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Abstract Transition metal (TM) impurities in semicon-
ductors have a considerable effect on the electronic pro-
perties and on the lattice vibrations. The unfilled d shell
permits the impurity atoms to exist in a variety of charge
states. In this work, the static donor and acceptor ionization
energies of ZnX:M, with X = S, Se, Te and M:Sc, Ti, V,
Fe, Co, Ni are obtained from first principles total energy
calculations and compared with experimental results in the
literature where they exist. From these results, many of the
TM-doped zinc chalogenides have an amphoteric behavior.
To analyze the rule of the deep gap levels in both the
radiative and non-radiative processes, the dynamic ioni-
zation energies are obtained as a function of the inward and
outward M—X displacements. In many cases, the changes in
the mass and the force constants resulting from the sub-
stitution of an impurity center for a lattice atom are small.
When the charge or the environment of the impurity
changes, the electron population tend to remain compen-
sated. As consequence, the changes in the lattice vibra-
tional modes are small.

Keywords Ionization levels - Electronic structure -
Semiconductors - Impurities in semiconductors -
Radiative and non-radiative processes

1 Introduction

The transition metal (TM) impurities in semiconductors
have attracted much interest as a result of their

C. Tablero ()

Instituto de Energia Solar, Universidad Politécnica de Madrid,
Ciudad Universitaria s/n, 28040 Madrid, Spain

e-mail: ctablero@etsit.upm.es

technological importance as well as from the viewpoint of
basic physics. In many cases, apparently paradoxical
results have been attributed to these impurities. Optical
absorption spectra indicate features resulting from d—d
transitions, indicating that the d electrons are essentially
localized. On the other hand, some of the TM has multiple
charge states within the gap of the host semiconductor. The
positions of the charge state levels allow an easy charac-
terization of the impurity as a donor, an acceptor or with
amphoteric behavior. The impurity is (1) a pure donor,
when the donor level lies in the gap, but not the acceptor
level, (2) a pure acceptor, if the acceptor level lies in the
gap, but not the donor level, (3) amphoteric, i.e. the
impurity is both a donor and an acceptor, if both donor and
acceptor levels are found within the fundamental gap of the
host semiconductor. In accordance with this classification,
some of the TM impurities are amphoteric. Haldane and
Anderson [1] have shown that it is possible under strong
hybridization and delocalization of the d electrons with the
host.

From the technological viewpoint, the TM impurities
are some of the most common contaminants in II-VI
compounds. Because of this dual behavior, the TM impu-
rities present also apparently contradictory results. The role
in radiative and non-radiative recombination processes has
been discussed for many years. The deep levels introduced
by the TM impurity had been considered as a negative
effect because of these deep levels act as very effective
Shockley, Read and Hall recombination centers [2, 3] via a
lattice relaxation multiphonon emission mechanism [4, 5].

On the other hand, one of the most important develop-
ments of the last decade in broadband diode-pumped lasers
was the discovery of the new class of the Cr-doped zinc
chalogenides as a broadly tunable continuous wave laser.
In particular, both Cr:ZnSe and Cr:ZnS lasers have
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demonstrated the highest performance at room tempera-
ture, continuous wave, tunable, diode pumped and mode-
locked regimes [6-8]. The Cr-doped laser materials are
characterized by high gain and an intrinsically low-lasing
threshold, as well as by such remarkable spectroscopic
features as the absence of excited state absorption and
negligible non-radiative decay at room temperature. The
room temperature Fe:ZnSe laser has also been reported [9—
12]. The majority of the known vibronically broadened
laser transitions in the infrared are quenched at room
temperature because of the high probability of multiphonon
relaxation processes. The low maximum phonon frequency
in chalcogenides leads to a decrease in the non-radiative
decay rate and an increase in fluorescence quantum yield.

At the same time, it has been shown that the negative
effect of the non-radiative recombination can be avoided
for charge redistribution between all the impurities and
charge redistribution with the host semiconductor. The
former is related to the Mott transition [13, 14]. The cases
of the Cr-doped zinc chalogenides have been analyzed
theoretically [15-20]. The results show a decrease in the
non-radiative recombination, in accordance with the
experimental and technological results in lasers.

