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I. INTRODUCTION

Impurities play a key role in semiconductor-device applications. They
can be used to alter such electrical and optical properties of semiconductors
as conductivity or luminescence efficiency by several orders of magnitude. A
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crucial property of an impurity is to introduce energy levels within the
fundamental band gap of the host semiconductor. For many substitutional
impurities such as As or B in Si, the defect levels are “shallow” and are
thermally ionizable because they are close to the valence- or conduction-
band edges. Other defects, however, such as O in GaP, produce “deep”
levels within the gap. They often act as efficient recombination centers and
enhance the switching speed of devices. In optoelectronic devices such as
lasers, deep impurities are often considered to be undesirable because they
trap excitons and convert them into heat through nonradiative recombina-
tion.

Many of the important shallow impurities are well understood by now,
both experimentally and theoretically. The effective mass theory of shallow
impurities (Luttinger and Kohn, 1955; Kohn, 1957) led to the well-known
hydrogenic theory, providing both conceptual guidance and, in many cases,
quantitative predictions about shallow binding energies (for a review, in-
cluding recent extensions of the theory, see Pantelides, 1978; Altarelli et al.,
1978, 1983; Altarelli and Bassani, 1982). The identification and character-
ization of deep impurities, on the other hand, is a difficult problem and is
still an important and active field in semiconductor research.

A systematic experimental assessment of deep impurity levels has be-
come possible only during the past decade through the development of new
and very sensitive techniques such as deep-level transient spectroscopy
(Lang, 1974; Miller et al., 1977), luminescence spectroscopy (Bergh and
Dean, 1976), and electron spin resonance (Watkins, 1975; Kaufmann and
Schneider, 1979, 1982). A discussion of these and other experimental
techniques as well as compilations of the wealth of available experimental
data can be found in many books (Milnes, 1973; Bergh and Dean, 1976;
Watts, 1977; Madelung, 1981a) and review articles (Queisser, 1971; Miller
et al., 1977; Grimmeis, 1977; Kaufmann and Schneider, 1979; Mircea and
Bois, 1979; Chen and Milnes, 1980). The need for interpretation of these
data has simultaneously led to the development of new theoretical tech-
niques. By now most of them are documented in books (Stoneham, 1975;
Lannoo and Bourgoin, 1981; Jaros, 1982) and review articles (Pantelides,
1978; Stoneham, 1979; Baraff and Schliiter, 1979b; Pantelides et al., 1980;
Baraff et al., 1980c; Jaros, 1980; Vogl, 1981; Scheffler, 1982). However,
systematic predictions of deep-impurity-level energies for a wide range of
defects and host crystals have been made only quite recently (Hjalmarson
et al., 1980a, 1981, 1983; Sankey et al., 1980; Sankey and Dow, 1981a,b;
Bernholc et al., 1981, 1983; Ren et al, 1982c; Allen and Dow, 1982;
Reinecke and Henvis, 1983).

In this article, we provide a summary of the available theoretical predic-
tions of deep-impurity-level energies, with emphasis on their chemical
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trends. We shall concentrate on the level energies due to substitutional point
defects and extended defects (pairs), in the bulk and near interfaces and
surfaces, in all standard semiconductors and in some of their alloys. These
calculations can assist in the identification of defects and in selecting
promising candidates for trapping or recombination centers, and they
provide a conceptual framework for understanding deep impurities.

Deep impurities are so different from shallow impurities that extensions
of effective mass theory have not proved to be successful in understanding
their properties. Their distinguishing feature is the characteristic range of the
potential. Shallow impurities are controlled by the long-range Coulomb
potential, whereas the everpresent short-range potential produces only a
slight chemical shift. For deep impurities, the relative importance of the
short-range and the long-range components is exactly reversed. Recognizing
the importance of the central-cell potential associated with a deep trap,
earlier workers simulated it and the surrounding medium with clusters of
atoms (Coulson and Kearsley, 1957; Messmer and Watkins, 1973; Cartling,
1975). An alternative method which exploits both the short-range character
of the deep impurity potential as well as the translational symmetry of the
unperturbed host crystal has been developed by Koster and Slater (1954a,b)
and by Callaway (1964, 1967) and Callaway and Hughes (1967). Most of the
recent calculations of deep impurities are based on the scattering theoretic
Green’s function approach basically developed in these early papers.

Presently, two complementary theoretical approaches are used to tackle
the deep-trap problem. First, there are first-principles type of approaches
which aim at a truly quantitative assessment of carefully selected impurity -
host systems (Baraff and Schliiter, 1979a; Jaros et al., 1979; Bernholc et al.,
1980; Lindefelt and Zunger, 1981). Second, there are semiempirical ap-
proaches which offer an imprecise but global view of a variety of deep traps
in many different hosts (Hjalmarson et al., 1980a, 1983; Sankey et al., 1980;
Reinecke and Henvis, 1983). Both methods supplement each other.

The former approaches employ self-consistent pseudopotential tech-
niques. They provide very detailed information about the electronic and
vibronic properties of specific defects, such as charge densities (for reviews,
see Baraff and Schliiter, 1979b; Scheffler, 1982; Jaros, 1980, 1982); lattice
relaxation around defects (Baraff et al., 1980a,b; Scheffler e al., 1983); and
level energies (Scheffler ez al., 1981; Bernholc et al., 1981, 1982; Bachelet et
al., 1981a,b). Very stimulating results have been obtained by this method
such as the “negative U” silicon vacancy (Baraff et al., 1980a,b; Watkins and
Troxell, 1980); native defects in GaP (Scheffler et al., 1981); and oxygen in
GaP (Baraff et al., 1982). On the other hand, these methods are still too
laborious to be applied to a great variety of defects.

