant
arsenic and host elements, the chemical potentials of Hg, Cd,
Te, and As are limited as shown in Fig. 5. The analysis of
bonding mechanism indicates that the As impurity forms
strong bonds with the host atoms, which would easily pro-
duce secondary phases between arsenic and host elements.
After thorough analysis, it shows that As forms stable com-
pound As,Te with Te. Comparing the MCT-0.5 with Te va-
cancy defect and the MCT-0.5 with double As interstitial
impurities, the formation energy of As,Te in MCT-0.5 crys-
tal potential field was obtained to be about —2.64 eV. In
present paper, we simply chose the formation energy of
As,Te in MCT-0.5 as the criterion for MCT. This treatment
only affects the absolute values and do not influence the
trend and the comparisons between the formation energies in
the same mole fraction. The formation energy of As,Te lim-
its the chemical potential of As under the cation- or
tellurium-rich conditions, as shown in Fig. 5. The shaded and
shaded plus diagonal areas in the figure are forbidden under
equilibrium growth condition for arsenic in CdTe and HgTe,
which can be taken as the extreme situation of MCT. Above
these chemical potential limits, secondary phase As,Te will
form. Under the cation-rich condition, the chemical potential
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FIG. 6. Formation energy of Ast, and Asygcq according to the
mole fraction of MCT at the neutral charge state (¢=0) and w;=0.

of Te in MCT becomes complicated due to the alloying ef-
fects. In the present paper, we simply adopt the virtual crys-
tal approximation (VCA) to predict the chemical potential of
Te based on the formation energy of HgTe and CdTe (the
formation energy of HgTe and CdTe is —0.35 and —0.76 eV,
respectively). As pointed out in the previous work,> the
VCA will introduce errors into the theoretical results of the
formation energy. However, these errors would cancel with
each other in the results by comparing between the formation
energies, especially for the results of the dynamic levels.
The formation energies of the in situ As impurity in MCT
for five different mole fractions (x=0, 0.25, 0.5, 0.75, and 1)
under neutral charge state were calculated and shown in Fig.
6. In the figure, the chemical potential is ft.4,,=0 and wre
=0 for Asy, and Asy,, respectively. The results indicate that
the formation energy for substituting Hg by As is much
smaller than that of substituting Te for MCT. However, for
CdTe, the formation energy of Ascq is larger than that of
Asrte. In this work, the formation energy of Asy, in CdTe is
obtained as 1.01 eV, and this result agrees with the previous
prediction.” The results shown in Fig. 6 indicate that the
formation energy of As impurity in MCT has a nearly linear
relationship with the mole fraction for both Asy, and Asr,
cases. The relationship denotes that the As doping can easily
be accomplished as the mole fraction become smaller, which
coincide with the experimental predictions.* It is worthy to
mention that the linear relationship between the defect for-
mation energy and mole fraction was also observed in mer-
cury vacancy defect in MCT.>> We predict that the occur-
rence of the linear relationship is due to the increased
number of the weak Te-Hg bond with decreasing the mole
fraction, which weakens the average bond strength of MCT.
It is known that whether an impurity can easily be incor-
porated in a material depends sensitively on the growth con-
dition, such as the atomic chemical potential, the growth
temperature, as well as the Fermi energy related to the dop-
ing levels. The dependence is especially important for the As
dopant in MCT because it exhibits amphoteric behavior. In
order to analyze the chemical trend of the As impurity in
MCT, the formation energy as function of atomic chemical
potential and Fermi energy has been calculated. Figure 7
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FIG. 7. Calculated formation energy of Asy. and Asygycq ac-
cording to the mole fraction of MCT as a function of the Fermi
levels. The VBM of all the four mole fraction is set to zero.

shows the calculated formation energies of As-doped MCT
for x=0.25, 0.5, 0.75, and 1 as a function of the Fermi energy
under cation- and Te-rich growth conditions. The slope of the
line gives the charge state of the doping at the Fermi energy.
The transition energy level is the Fermi energy, at which the
slope changes value. Under wur.=0 condition, as shown in
Fig. 7, the formation energy of Asy, for x=0.25, 0.5, and
0.75 is smaller than that of Asy, as the Fermi energy shifts
inside the band gap. These results indicate that the arsenic
behaves as dominant n-type dopant for MCT as x=0.25, 0.5,
and 0.75 under Te-rich condition. The experiments of MBE
growth of HgCdTe (Refs. 20, 21, and 36) (for which the
typical growth condition is Te saturated) and LPE growth of
HgCdTe (Ref. 10) incorporate arsenic as dopant under Te-
saturated condition, both resulting in n-type doping behavior.
The results shown in Fig. 7 indicate that the formation ener-
gies of Asy, are about 1.0—1.5 eV smaller than that of Asy,
as the Fermi level at VBM. It indicates that As easily incor-
porates into the cation site under the Te-saturated growth
condition, behaving as n-type dopant. However, under the
Te-rich limit, the formation energy of Asgq for CdTe is
smaller than that of Asy, as Er below 0.3 eV. As the Fermi
energy shifts up toward the midgap, the formation energy of
Asy, is smaller than that of Ascy. Namely, the Ast, and Asgy
compensate each other at the Te-rich limit and the Fermi
energy is pinned at a level closer to the VBM; consequently,
the arsenic impurity in CdTe, even at Te-rich limit, tends to
be slightly p-type dopant. Although there are few experimen-
tal reports under this extreme growth condition, arsenic-
doped CdTe layers grown by organometallic vapor phase ep-
itaxy produce p-type doping behavior even when the partial
pressures of Cd and Te are equal.’” Under ucyq=0 condition,
as shown in Fig. 7, the formation energy of Ast, is nearly
1 eV smaller than that of Ascy for CdTe. The arsenic domi-
nantly incorporates into the Te site, behaving as p-type dop-
ant under the Cd-saturated condition. The result is in good
agreement with the MBE growth CdTe doped by arsenic un-
der Cd-saturated condition as efficient p type.’® The differ-
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FIG. 8. Transition energy levels of As-doped MCT. The band
gap is calculated in the present paper.