This paradoxical behavior is also present in solar cell
devices. The deep impurities reduce the efficiency of the
solar cells by SRH non-radiative recombination. However,
if the increase in the density of the impurities responsible
for the mid-gap levels is sufficient to form an intermediate
band instead of a deep level, then the negative non-radia-
tive recombination is suppressed. In addition, these solar
cell devices with an intermediate band partially full have a
theoretical limiting efficiency of 63.2% [21], in contrast to
40.7% of conventional single-gap solar cells.

From all of the aforementioned, the electron ionization
levels and the charge-transfer processes play a significant
role in these materials. In particular, TM-doped II-VI
semiconductors have recently attracted the attention of
researchers as magnetic semiconductors for spintronics and
optoelectronics because of their electronic properties.
However, the influence of the TM impurities on lattice
vibrations of semiconductors has not attracted as much
attention, despite their importance in radiative and non-
radiative processes. TM impurities can gain charge with
respect to the lattice as a result of the change in the number
of electrons in the d shell. The charge state of d impurities
can change either through the formation of shallow impu-
rity centers or in the photoionization of the impurity by
light. In these cases, the Coulomb field of the charged
impurity center displaces ions in the nearest environment,
mainly via a breathing mode [4, 5, 13, 14], which strains
the lattice in this region of the crystal and, thus, may affect
its properties. This change may influence, for instance, the
radiative and non-radiative processes. Thus, it seems to be
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of interest to study the properties of these semiconductors
with d metal impurities charged relative to the lattice.

In this work, we analyze the role of TM on the ioniza-
tion energy levels and on both the radiative and non-radi-
ative processes for doped-ZnX, i.e. ZnX:M with X = §,
Se, Te and M = Sc, Ti, V, Fe, Co, Ni. The Cr impurity in
this group is not considered because a detailed analysis has
been carried out previously [15-20]. First, the position in
energy of the donor and the acceptor ionization levels (i.e.
the lower and upper Hubbard bands) will be determined
and compared with experimental results in the literature.
Secondly, the evolution of the ionization levels with
respect to the distance M—X will be obtained. From these
results, the relative influence of radiative and non-radiative
processes will be analyzed.

2 Calculations

For the TM elements, it is generally accepted that they
preferentially occupy cation lattice sites. For this reason, in
our calculations with periodic boundary conditions, one Zn
atom in the zincblende structure was replaced with one
impurity atom M. Computations based on the density-
functional theory (DFT) [22] in the local-spin density
approximation (LSDA) have been carried out using a super
cell containing 64 atomic sites (M,Zn;_,X with y =1/
32 = 0.03125) with X=S, Se, Te and M=Sc, Ti, V, Fe, Co,
Ni. The standard Kohn—-Sham (KS) [23] equations are
solved self-consistently [24]. For the exchange and corre-
lation term, the LSDA has been used with the Perdew—
Zunger parametrization to the Ceperley—Alder numerical
data [25, 26]. The standard Troullier—Martins [27]
pseudopotential is adopted and expressed in the Kleinman—
Bylander [28, 29] factorization. The KS orbitals are
represented using a linear combination of confined
pseudoatomic orbitals [30]. An analysis of the basis set
convergence (with size and with the confinement potential
for the orbitals) has been carried out using from single-zeta
to double-zeta with polarization basis sets for all atoms and
varying the number of the special k points in the irreducible
Brillouin zone. In all of the results presented in this work, a
double-zeta with polarization functions basis set has been
used with periodic boundary conditions and 18 special
k points in the irreducible Brillouin zone for a 64-atom cell.
Several further corrections to the calculated energies [31]
were applied: potential alignment between a charged defect
calculation and the perfect host crystal, and spurious
interaction of periodic image charges.