The semiempirical approaches to deep impurities, on the other hand,
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employ a modern version of tight-binding theory (Chadi, 1975, 1977;
Pandey and Phillips, 1976; Harrison, 1980; Vogl ez al, 1983), augmented by
the Koster-Slater Green’s function technique. This approach has been used
to study vacancies (Bernholc and Pantelides, 1978; Das Sarma and Madhu-
kar, 1981; Talwarand Ting, 1982); substitutional point defects (Hjalmarson
et al., 1980a, 1983; Lin-Chung and Reinecke, 1981; Ren et al, 1982a,b,c;
Kobayashi ez al., 1982); defect pairs (Sankey et al., 1980; Sankey and Dow,
1981a,b; Reinecke and Henvis, 1983); surface and interface defects (Hjal-
marson et al., 1980b; Daw and Smith, 1979; Daw et al, 1981; Allen et al,
1981, 1982; Allen and Dow, 1981, 1982); and pressure effects on deep levels
(Jantsch ez al., 1982; Ren et al., 1982b); but this list is still far from complete.
These theories focus on chemical trends in the impurity-level energies and
are meant to guide future experiments rather than to give quantitative
agreement with existing data. The central idea underlying the simple
theories is that it may be very hard to predict the energy levels of any deep
impurity with accuracy, but that it is possible in a simple model either to
predict how a given impurity level will change as the host changes or to order
the energy levels of several impurities in a single host. A major advantage of
concentrating on trends rather than on quantitative results is that it may
permit one to grasp the essential qualitative physics of impurities and to
deduce approximate rules (Hjalmarson et al,, 1980a,b; 1983; Dow e al,,
1981; Sankey and Dow, 1981a,b; Allen and Dow, 1981). In exchange for the
simple global view of defect levels one must give up a degree of precision (a
few tenths of an electron volt) and neglect charge-state splittings and the
effects of lattice relaxation (which can be incorporated a posteriori). In many
cases, these effects are likely to be monotonic functions of the trap-level
energy, and hence do not perturb the relative ordering of deep-impurity-
level energies.

In this article we shall mainly be concerned with those theories which
focus on chemical trends, since the majority of predictions for substitutional
impurity-level energies has been obtained in the framework of tight-binding
studies. '

II. WHAT Is A DEEP TRAP?

Traditionally, the point defects in semiconductors have been classified as
shallow and deep defects, according to the energy of the electronic states
introduced within the band gap. Deep levels, in particular; have been
defined as those lying more than 0.1 eV from the nearest band edge. The key
property of deep impurities, however, is to substantially alter the recombi-
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nation properties of semiconductors (Queisser, 1971, 1978; Watts, 1977;
Kaufmann and Schneider, 1982), and this property is not always reflected
by the binding energy of the trap. The N level in GaP, for example, exhibits
properties typical for a deep trap, although its activation energy is only 10
meV (Bergh and Dean, 1976; Hsu et al., 1977; Wolford et al,, 1979).
Based on ideas of Hsu ez a/. (1977) and Dean (1 970), a new definition of a
“deep” impurity has been proposed, which focuses on the spatial localiza-
tion of the trap state (Hjalmarson ez al, 1980a, 1983; Jantsch et al., 1982),
An impurity is defined as being a deep trap theoretically if its central-cell
potential alone, without any long-range Coulombic or elastic potential, is
sufficiently strong to bind a state within the band gap of the host. In contrast
to a shallow trap, such a deep-trap state is not exclusively derived from the
nearest band-edge states. Thus one may experimentally define a trap to be
deep if it does not follow a nearby band edge when that edge is perturbed by
alloying or by pressure. We shall show in the course of this article that the
pressure coefficients of deep traps are typically two orders of magnitude
larger than those of shallow impurities (Section IX,D; Jantsch ez al., 1982).
With the focus on the localized central-cell portion of the potential of a
substitutional defect, the deep-trap problem becomes a question of localiza-
tion. Under what conditions does the central-cell potential bind a state? If it
does, the properties of the localized state will primarily depend on the
atomic nature of the central-cell potential, whereas the remaining long-
range contribution to the potential will have a secondary effect and may be
added a posteriori. In fact, the majority of contemporary deep-impurity
theories either omit the long-range impurity potential tajl orinclude it in a
perturbative manner (Rodriguez et al., 1980; Bernholc et al,, 1982).

IIl. THE DEFECT MOLECULE PICTURE

The essential qualitative physics of deep levels is contained in a simple
molecular LCAO picture which captures the essential elements of the s and
p bonding of the impurity with the host (Hjalmarson et al., 1980a,b, 1983).
As an example, depicted in Fig. 1, we consider N in GaP. N has the same
number of valence electrons as P—it is “isoelectronic” to P—and binds an
electron through its short-range potential; there is no long-range Coulomb
tail (Hsu et al., 1977; Wolford et al., 1976, 1979; Mariette and Chevallier,
1979; Faulkner, 1968).

We examine N in replacing P and limit our attention to the s-symmetric
atomic orbitals on the central atoms, first P and then N, interacting with the
totally symmetric combination of the sp® hybrids residing on the four
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FiG. 1. The two-state model schematically shows the host GaP antibonding and bonding
states, derived from atomic energies, compared with the same model with N rcplacing P. The
deep-trap level is the GaN antibonding level. It is Ga-like and appears bound relative to the
GaP antibonding level. (After Hjalmarson er al., 1980a, 1983.)

nearest Ga neighbors and pointing toward the central atom. The Ga hybrid
atomic level of energy e = (€9* + 3€$*)/4 lies above the P s-orbital energy
€f (see Table I) and is the progenitor of the conduction band in the two-state
model. Bringing Ga and P together into a molecule leads to a bonding—an-
tibonding splitting, with the antibonding level the parent of the (lower part
of the) conduction band in the solid. If one considers a molecule consisting
of the defect N and its Ga neighbors, the N s-orbital energy lies ~ 7 eV lower
than the P level, causing the Ga-N antibonding state to lic below the Ga-P
state and to appear bound relative to it. The antibonding Ga-N state lies
lower because the bonding-antibonding splitting is inversely proportional
to the energy denominator (e§* — €V), which is ~ 7 eV larger for the defect
than for the host. (The splitting is proportional to v2/(e§* — €N) where vis the
anion - cation transfer-matrix element and is known to depend only on the
host bond length (Harrison, 1980; see Section V). The bond length is the
same for the host and the defect, if we neglect the lattice relaxation around
the impurity.) The net result is the creation of two impurity states: one is an
occupied bonding state within or below the valence band; the other is an
unoccupied Ga-like antibonding state slightly below the Ga- P conduction
state.
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TABLE 1
ORBITAL ENERGY PARAMETERS®
Element —¢,(eV) —¢,(eV) | Element —¢, (eV) —€,(eV) | Element —¢, (eV) —€,(eV)
Be 6.74 3.04 C 15.35 7.07 (o) 27.08 10.31
Mg 5.50 2.26 Si 11.74 4.85 S 19.14 7.41
Zn 6.37 2.09 Ge 12.04 4.69 Se 18.22 6.58
Cd 5.76 1.79 Sn 10.37 433 Te 15.25 5.87
Hg 5.68 0.90 Pb 9.93 4.17 Po 14.32 5.57
B 10.77 5.06 N 20.57 9.26 F 34.22 11.92
Al 8.56 343 P 15.15 6.39 Cl 23.34 8.26
Ga 9.24 3.40 As 14.93 6.03 Br 21.60 7.46
In 8.11 3.22 Sb 12.66 5.46 I 17.86 6.581
Tl 7.86 3.14 Bi 12.01 5.22 At 16.66 6.20

¢ As used in the tight-binding calculation of Hjalmarson et al. (1980a) and Vogl et al. (1983); €, and €, are

proportional to the atomic term values (Fischer, 1972; Clementj and Roetti, 1974),

being 0.8 for the s energies and 0.6 for the p energies.

the proportionality factor

Implicit in this simple picture are many of the features which are found
within the more sophisticated Koster-Slater calculations, which are dis-
cussed in subsequent sections:

(1) Associated with every deep electron trap within the band gap there
is a filled, electrically inactive ““hyperdeep” level normally below or within
the valence band.