ence of the formation energy of Asy, and Asr, for x=0.25,
0.5, and 0.75 is around 0.5 eV as the Fermi energy at VBM
under Hg-rich limit. As for x=0.25, the formation energy of
Asy, is smaller than that of Asy, as the Fermi energy shifts
inside the band gap. These results indicate that the arsenic in
MCT-0.25 dominantly behaves as n-type dopant, even under
Hg-saturated growth condition. The compensation effects be-
tween Asy, and Asy, occur for x=0.5 and 0.75 and the Fermi
energy is pinned at about 0.1 eV above VBM. Namely, ar-
senic doping in MCT-0.5 and MCT-0.75 tends to be slight
p-type dopant under Hg-rich limit.

As shown in Fig. 7, the difference of the formation energy
of Asy, and Asy, is much smaller under Hg-rich limit than
that under Te-rich limit. As mentioned above, with mole frac-
tion around 0.25, the arsenic easily incorporates into the cat-
ion site, behaving as donor. In order to switch arsenic doping
from n to p type, postgrowth annealing must be done. In the
model developed by Berding et al.,'® they suggested two
steps in the annealing processes. In the first step, low Hg
partial pressure is maintained to enhance the amount of metal
vacancies (VHg) which aid transfers of atom. In the second
step, saturated Hg partial pressure is maintained to fill the Hg
vacancies. According to the calculated results in the present
paper shown in Fig. 7, we argued that the second annealing
step must be achieve under Hg-saturated condition mainly
because the Hg-rich limit minimizes the difference of the
formation energy between Asy, and Ast,, which is beneficial
for the arsenic transfer from the cation to the anion site
achieving the p-type arsenic dopant activation.

The transition energy levels of Asy, and Asy. for x
=0.25, 0.5, and 0.75 and Ascq and Ast, for CdTe have been
calculated and shown in Fig. 8. The theoretical results show
that the Asy, has shallow transition energy level (0/-1) for
all mole fractions of MCT. The transition energy levels be-
come deeper as the mole fraction becomes larger. The trend
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of the transition energy level with regard to the variation of
the mole fraction x agrees well with experiments.’® The tran-
sition energy level (0/—1) of CdTe is 78 meV, in good
agreement with the experiments’ ionization energy of
arsenic-doped p-type CdTe [around 58—92 meV (Refs. 38
and 40)]. The transition energy level calculated for MCT-
0.25 is 19 meV in the present paper, while the experimental
data have shown that the ionization energy is about 6 meV
(Ref. 20) for Asr, acceptor level for the mole fraction around
0.3. The calculated results reasonably agree with the experi-
ment. The transition energy levels of Asy, in MCT also
move deeper as the mole fraction becomes larger. The results
indicate that the impurity levels of As,,;,, tend to behave as
deep center for CdTe and MCT with large mole fraction.

To briefly summarize, the calculated results of the forma-
tion energy under different atomic chemical potential limits
indicate that the compensation between Ast, and Ascy only
occurs for CdTe under Te-rich limit, and occurs for x=0.5
and 0.75 under Hg-rich limit. The difference of the formation
energies between the As_,;,, and As,,;,, 1S minimized under
cation-rich limit, which is beneficial for the p-type activation
of arsenic-doped MCT. Moreover, the calculated transition
energy levels indicate that the levels become deeper as the
mole fraction becomes larger for both As,.i,, and AS,,ion
cases.

IV. CONCLUSION

Using the first-principles method, the structural and bond-
ing mechanisms of in situ arsenic impurity in Hg,_ Cd, Te
have been studied. The impurity maintains a relative strong
bonding with the host atom both in As,,;,, and As_,;,, cases.
The strong bonding mechanism between arsenic and host
atom in Hg;_,Cd,Te can explain its stability of doping be-
havior. The computed formation energy supports the broadly
adopted experimental annealing process, low temperature
Hg-saturated annealing process, which minimizes the differ-
ence of the formation energy of As,,,, and AS.yi,- The
minimization is beneficial for the atomic transfer during the
annealing process. Meanwhile, the nearly linear relationship
between the formation energy, both for As,,;,, and AS_..iom»
and the mole fraction is shown in the present paper. The
transition energy levels for both As,,,, and As.,,, agree
well with the experimental results. In addition, the present
work shows that the compensation effect occurs for CdTe
under Te-saturated condition and for 0.5 and 0.75 under Hg-
saturated condition.
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