As it is well known, a single particle LSDA mono-
electronic levels have no rigorous meaning. We, thus,
calculate the ionization energies ¢&,, which correspond to
the value of the Fermi energy at which the impurity or the
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defect changes from a charge state o to o — 1
(D* = D*7! + ¢) from total energy calculations using the
formation energy method [32]. These donor and acceptor
energies are equivalent to the ionization energy and the
electron affinity of the impurity + host system. Similarly,
the donor and acceptor energies of the host semiconductor
are the ionization energy (energy required to remove an
electron from the top of the valence band (VB) to a position
just outside the material, i.e. the vacuum level) and the
electron affinity (energy of the bottom of the conduction
band (CB) with respect to the vacuum level), respectively.
When the impurity takes up a substitutional site in the host
semiconductor, the system is neutral, its total energy is E[0;
D"] and the formal configuration of the impurity is D*. If
the system is multiply charged with —n electrons (n elec-
trons have been removed), the total charge of the system is
n, its total energy is E[n; D*~"] and the formal configura-
tion of the impurity is D*™". The formation energy of this
system multiply charged is defined as

AH(Eg,n) = E(n;D*™") — Eyy — Y migt; + nEy
i

= E(n; D*™") — E(0; D*) + nEy (1)

where Ef is the Fermi energy, Ey is the total energy for the
neutral solid containing only host atoms, #n; indicates the
number of atoms of type i (host atoms or impurity atoms)
that have been added to (n; > 0) or removed from (n; < 0)
the solid when the defect or impurity is created, and the y;
are the corresponding chemical potentials of these species.
These chemical potentials represent the energy of the res-
ervoirs with which atoms are being exchanged. We, thus,
calculate the transition energies &, (donor energy) and &,
(acceptor energy) from total energy calculations as &, =
E(0;D*) — E(1;D*7!) and ¢,y = E(—1;D*'!) — E(0; D*)
that correspond to the solution of AH(¢,,0) = AH(e,, 1)
and AH(e,.1,0) = AH (41, —1), respectively. The previ-
ous equations give the absolute energy levels. However,

usually they are referred to the bottom of the CB

<3(“CB) = €&cB — sa) or to the top of the VB (Si\ﬁ) = Eyt1—

&VB)- S;CB) and ai\ﬁ) represent the donor and acceptor

ionization energies corresponding to the processes
D* = D*~! + ecp and D* + eyg = D**!, respectively.

To find a coherent description of both defect energies
and the band edges, we obtain them both from electron
addition and removal calculations, i.e. in a similar way to
the energy levels using the Eq. 1 with all y; zero. For the
host perfect super cell in its neutral state, we take the VB
edge to be the ionization energy Ey(0) — Ex(+1), and the
CB edge to be the electron affinity Ey(—1) — Ey(0), where
Ey(n) is the ground state energy of the defect-free super
cell as a function of the charge n in it. The resulting
estimate Ey(—1) — 2Ex(0) + Ey(+1) for the band gap is

much closer to the experiment than the estimate from the
eigenvalues.

Notice that ¢,, eyg and &cp energies depend explicitly
on the configuration coordinates (Q) and implicitly on the
total system charge n. For example, & ' = écp — &, =
[En(—1) — Eg(0)] — [E(0; D*) — E(1;D*71)]. In a linear
approximation [4, 5], the energy levels and total energies
vary linearly and quadratically with Q, respectively.

3 Results and discussion

When the TM M substitutes Zn in the ZnX (X = S, Se and
Te) host semiconductor, two of its electrons are given to
the bonds, thus, forming the deep impurity level M**(d"),
ie. with an oxidation state +2: Sc**(d'), Ti**(d?),
V2 (d?), Fe?*(d°), Co®*(d")and Ni*"(d®). Starting from
the lattice neutral charge state +2, donor type (M>*/M>*)
as well as acceptor type (M2t /M™) conversions are con-
ceivable. It implies the possibility of amphoteric behavior.
The donor and acceptor levels (i.e. the lower and upper
Hubbard bands) correspond to the transformation of the
doubly ionized magnetic ions M?>*into M**and into M'*
ions in their ground states, respectively.

The fivefold degenerate d states of TM impurity are split
by the crystalline field into doubly degenerate e, states (d2
and d,>_,») and threefold degenerate z, states (d.,, d,. and
dy.) in the tetrahedral coordination. The electronic config-
urations of the M-TM at the tetrahedral substitutional
site are Sc?(el)), Ti*T(e21)), V2t (eit)), Fe?(elt)),

Co**(e3th) and Ni**(e4r4). The crystal wave functions
with ¢ symmetry are formed by the combination of the #,
and by the states with ¢ symmetry of the host (ty):
1D~ oty + fitu. These g states correspond mainly to the
neighboring anions p—X states.