(2) While the hyperdeep level is a state localized at the impurity site,
the deep level is a hostlike state, localized at the dangling bonds surrounding
the impurity.

(3) The central-cell impurity potential affects the trap-level energy only
in a strongly attenuated fashion: A change of the impurity potential by a
large amount, say 10 eV, leads to only a small change in the deep-level
energy (typically, 1 eV). This s, qualitatively, the reason why most impurity
atoms introduce trap states within the energy gap of a semiconductor.

(4) When we decrease the atomic orbital energy of the impurity to
simulate an increasingly electron-attractive substitutional impurity, the
Ga-like antibonding trap state becomes asymptotically “pinned” to the Ga
dangling-bond energy (let €y — — co and we see that the antibonding Ga-N
level never lies below €g,). This pinning of the deep level to the host Ga
dangling bond [also representing the unrelaxed, neutral vacancy (Coulson
and Kearsley, 1957; Bernholc and Pantelides, 1978)] is a consequence of
orthogonality: The electron-trapping antibonding state is orthogonal to the
bonding state which is localized at the impurity site. Hence the trapped
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electron is to be localized away from this site. An increase of the impurity
potential strength only attracts more bonding charge on the impurity site
without lowering the energy of the trapped electron, which resides on the
neighbor sites.

An essential feature of deep traps that is absent in the simple molecular
picture is the threshold defect potential for binding: If we imagine turning on
the interaction of the defect molecule with the rest of the host crystal, the
Ga- P prototype conduction and valence “band” broadens. Then the defect
potential (€)Y — €F) must exceed a threshold before a state can be pulled from
the conduction band.

It is a straightforward matter to apply this defect molecule picture to
other impurities and to include also the backbonds of the nearest neighbor
atoms (Lannoo and Bourgoin, 1981; Baraff er al., 1982; Bernholc et al.,
1982). If interpreted with care, this simple defect molecule can realistically
reproduce several features of deep traps (Lannoo, 1982). It constitutes a
useful guide in understanding chemical trends in impurity-level energies or
in interpreting the results of full-scale calculations,

IV. THE KOSTER -SLATER GREEN’S FuncTION METHOD

The full exploitation of both the short-range nature of the potential
induced by deep impurities and the translational symmetry of the host
crystal can optimally be achieved by using the scattering theoretic Green’s
function technique. Many papers and reviews have appeared in which this
method and its application to localized perturbations have been extensively
discussed: vacancies (Bernholc and Pantelides, 1978); surfaces and inter-
faces (Allen, 1979; Pollmann, 1980); deep impurities (Pantelides, 1978;
Baraff and Schliter, 1979b). In this approach, originally developed by
Koster and Slater (1954a,b) and by Callaway (1964, 1967), one starts out
from the perfect crystal described by the Hamiltonian H, whose electronic
properties can be calculated by using any of the standard techniques. In the
second step the defect is introduced, characterized by the defect matrix V,
Finally, the changes introduced by Vin the spectrum of Hj, are calculated by
solving the eigenvalue problem of the full Hamiltonian H=H,+ Vin the
form

W) =(E—Hoy'V|y) = G(E)V|y) (1
where Gy(E) is the Green’s function of the perfect crystal. The bound states

in the gap of the host crystal (characterized by Hp) are then obtained from
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the zeros of the determinantal eguation
det(l — Gy(E)W)=0 (2)

The size of this matrix equation is determined by the range of the potential
V. Hence it can be solved efficiently in a basis of localized functions to
minimize the number of 11atrix elements needed to define V.

Various techniques have been developed to solve these equations in the
context of deep impurities. As we mentioned in the introduction, there are
first principles types of approaches such as the self-consistent pseudopoten-
tial approacn developed by Baraff and Schliiter, 1979a; Bernholc et al.,
1980; Jaros, 1982; and Lindefelt and Zunger, 1981 and semiempirical
methods such as the tight-binding method (Bernholc and Pantelides, 1978;
Hjalmarson ez al., 1980a, 1983).

In Section V, we exemplify the solution of Egs. (1) and (2) by the
tight-binding method because it is the simplest of the available realistic
models and also because the majority of the published predictions of defect
properties has been obtained by this method. In this and subsequent sec-
tions, our attention is on s- and p-bonded impurities; 3d transition-metal
impurities are discussed briefly in Section X.

V. THE TIGHT-BINDING METHOD

A. The Perfect-Crystal Hamiltonian

The one-electron spectrum of the fully periodic bulk crystal is deter-
mined by the Schradinger equation

Holnk) = E,nk ) 3)

J&a_d n is the band index and k is the Bloch vector. In terms of these
eigenstates, the spectral representation of the Green’s function Gy(E) is

Qoﬁwv = M_. E (4)

H, can be calculated in the framework of the empirical LCAO or tight-bind-
ing method. In the context of modern solid-state theory, this method has
been pioneered by Harrison (1973, 1980). Since then this model has been
extended and modified by several authors (Chadi, 1975, 1977; Mele and
Joannopolous, 1977). In this review, we consistently employ the tight-bind-
ing model of Vog! er al. (1983). It has been systematically tested and was



110 P. VOGL

successfully applied to a wide variety of electronic properties of solids such
as surfaces and interfaces (Beres et al., 1982, 1983; Beres and Allen, 1982;
Allen and Dow, 1982; Allen et al., 1982), core excitons (Hjalmarson et al.,
1981), point defects (Hjalmarson et al., 1980a, 1983; Ren et al., 1982a,b,c;
Kobayashi er al., 1982), and extended defects (Sankey et al., 1980; Sankey
and Dow, 1981a,b). This model generalizes Harrison's original tight-bind-
ing model, maintaining its essential features of simplicity and preserving
and displaying chemical trends, yet making it sophisticated enough so that it
reproduces the major features of both the valence- and conduction-band
energies, even in indirect gap semiconductors. In this model, H, is repre-
sented in an orthonormal set of localized, atom-centered basis functions
such as the Wannier functions w{ of the perfect crystal (Kohn, 1973). We
have used five basis states per atom, two s and three p functions; only nearest
neighbor interactions have been included. The diagonal or on-site matrix
elements of H, are e2vion, gapion, €grion, ggation, gztion, gcation_ [y addition, seven
nearest neighbor transfer-matrix elements are retained which couple the s,
the excited s*, and the p states on adjacent atoms. Rather than to construct
the basis functions explicitly, these matrix elements are considered as
parameters and are fitted to the known optical gaps of the semiconductors.
For the case of GaP, the resulting band structure is shown in Fig. 2 and