Therefore, the ¢, states hybridize with the # states
forming the bonding states (i = 1 = b) and anti-bonding
counterparts (i = 2 = a). The #” bonding states appear in
the VB host, and the /' anti-bonding states emerge in the
bandgap or are in the edge of the VB. On the other hand,
the wave functions of the e, symmetry are extended to the
interstitial region. Therefore, the hybridization of the e,
TM states with the ey symmetry host states of the VB is
weak and e, states remain as non-bonding states. In addi-
tion, the spin interaction splits these groups.

In our calculations, one Zn atom in the zinc blende
structure was replaced with one impurity atom M. By
analyzing the density of states, significant hybridization is
seen between the d bands of M impurities with the nearest
neighbors X—p bands. It is possible that the impurity’s ¢
bands may be unusually localized, as is the case in the Mott
oxides. Then, the Hubbard U formalism must be used.
Nevertheless, a detailed analysis has shown that the effect
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of the correlation in Cr-doped zinc chalogenides is small
[15-20].

3.1 General comparison with other results

The optical properties of TM-doped II-VI compounds have
been researched for a long time. In most of the semicon-
ductors, TM are well known as deep impurities, generally
with multiple charge states, which influence the electrical
and optical properties of the host semiconductor. Table 1
gives a summary of the observed acceptor and donor ioni-
zation levels in the literature for the TM chalogenides
ZnX:M with X = S, Se, Te and M = Sc, Ti, V, Fe, Co, Ni.
From this table, many of the TM impurities in chalogenides
are amphoteric impurities, i.e. the donor and acceptor ener-
gies are localized into the gap of the host semiconductor.

Many of the experimental results on ionization levels in
the literature are obtained with photo electron-paramag-
netic resonance (EPR) and luminescence analysis. By the
amphoteric TM impurities have been verified transitions
attributed to M™'—5M*2+ecp and M2 M 4 hysg,
where hyp is the hole in the VB and ecp the electron in the
CB. The estimation of the ionization energy levels is
usually from theoretical fits to the EPR results.

Using the methodology described in the calculation
section, the donor and acceptor ionization levels have been
obtained. To analyze the electronic dynamics as a function
of the atomic positions, we have also considered the inward
and outward displacement of the nearest neighbors of the
M atom, i.e. breathing modes. In this breathing mode, the
distances M—X (d) are scaled with respect to the distances
of the energy minimum dy: d = ad, (inward relaxation for
0 < o < 1, and outward relaxation for o > 1). d is chosen
as a generalized coordinate Q. Of course, there are many
vibrational modes. We have chosen a breathing mode
because that the forces constants and the displacement of
the equilibrium positions are larger than for other modes.
Therefore, in principle, their effect in the lattice dynamic
will be larger [4, 5].

The changes in the ionization energies with the configu-
ration coordinate Q of the breathing mode are shown in
Figs. 1, 2 and 3 for X = S, Se and Te, respectively. An
inward relaxation (reduction in Q) increases the energy of
the ionization levels, and an outward relaxation (increase in
Q) diminishes it. Moreover, an inward (outward) move-
ment decreases (increases) the M contribution to the ioni-
zation levels.

From Figs. 1, 2 and 3, the gaps obtained using the total
energy calculations described in calculation sections are
closer to the experimental than those usually obtained using
monoelectronic differences. For the equilibrium positions in
the ZnX:M the gap (ec — ey) is maximum. The gap from
the figures (3.1, 2.4 and 2.3 eV for X = S, Se and Te,
respectively) are compared well with the experimental: 3.7,
2.8 and 2.4 eV. The difference can be well appreciated in
the figures because the energy range has the experimental
gap of the host semiconductor as the upper limit. Despite
this gap underestimation, larger from S (16%) to Te (4%),
we not have corrected it with a shift as is usually done. Note
that the habitual gap underestimation using monoelectronic
differences with DFT is around 30-50%.