—_—
100k /
hy
50 v o

{eV)

\Y

\

7

~
3¢
\3

\

E nergy

-100

-150

L A r A X UK L r
Wave Vector K
Fig. 2. Energy-band structure of GaP obtained with the ten-band empirical LCAO

method of Vogl ef al. (1983) (solid lines). The valence and lower-conduction bands are
compared with the pseudopotential theory of Chelikowsky and Cohen (1976) (dashed lines).
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compared with the pseudopotential band structure of Chelikowsky and
Cohen (1976).

The key point of the empirical LCAO method lies in the chemical trends
of the Hamiltonian matrix elements (Harrison, 1980):

(1) The diagonal matrix elements of H in the solid are proportional to
the s and p atomic energies of the chemical constituents. By fitting band
structures, the proportionality constant has been found to be 0.8 for the s
states and 0.6 for the p states (Vogl et al,, 1983). The atomic orbital energies,
scaled by these factors, are given in Table I.

(2) The nearest neighbor coupling (off-diagonal) matrix elements are,
to a good approximation, universal functions of the nearest neighbor dis-
tance, i.e., they are independent of the chemical nature of the partners, and
they scale as the inverse square of the bo: | length. The physical origin of
these trends is discussed in detail by Harrison (1980). These trends optimally
permit the exploration of chemical trends in both perfect and imperfect
crystal properties. They allow one to greatly simplify the defect matrix and
to construct it without any adjustable parameters from the tabulated atomic
energies only.

B. The Koster-Slater Equation

We now consider the full Hamiltonian H of the crystal containing a
single substitutional impurity. We wish to solve the Schrédinger equation

Hy=Ey 5)

To this end we expand y in terms of localized functions such as the Wannier
functions w; of the imperfect Hamiltonian H,

= M W, (6)
i

Kohn and Onffroy (1975) have shown exactly how Wannier functions for
imperfect systems can be defined (see also Louis and Verges, 1981). In
empirical tight-binding theory, the basis functions w; need not be explicitly
calculated. It suffices to know that the w/’s, just like the w®'s of the perfect-
crystal Hamiltonian H,, are a set of localized, orthonomal, atom-centered,
and s, p, ..., symmetric functions. The complete set {w;} spans the same
function space as the w®s and differs from the ws appreciably only at the
impurity site where they are impurity-like. A simple one-to-one mapping
between the sets w, and w? can therefore be established. By subtracting the
same term from both sides of Eq. (5), it can be rewritten as

2 KwilH w;y — (Wl Holw§ )} ¢, = M (Edy— (wilHolwd)g  (7)
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The bound states in the gap of the host crystal can now be obtained from
the zeros of the determinantal Eq. (2), where Go(E) is evaluated in the host
Wannier function basis w9, corresponding to the right-hand side of Eq. (7).
The defect matrix Vis given by the left-hand side of Eq. (7) and subtracts the
imperfect Hamiltonian matrix H from the perfect crystal Hamiltonian
matrix H,, evaluated in the imperfect basis w; and the host basis w9,
respectively. We see that this LCAO approach incorporates the chemical
nature of the defect by working with two basis sets, one being appropriate for
the host and a second one being appropriate for the perturbed crystal
(Hjalmarson et al., 1980a, 1983). It differs in this respect from the standard
Green’s function technique where the defect operator W(r) is expanded
solely in terms of the host wave functions.

C. The Defect Matrix

The difficult part in any impurity calculation is the determination of the
defect matrix V in Eqs. (2) and (7). Following Hjalmarson e al. (1980a,
1983), we shall sidestep this difficulty by making use of the chemical trends
which are found for the perfect-crystal Hamiltonian matrix elements and
transferring them to the imperfect crystal.

Focusing on the short-range impurity potential, we restrict the impurity
potential to just the unit cell containing the defect. Thus we approximate
that V is nonzero only up to the nearest neighbor sites surrounding the
impurity. This alters the binding energies by only a small amount on the
scale of energies reliably predicted in the deep-trap theories (Rodriguez et
al., 1980). Hence the defect alters at most the diagonal matrix element of the
total crystal Hamiltonian H at the impurity site and its off-diagonal ele-
ments associated with the impurity - nearest neighbor coupling. If we limit
our attention to impurities in the unrelaxed host, it then follows that the
change in the nearest neighbor coupling matrix elements is zero— Dby virtue
of their dependence solely on the (unaltered) bond length, as discussed
previously in Section V,A. Thus, in the empirical tight-binding basis, the
perturbation due to the impurity is diagonal. The diagonality of V then
reduces the determinantal Eq. (2) to a product of scalar equations, one for
each basis state associated with the impurity site. The eigenvalue Eq. (2) for
the trap energy E of the trap at site k then becomes

1 (lk|nk) (nk|lic) \‘a
— = dE’
7> i

m.lm:w

D (E")
E-F ®

DEEP-IMPURITY-LEVEL ENERGIES IN SEMICONDUCTORS 113

.

oS- =

e A Ay

Local spectral density {arbitrary units)
o

{c) {d)
osf- -
o ?’ 1 1 LA ol 7 g}
-0 -S 0 S 10 -0 - 0 S 10
Energy (eV;

.—.._o. 3. Projection of the density of states of GaP onto the local orbital basis states: (a) s-P
MW Mw.w. A,); (b) p-P (P site, T,); (c) s-Ga (Gasite, A,); (d) s-Ga (Ga site, T,). (After Vogl et al.,

In Eq. (8), D,(E) is the local spectral density of the host, of symmetry /, and
taken at the site x which can be either cation or anion. Figure 3 displays the
spectral densities for GaP, as obtained from the tight-binding Hamiltonian
(Section V,A). When /is the s-orbital state, Eq. (8) corresponds to the bound
states of A, symmetry, whereas when / is one of the three p orbitals
associated with site k, Eq. (8) corresponds to the bound states of T, sym-
metry. Furthermore, no bound states are found associated with the excited
s-state s* which lies high up in the conduction band, and no bound states of
symmetry other than A, and T, are possible in the present model. The A,
part of the defect matrix is given by the diagonal element

Vi=¢€—ett 9
in terms of the s-orbital energy of the impurity €! and the host €. The T, part
is given by the p-orbital energy difference

Vr, =€ — €l (10)

In Egs. (9) and (10), we have omitted the site index for simplicity. In
correspondence with the chemical trends for the LCAO-Hamiltonian
matrix elements, discussed previously in Section V,B, these defect-matrix
elements are obtained from the scaled free atomic orbital energies tabulated
in Table I. Equation (8) shows that the trap energy depends on the atomic
properties of the impurity in a straightforward way, whereas it depends on
ﬁm host properties mainly through the spectral density of the host band
states.
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V1. GENERAL THEORETICAL RESULTS

In this section, we shall illustrate the general dependence of the deep-trap
energy and wave function on the impurity potential. We shall discuss the
principal results obtained by the tight-binding method of Section V (Hjal-
marson et al., 1980a) and by the recently developed self-consistent pseudo-
potential theory (Baraff and Schliiter, 1979a,b; Bernholc et al., 1980, 1982;
Jaros, 1982). These two approaches complement each other and together
provide a consistent picture and physical understanding of point defects.

A. Tight-Binding Theory

We consider GaP first and focus on the A, symmetric (s-like) states
associated with P-site impurities. Two ingredients are necessary to solve Eq.
(8): (1) the localized defect potential, given by the atomic energies; and (2)
the A, local density of states, which is solely a property of the host. The
spectral densities for GaP, displayed in Fig. 3 (Hjalmarson et al., 1980a,
1983; Vogl et al., 1983), have a form characteristic of all tetrahedral semi-
conductors. The A, density of states shows two large peaks, one between
—10 and —7 eV and the other at ~ 3 eV. These peaks lie near the bottom of
the valence and the conduction bands, respectively.

If one approximates this spectral density of states by two weighted delta
functions, we obtain a density of states equivalent to the delta-function
density of states of the defect molecule, which was discussed in Section I11.
We now see why the defect molecule can be used as a qualitative guide for
obtaining insight into deep traps (Hjalmarson et al., 1980a, 1983). With the
delta-function approximation, Eq. (8) has the simple form

Lo (N (N o

. J8= Ah.av E- Am.<v

where (N.) = (N, ) = 1 and { E, ) and { E, ) denote the energetic positions
of the spectral density peaks in Fig. 3. The solution of this equation is
depicted schematically in Fig. 4.

InFig. 5 we consider Si and plot V, (E) = G3! as a function of energy, as
obtained from the fully numerical solution of Eq. (8). The points where
Va(E) intercepts V, = el — €5 give the energies of the bound (or resonant)
states introduced by the single substitutional defect with central-cell poten-
tial V. The conduction-band edge intersects the curve VA, (E)atanegative
and finite potential of —4.1 eV. This threshold is the minimum-strength

DEEP-IMPURITY-LEVEL ENERGIES IN SEMICONDUCTORS 115
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] FiG. 4. mn_:.w:..m:n. plot of :._.n energy levels associated with the two-state model depicted in
Fig. 1 versus Eo impurity potential ¥;. The latter is given by the difference between the orbital
energy of the impurity and the replaced host atom. The GaP antibonding and bonding states

correspond to ¥, = 0 and represents the conduction and valence “‘band.” i
Hjalmarson et al., 1980a, 1983.) T T

central-cell potential to produce a deep-trap state. All impurities with
IVal < 4.1 eV are therefore predicted to be shallow impurities bound either
by the long-range Coulomb tail alone, in the case of donors, or not at all. in
the case of .mm.o&oo:oao impurities (C, Ge, Sn). Experimentally, this mBn_.mnm
that 1mpurities to the right of Va, = —4.1 eV will follow the band edge upon
applying pressure (Section IX,D) or alloying (Section IX,C) the host, in

n:uon_-nin.

Conduction-Band Edge
| =L S
Substitutional Donors

f=J
~N

o
>~
I

Ne

[=]
o

Deep-Trap Energy (eV)
5 &

,_\o_nznn-mn:n_. Edge
-12 -8 -4 : 0
s Central - Cell Potential (eV)

_..._n. m.. Predicted energies (+) (relative to the conduction-band edge) of A,-symmetric
deep-impurity levels in Si (Hjalmarson ef al., 1980a, 1983) compared with the experimental
data (@) (Watts, 1977; Brower, 1980; Grimmeis et al., 1981a,b). The observed N level may
actually be the T, state (Brower, 1980). The theory omits the long-range Coulomb potential
hence all shallow impurities have zero binding energy. The s central-cell potential is given mL
terms of the s-orbital energies.
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contrast to the localized impurities to the left of the threshold. This threshold
behavior is implicit in all Koster- Slater calculations and has been discussed
earlier (Faulkner, 1968; Pecheur et al., 1976; Hsu et al., 1977). The crucial
feature of Fig. 5 is the “attenuation” of the central-cell potential (Hjalmar-
son et al., 1980a, 1983): In going from C to Cl or to O (which is predicted to
produce a resonant state slightly below the valence-band edge), the central-
cell potential changes by ~ 12 eV, whereas the binding energy changes only
by 1 eV. This attenuation, which is apparent through the nearly hyperbolic
shape of the trap-energy function E versus the impurity potential (see also
Fig. 4), is really the key to understanding the deep-trap energies. This
concept is solely a consequence of the orthogonality of the bonding and
antibonding states of the crystal and is independent of our neglect of lattice
relaxation or charge transfer.

In Fig. 12 the A, symmetric anion-site trap energies are plotted versus
the s-orbital energies of the impurities for several semiconductors. Focusing
on GaP, ore finds in the very electronegative limit, when Vi, — — 0, that
the t-1p state still appears in the gap and becomes pinned to the asymptote of
the hyperbolic trap-energy function and tends to a pinning energy E,

given by

o= [[ 2R 2

Physically, if one places the orbital energy of the impurity at infinity, the
impurity no longer couples to the host orbital states. Hence the assumption
of an infinite on-site matrix element is equivalent to removing the impurity
without altering the nearby orbital states (Bernholc and Panthelides, 1978;
Das Sarma and Madhukar, 1981). The orbital states next to the impurity site
therefore become nonbonding, or dangling bonds.

We can see from this that the asymptote of the hyperbola E versus Vis, in
the case considered, the A, symmetric ideal (i.e., unreconstructed) P va-
cancy or the Ga dangling-bond energy. This dangling-bond energy is deter-
mined solely by the host band structure via Eq. (12) and not by any
impurity.