For O — Qp > 0 (outward displacement) or Q — Oy < 0
(inward displacement) the gap is reduced. The decrease is
larger for the outward displacements. The M atom is
surrounded for 4X in a first shell and for 12 Zn atoms in a
second shell. Therefore, the outward mode causes the X of
the first shell to come close to the Zn atoms of the second
shell. As a result, the interaction X—Zn increases and the
gap decreases.

It would be expected that the equilibrium distances M—X
increases from the Sc to Ni, according to the increase in the
covalent radius of the TM impurities. This behavior is
observed in the figures, where the point situated in the
0 — Qp axis indicates the equilibrium position distance
Zn-X of the host semiconductor ZnX. Nevertheless, the
equilibrium distances M—-X are slightly smaller than the
pure sum of covalent radius. This point will be analyzed in
more detail in a later section.

Table 1 Observed acceptor and donor ionization energies (eV) with respect to the VB maximum in TM-doped zinc chalogenides

Sc Ti A% Fe Co Ni

ea(ZnS:M) 2.97 [43] 2.46 [33], 2.41-2.48
[35-37], 2.4 [47]

ep(ZnS:M) 3.36 [33] 1.96 [33], 1.3 £+ 0.3 [33], 0.75 [35-37]

1.84 [43] 1.41-1.47 [39]

ea(ZnSe:M) 1.49 [44] 1.85 [33, 38], 1.79 [34],
1.7 [47]

ep(ZnSe:M) 1.76 [34] 1.75 [33, 41], 0.88 [44] 1.1-1.3 [33, 48], 0.89 [34] 0.25 [33], 0.16 [33], 0.36 [34]

1.55 [34], 2.03 [42] 0.37 [34]
ea(ZnTe:M) 1.16 [45, 46] 1.75 [40] 0.95 [38]
ep(ZnTe:M) 0.84 [45, 46] Into VB
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Fig. 1 Donor (ep), acceptor (a)

(b)

(es) and CB edge (ec) energies 35l
with respect to the VB edge (ev)
energy as a function of Q — Q,,
for ZnX:M with X = S and

M = Sc (a), Ti (b), V (c¢), Fe
(d), Co (e) and Ni (f). Q is the
generalized coordinate and Qy is
their value for the energy

35¢

minimum. The thick point L3t L3t
situated on the Q — Q, axis 1F 1k
indicates the equilibrium
position of the host 0.5} exey 0.5} exey
semiconductor ZnX. The Cpev Cpy
horizontal lines correspond to 0 | Scroy M . . 0 | Sy - .
the results in the literature of the -04  -02 0 0.2 0.4 0.6 -04 0.2 0 0.2 0.4 0.6
Table 1
(c) (d)
351 35}

E(eV)

0.5} exey 0.5 Sacv
epey Cptv
€y e
0 Lecey R . . . o vV . . . .
04 -02 0 02 04 06 04 -02 0 02 04 06
(e) — ®
351 35
3 L

From Figs. 1, 2 and 3, it is seen that the evolution of the
ionization levels with Q is non-linear. It implies an anar-
monicity in the curves D*/D*~" and D*/D**'. If the energy
curves were quadratic, the energy levels would have a
linear dependence with Q [4, 5]. Note that the ionization
energies and the gap decrease towards the right (outward
mode) and towards the left (inward mode) of the equili-
brium positions. The decrease is larger for the outward
mode because of the strong interaction of the first shell of
4X atoms with the second shell of 12 Zn atoms. This

interaction is stronger than the interaction of M with the 4X
in the inward mode.

To make comparison with the experimental results easy
in Figs. 1, 2 and 3, we have represented the results in the
Table 1 with horizontal lines. For the cases where there is
experimental dispersion, the horizontal lines have been
replaced by rectangles. The results were compared with the
results given in Table 1 for the ZnX:M ionization levels
with X = Se and Te. The comparison is worse for X = S,
except for the Fe and Ni donor levels. The comparison is

@ Springer



28

Theor Chem Acc (2010) 125:23-34

Fig. 2 Same legend as in (a) (b)
Fig. 1, but with X = Se
25}
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not good for the V and Fe acceptor levels. However, these
levels are comparable for X = Se and Te. Therefore, these
differences of the Fe and Ni donor levels could be caused
by the larger ZnS gap underestimation.