In agreement with our previous qualitative conclusions drawn from the
defect-molecule picture (Section III) we thus find the deep-trap wave func-
tion to be predominantly hostlike. Equation (8) also yields the impurity-like
hyperdeep counterpart of the physically relevant trap state. It lies inside or
below the valence band and is orthogonal to the trap state in the gap; it is the
hyperdeep state which follows ¥ more or less linearly (Hjalmarson et al.,

1980a, 1983).
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B. Pseudopotentiql Theory
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F1G. 7. Charge-density contour plot in a (110) plane of the T, bound state of the Zn
impurity in Si. The atomic positions are indicated by solid circles. (After Bernholc ez al., 1981,

1982.)

vacancy resides on the nearest neighbor dangling sp? hybrids _.m:_oq :..w: on
the central site. These results confirm the conclusions we w5.<2_ at in m__a
previous sections and demonstrate the hostlike and a»:ﬁ.zm.gaa._:.a
character of a deep-trap wave function. Another example is aan_.oﬁa in
Fig. 8, which shows the gap-state wave function of O in GaP. \»,m»::N it is
mainly built from the dangling bond, since the integrated charge agmzx at
the oxygen site is very low. An interesting consequence of the vacancy-like
character of the deep impurity was pointed out independently c« Baraff et
al. (1982) and by Morgan (1982): The bonding between ﬂ._.o ma_u:_..:.w and the
host is very weak. This tends to destabilize the mccmmmcnosw_ position of m_.a
impurity, particularly if both bonding and antibonding states are occupied
as is the case for the O~ center in GaP (Dean ef al., 1968; Kukimoto et al.,
1973; Henry et al., 1973). i
We now turn to the lattice relaxation effects. They play a mccm:::._m_ role
for defects in ionic solids (Stoneham, 1975, 1979), whereas Stokes m._:mm (the
difference between absorption and emission energies), asymmetric a_mmo_..
tions, and Jahn-Teller energies are generally small for substitutional im-
purities in covalent crystals (Bergh and Dean, _o.\m.“ Kaufmann and
Schneider, 1982; Jaros, 1982). These effects are appreciable, however, for

F1a. 8. Charge-density contour plot, in a (110) plane of the A, gap state of GaP: 0. Note
that the charge resides on the Ga dangling bonds. The small accumulation of charge on the O
holds about 1% of the total charge in the state. (After Baraff ef al., 1982.)
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vacancies and related centers (Larkins and Stoneham, 1973; Watkins, 1965;
Lang et al., 1979; Watkins and Troxell, 1980; Lannoo et al., 1981). A recent
parameter-free, self-consistent calculation of the lattice distortion around
the deep Ge donor in GaP, which has an A, symmetric (s-type) bound state,
led to the following conclusions (Scheffler er al., 1982): (1) There is a
breathing-mode relaxation, which shortens the bond length between Ge and
the surrounding P atoms by 1.5%. (2) The relaxation differs by only a
negligible amount (0.01 A) in the neutral or positive charge state. (3) The
difference between the (theoretical) ionization energies in the undistorted
and the distorted geometry is small compared to the gap, namely 0.16 eV.
These findings substantiate the assumption of the tight-binding models
(Hjalmarson er al., 1980a) that lattice relaxation does not affect the major
chemical trends and has only a perturbative effect on the level energies of
substitutional impurities in covalent solids.

Finally, the energy differences between various charge states of deep
impurities have been calculated in the framework of the pseudopotential
theories (Baraff er al., 1980a,b; Scheffler et al., 1981; Bernholc ez al., 1982).
This is relevant for impurities which can bind more than one electron or
hole, such as double donors or acceptors. In agreement with experiment, the
charge-state splittings between the first and second ionization energies are
found to be typically 0.3 eV, in accordance with the experimental value for
Zn in Si (Madelung, 1981a) and S in Si (Grimmeis er al., 1980a,b, 1981a).

VII. EMPIRICAL TRENDS IN TRAP-LEVEL ENERGIES OF
PoINT DEFECTS

The theoretical concepts developed in the previous sections, particularly
in Section I1I and Section VI,A, lead to several predictions which can be
checked by comparison with the experimental data even prior to any
calculations. Equations (9) and (10) predict that the binding energies of
substitutional impurities in a given host are proportional to the s and p
atomic orbital energy differences. We can obtain convincing evidence for a
relationship between trap energies and the atomic structure of: the impurities
by plotting the experimental binding energies — regardless of whether they
are shallow or deep— versus the short-range impurity potential strength.

Before we do so, however, we have to decide in which cases we want to
use the A, or, alternatively, the T, defect potential. Almost all s- and
p-bonded donors have electron-attractive short-range potentials and can
pull A; symmetric (s-like) states out of the conduction band if they are
sufficiently electronegative. Acceptors, on the other hand, are mostly elec-
tron-repulsive and may pull T, (p-like) states out of the valence band (only C
and B form electronegative acceptors in III-Vs; see Fig. 10). This is sub-
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stantiated in Section IX,A, where the detailed numerical predictions for
trap-level energies are discussed. These arguments lead to the following
two-parameter “‘electronegativity” scale for impurities: For donors and
acceptors, the central-cell portion of the impurity potential is measured by
the difference €,,, — €}, and €f,, — €, respectively.

In Figures 9 and 10 we plot the experimental ionization energies of
donors and acceptors in several semiconductors versus the short-range
impurity potential, as measured by the appropriate atomic orbital energies
(Table I). Only well-identified data have been included in these figures
(Bergh and Dean, 1976; Watts, 1977; Scott and Schmit, 1978; Grimmeis e
al., 1981a,b; Cooke et al., 1978). In order to exhibit the chemical trends, the
levels of impurities substituting on a particular site in a given host have been
interconnected. The binding energies are seen to monotonically increase
with increasing short-range potential, only slightly so for small defect
potentials, but steeply for large defect potentials.

The abrupt increase of the binding energies beyond a threshold central-
cell potential may easily be understood as being a consequence of the
relative importance of the long-range Coulomb tail and the short-range
impurity potential. For shallow impurities, the localized potential shows up
only in a strongly attenuated form. The Coulomb potential fixes the binding
energy to be in the meV range. Once the short-range potential alone is able
to support a bound state, however, the ionization energy is controlled by the
atomic energy scale (eV), and the effective mass and macroscopic dielectric
constant are irrelevant. The relative position of the ground-state energies is
determined by the short-range portion of the defect potential for both
shallow and deep impurities.

Thus the tabulated orbital energies of free atoms successfully correlate
the relative positions of the substitutional impurity levels associated with a
given host and site. In the absence of more detailed calculations, Figs. 9 and
10, together with Table I, can provide a crude rule of thumb for predicting
the ordering of impurity levels. Among the P-site impurities in GaP, for
example, Sn is predicted to be the deepest acceptor in the series C, Si, Ge, Sn.
On the other hand, for the Ga-site donors, the ordering is predicted to be Sn,
Si, Ge, and C with C as the deepest donor. This prediction is in agreement
with recent calculations of Scheffler ef al. (1981) and Scheffler (1982).

VIIL. EMPIRICAL TRENDS IN g FACTORS OF DEEP IMPURITIES

Schirmer and Scheffler (1982) suggested a simple rule that can be used to
approximately predict the binding energy of a deep donor from its known
spectroscopic splitting factor g and vice versa.
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F1G. 9. Experimental ionization energies of donors (Bergh and Dean, 1976; Watts, 1977;
Cooke et al., 1978; Scott and Schmit, 1978; Grimmeis ef al., 1981a,b; Madelung, _om._e :_.
several semiconductors versus the central-cell impurity potential strength. The latter is mea-
sured by the difference between the s-orbital energy of the impurity atom (g),,,) and the replaced
:oﬁ. atom (eb,,). The orbital energies are given in Table I. The levels i__m.n__ substitute at a
particular site in a given host have been interconnected in order to exhibit their chemical trend.

The donor binding energies increase with increasing s electronegativity; Bi and As in Si and Ge
do not follow this trend.

Donor symbol Semiconductor Donor symbol Semiconductor

A Si om GaP
A Ge < GaSb
oe GaAs * AlSb
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The g factor is proportional to the energy splitting of the impurity
ground state under a magnetic field and is measured in electron spin
resonance experiments. We consider only one-electron centers and states
with no orbital degeneracy, where g is a scalar. Using second-order pertur-
bation theory, Schirmer and Scheffler (1982) obtained

A B
Ei—(Ey (E>—F, )

where the first term is the free-electron value and the second term accounts
for the orbital contribution to the magnetic moment; 4 and B are matrix
elements which involve the trap wave function: (E,) and { E,) are mean
values of the valence and conduction-band states which couple most

g=2.0023 +

strongly to the defect. The crucial point is that A,

B, (E,) and (E,) can be

expected to be independent of the impurity,
are considered. This is a consequence of the

if deep substitutional impurities
hostlike nature of the deep-level

wave function, which is effectively independent of the chemical nature of
the impurity. Figure 11 shows the relationship between g values and binding

energies of all presently known deep dono
data for Se+ and Te* to obtain values for 4

rs in Si. Using the experimental
and Bin Eq. (13), we see that this

122 P. VOGL
. . o
Atomic Electronegativity (e} -€f )
3 2 1 0 {ev) -1
T - L & A i - 3 o T
npbgh === i
/ 2 8- Hnl.u..m. |||||||| i
\ nnO‘n i.w..l Be A A
D i e 7
’ >$.‘W~P\ — R
% ’
4 Ga /
7 \ y
Ik :.. ’
Ay o1 2
{ \\ @
\ =
.& A =
J 4 =
.. \\ ] °
B e E
.— s Jel
w:&_ \\ o.
IS a
i ’ o
! \\ ‘V\:
| wfsi 40.2 )
L] ry
I} c
Hy w
i =]
Y -
n £
L c
10- o
! >
‘ £
' pos |
7 10.59) 4 0.3 mr

Fic. 10. Experimental ionization energies of acceptors Ammo references given in Fig. 9
legend) versus the central-cell impurity potential strength, which is measured by the difference
between the p-orbital energy of the impurity atom (€Bnp) and the replaced host atom (€g,,). The
dashed lines are as defined in Fig. 9.
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relation, represented by the straight line in Fig. 11
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FiG. 11. Zeeman-splitting factors g of simple deep donors in Si against their ground-state

binding energies E,,. Data are from Brower (1980) for N Ludwig (1965) for S* and S-S;
Grimmeis et al. (1981b) for Se* and Te*, (After Schirmer and Scheffler, 1982.)
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mental data of Te*, NO, and the sulfur pair (S, S)* quite well. For shallow
donors, the rule implied by Eq. (13) breaks down. This is due to the
delocalized nature of the wave function of the shallow impurity which
causes the coefficients 4 and B to become energy dependent. In fact, the g
values of shallow donors are nearly equal to those of conduction electrons.
We note that Schirmer and Scheffler (1982) also applied Eq. (13) to other
impurities such as the group IV donors in GaP.

IX. PREDICTIONS

A. Substitutional Point Defects in Si, Ge, III- Vs, and I - VIs

Figures 12-15 show the predictions for the ionization energies of all
sp3-bonded substitutional impurities which result from the ten-band tight-
binding Koster-Slater theory of Hjalmarson et al. (1980a,b, 1981, 1983)
outlined in Section V. Figures 12 and 13 show the s-like A, states for the
anion site (equivalent to the P site in GaP) and the cation-site impurities,
respectively. Correspondingly, Figs. 14 and 15 display the p-type T, states.
The calculations have been performed for all of the following zincblende

v»- w.mm m..vv >.S= Cd
F 0 a BN w./__;/dn.w.._omz‘m/rl_\ﬁ_?
oosncnzos.\_ ]
it Band Edge
> 04 % T
8 J
>
208 l
e A, States i
G ) :
a12 Anion Site d
2 I ]
&6 ]
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s~-Orbital Energy of Impurity (eV)

Fio. 12. Predicted ionization energies (relative to the conduction-band edge) of the
A-symmetric, anion-site, deep-impurity levels as functions of impurity orbital energy. The
impurities are listed above the figure in the order of decreasing predicted deep-trap binding
encrgy, from F to Hg. Each quasi-hyperbola is for a different host. The theory omits the
long-range Coulomb interaction; hence, all shallow traps have zero binding energy. (After
Hjalmarson et al., 1981.)
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FiG. 13. Predicted ionization energies (relative to the conduction-band edge) of the
A-symmetric cation-site, deep-impurity levels as functions of the impurity orbital energy.
(After Hjalmarson et al., 1981.)