With respect to the position of the ionization levels in
the gap, we observe that the doping with shallow acceptors
is necessary to obtain the p-type materials as the acceptor
levels of all the TM ions lie well above the top of the VB of
every zinc chalogenide compound. Moreover, one can see
that for all TM (perhaps apart from Co and the ZnTe:Ni)
also the donor level lies above the VB and, thus, the
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appearance of the band holes (even with an additional
acceptor doping) is excluded.

The data obtained from the calculations have been
fitted to a polynomial of third order around the equilib-
rium position Qo:E(Q) = E(0) + (k/2)(Q — Qo)* + (k3/6)
(O — Q) with a root mean deviation lower that 0.01 eV.
The aforementioned anarmonicity is reflected in the
negative value of the k; constant. In agreement with
Figs. 1, 2 and 3 and with the covalent radius, there is a
monotonic decrease in the distances M—-X. However, the
distances M—X in ZnX:M are larger than the Zn—X in the
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Fig. 3 Same legend as in

: ) (a) . . .
Fig. 1, but with X = Te
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host semiconductor. It indicates that the substitution of
the Zn by the M atom causes an outward displacement of
the X nearest neighbors. This displacement is larger for
the Cr, V and Fe.

As a consequence of the increase in the M-X dis-
tances with respect to the Zn-X distances in the host
semiconductor, the bonding M—X will be weaker than the
Zn—-X. This fact is reflected in the harmonic force con-
stant k,. In all cases, ky(ZnX:M)<ky(ZnX), and the
lower values correspond to ZnS:Cr, ZnSe:Se, ZnS:V,

ZnSe:V, ZnSe:Fe and ZnS:Ni. This aspect could be
important in the non-radiative recombination because to
smaller force constant smaller will be the probability of a
non-radiative transition [4, 5]. A lower force constant
indicates flatter curves in a configuration diagram (total
energy vs. Q). Then, the probability of crossing between
the curves of the host and of the impurity will be
reduced. This results are in according with the reported
ZnS:Cr, ZnSe:Se and ZnSe:Fe lasers with negligible non-
radiative recombination [6—12].
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3.2 Energy curves

As has been previously mentioned, some of the ionization
energies have been obtained eerrimentally from the
M M2 4 e and the MT2—5SM*! + hyg radiative
transitions. Note that in a diagram of energy versus con-
figuration coordinates the radiative processes correspond to
vertical transitions, whereas the non-radiative processes
correspond to horizontal transitions. These transitions are
directly related to the two step mechanism of the non-
radiative recombination [4, 5, 13, 14]. Using the impurity
configuration, D* generically instead of the oxidation state
M (D", D* and D*~!' correspond with M*!, M*? and
M3, respectively, where o depends on the configuration of
the TM impurity), the recombination of an electron from
the CB to the VB is the two step mechanism D*+
ecp = D*tl = D* 4+ [a%: 8

Of course, if the total energy of the D*™! is closer to the
D” + evyg total energy (i.e. the acceptor energy closer to
the VB), the step D™l = D* 4 eyp will be fast, whereas
the step D* + ecg = D! will be slow. Therefore, the
impurity will be a classic acceptor with the acceptor energy
closer to the VB. Nevertheless, with deep levels in the gap
the two steps must be considered simultaneously. Also, a
similar two step mechanism via deep donor level must be
considered: D*!' 4+ ecg = D* = D*~! + eyg. Note that
the non-radiative recombination (horizontal transition) will
succeed near the crossing point of the curves. On the other
hand, the radiative transitions are verticals.

Using the methodology described in the calculation
section, we have obtained the energy curves, as a function
of the generalized coordinate Q, of D* + ecy, D',
D* + ey, D" '+ ecy, D* and D" ' 4 eyp systems
shown in Figs. 4, 5 and 6. From these figures, the anar-
monicity of the aforementioned configuration energy
curves is clear. According to Figs. 1, 2 and 3, the TM
impurities with more deep ionization levels correspond to
the D*"* curves localized more symmetrically between
the curves D**~! + eyp and D! + ecp.

The changes in the equilibrium positions (<0.1 A) and
in the force constants (<5 eV A*Z) resulting from the
substitution of an impurity center for a lattice atom are
small, and therefore, the changes in the lattice vibrational
modes induced by a d impurity are insignificant. One of the
reasons for this behavior is the charge density distribution
not only for the Zn—X atoms, but also for the M—X pairs. In
some cases as the Cr, Ni and Fe, the TM probably donates
as many electrons for the formation of chemical bonds as
Zn does in the host semiconductor. The d states, however,
can hybridize with the p states of the anions, thus, pro-
viding an additional possibility of electronic density
redistribution between the M and X atoms. This redistri-
bution is a consequence of the contribution of d states to
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the VB and to the states in the gap. The former have a
bonding character, whereas the latter has a non-bonding
character. When the charge state of the M impurity is
changed by interaction with the light (i.e. when an electron
transfers from the VB to the impurity or from the impurity
to the CB), the excess charge can also undergo redistri-
bution through the hybridization of the M—d states with the
p states of the nearest neighboring anions. As a result, the
M may have an effective negative charge smaller in
magnitude than the electronic charge. Therefore, the
occurrence of a strong Coulomb interaction which, coupled
to substantial hybridization, leads to a strong screening
(also called a self-regulation or L’Chatelier mechanism).
This tends to keep the electron population of the impurity
virtually unchanged when the overall charge of the impu-
rity or the local environment around TM change.

Non-radiative transitions via multiphonon mechanism
are caused by the crossing of the energy curves. The
probability of crossing between the energy curves is
reduced if the curves are parallels. With a parabolic model,
the probability of crossing between two energy curves is
lower when the differences between the minimums and
between the force constants of the energy curves are small.
In general, with non-harmonic curves, the parallelism will
avoid the crossing of the curves. Therefore, the L’Chatelier
mechanism tends to keep parallels the curves D*+
ecg = Dl = D* 4+ eyvp and D! 4 ecg = D%a— 1 +
eys. The breathing mode is the simplest type of localized
vibration with spherical symmetry. Therefore, this
L’Chatelier mechanism favors the delocalization and the
coupling of the breathing mode with other host system
modes.

4 Conclusions

We have carried out first principle calculations for ZnX:M
with X = S, Se, Te and M:Sc, Ti, V, Fe, Co, Ni to obtain
the ionization levels. We have determined the donor and
acceptor ionization levels for both the equilibrium posi-
tions (static description) and as a function of the genera-
lized coordinate corresponding to a breathing mode
(dynamic description). In almost all cases, except for the
Co, there are ionization levels in the gaps. These ionization
levels are associated with the anti-bonding combination of
the unfilled d-M shell with the anion p—X orbitals. The
bonding combination (lower energy) lies in the VB. This
double contribution to the VB and to the deep levels in the
gap permits charge redistribution around the impurity.
The main effects in the lattice dynamic are a decrease in
the force constants and a small change in the equilib-
rium positions. As a consequence, the crossing of the
curves D*+4ecp = D! = D*+eygand D> +
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>
= 1-: 1-3
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D, 1

-0.4 -0.2 0 0.2 0.4 0.6
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and M = Sc (a), Ti (b), V (¢), Fe (d), Co (e) and Ni (f). Q is the

Fig. 4 Configuration energy curves of the two steps processes
generalized coordinate and Q) is their value for the energy minimum

D* 4 ecy = D**' = D* +eyg  (upper panel) and D* '+
ecg = D* = D*! +eyg (lower panel) for ZnX:M with X = S
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Fig. 5 Same legend as in Fig. 4, but with X = Se

ecg = D* = D* ' + eyp is not favorable, reducing the
horizontal transitions or the non-radiative recombination,
thus improving the emission quantum yield, in accordance

@ Springer

with the experimental results. It is particularly important in
the ZnS:Cr, ZnSe:Cr, ZnS:V, ZnSe:V, ZnSe:Fe and
ZnSe:Ni. This effect have been corroborated in the ZnS:Cr,
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Fig. 6 Same legend as in Fig. 4, but with X = Te
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ZnSe:Cr and ZnSe:Fe lasers where a low probability of the
multiphonon relaxation process has been observed.
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