hosts: Si, Ge, GaP, GaAs, InP, InAs, AlP, AlAs, ZnSe, and ZnTe. The results
for GaSb are contained in Figs. 42, 43 and are due to Allen et al. (1982). An
impurity is predicted to produce a conceptually deep (i.e., localized trap
state in a particular host, site, and symmetry), if the orbital energy of that
impurity, given along the abscissas, intersects the quasi-hyperbola asso-
ciated with this host; the point of intersection gives the binding energy of the
impurity. Ifit does not intersect the host hyperbola, the impurity is predicted
to be shallow and effective mass-like. Also, if one of the hosts is missing
from a figure, no substitutional (nontransition metal) point defect at that site
is expected to produce a deep-trap level (e.g., A, states, P site in InP). The
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FiG. 14. Predicted ionization energies (relative to the valence-band edge) of the T,-sym-
metric, anion-site, deep-impurity levels as functions of the impurity orbital energy. (After
Hjalmarson et al., 1981.)
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Fia. 15. Predicted ionization energies (relative to the conduction-band edge) of the
T,-symmetric, cation-site, deep-impurity levels as functions of impurity orbital energy. After
Hjalmarson et al., 1981.)

ionization energies which can be deduced from Figs. 12-15 represent,
strictly speaking, single-electron (or hole) states of the electrically neutral
crystal. The charge-state splitting, e.g. between S° and S* in Si, is not
predicted by the tight-binding calculations of Hjalmarson ef al. (1980a,b,
1981, 1983). However, this splitting is typically 0.2-0.3 eV and will not
affect the chemical trends in the impurity levels as long as levels in the same
charge state or levels with markedly different energies are compared.

The S donor in AlAs may serve as an example to illustrate how to make
use of Figs. 12-15. Sulfur is predicted to produce a deep A, donor state on
the As site. It is predicted to be deeper in AlAs than in AIP or GaP but
shallower than in Si, with an ionization energy of approximately 0.2 eV.
Sulfur produces no deep, i.e., localized T, states on the anion site. However,
the long-range Coulomb tail will produce delocalized, effective mass-like
excited states. If S goes “antisite,” i.e., substitutes for Al, it produces a fully
occupied deep A, trap level and, above this level, a partially occupied T,
state which is filled with one electron in its neutral charge state.

Another example is provided by the substitutional impurities in ZnSe
and ZnTe. According to Fig. 13, the group III atoms Al, Ga, and In are
predicted to form shallow donors on the Zn site. This is in agreement with
experiment (Watts, 1977; Dean e al., 1981). Similarly, the calculations
predict the halogen atoms F, C, Br, and I to behave as shallow Se- or Te-site
donors, which is also in accord with the data (notice that the host hyperbolas
for ZnSe and ZnTe do not appear in Fig. 12). The group V atoms N, P, As,
and Sb are predicted to be shallow Se- or Te-site acceptors. Indeed, P and As
are known to form shallow acceptors in ZnTe (Watts, 1977). In ZnSe, the
data are less clear. Shallow acceptor levels due to N and P have been reported
(Kosai et al., 1979), but also trigonally distorted centers and deep levels were
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ascribed to P and As (Watts, 1977). Among the Zn-site group IV donors, the
atoms C, Si, and Ge are predicted to produce deep states in ZnSe but shallow
levels in ZnTe; Pb and Sn are calculated to be borderline shallow/deep in
ZnSe. Actually, ESR experiments indicate that all group 1V donors form
localized centers in ZnSe as well as in ZnTe (Tida, 1972). Although one
certainly has to allow for occasional misorderings in this simple theoretical
model, further experiments, such as optical data, are needed to clarify the
role of group IV donors in ZnTe.

1. Comparison with Data: Si

As can be inferred from Fig. 5, the Hjalmarson et al. (1980a, 1983)
model predicts the group V donors to be shallow except N, in agreement
with the data (Watts, 1977; Brower, 1980). Among the chalcogenides, S and
Se are found to form strongly localized donors, whereas Te is predicted to be
borderline shallow, i.e., less localized than Se and S. Although the binding
energy of Te is not much smaller than that of the other chalcogenides, and
ESR experiments show Te to be already a typically deep donor (Grimmeis et
al., 1981a), the pressure experiments of Jantsch et al. (1982) for S, Se,and Te
have revealed the borderline character of Te: The pressure coefficient of the
Te-trap level with respect to the band edge is halfway in between the pressure
dependence of shallow levels and Se and S (Fig. 29; Section IX,D). A
particularly noteworthy theoretical result has been obtained by Ren et al.
(1982c), who calculated the wave function of a S* impurity in Si as a
function of the distance from the impurity. In Fig. 16 we compare these
calculations with ENDOR data of Ludwig (1965). The wave function of S+
is seen to be strikingly different from what one would get in the effective
mass approximation. The small discrepancy between theory and data for
radii R > 6.5 A is probably a consequence of the long-range Coulomb tail
which has been omitted in the tight-binding calculation of Ren et al.
(1982c).

The LCAO - Koster-Slater model predicts no deep T, acceptors in Si,
which is in disagreement with the data (see Fig. 10). This disagreement is a
systematic feature of the T, trap-level results in Si and probably originates in
the choice of the LCAO Hamiltonian.

2. Comparison with Data: Antisite Defects

ESR and optical measurements have lately provided evidence for the
existence of antisite defects in III-V semiconductors, where the anions
occupy cation sites (Kaufmann et al., 1976, 1981; Wagner et al., 1980;
Weber et al., 1982). The group V atoms produce double donors when they
substitute on the III site, whereas the group III atoms presumably form
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FiG. 16. Magnitude of the isotropic part of the wave function of a S* impurity in Si,|( A,
R, isotropic|y )|, as a function of the distance R (in angstroms) from the origin (impurity site).
The solid triangles and solid circles are derived from ENDOR data of Ludwig (1965) using
atomic parameters of #Si and 33S determined by Watkins and Corbett (1964). The open
triangles and open circles are the calculated results. Some shells of atoms have two distinct
subshells which transform into themselves under the operations of the tetrahedral group, giving
rise to both triangles and circles. The dashed line and open squares represent the effective mass
approximation (Ludwig, 1965). The positions of the neighbors are indicated at the top of the
figure; (A, R, isotropicly ) is predicted to be negative at the first, second, fifth, seventh, and
twelfth neighbors. Neither data nor predictions are given for the eighth through the eleventh
neighbors. The solid line merely connects the open triangles. (After Ren et al., 1982c.)

substitutional double acceptors on the V site. The following trap energies
have been determined experimentally so far: In GaP, E(PE)=E_— 1.1eV
(Kaufmann et al., 1981), and in GaAs, E(As%i)=E,— 1.0 eV and
E(As,) = E,— 0.75 eV (Weber et al., 1982). According to Fig. 13, the
tight-binding calculations of Hjalmarson et al. (1980a, 1981, 1983) give
E(Pg,) = E.— 1.2 eV and E(Asg,) = E. — 0.9 eV, in good agreement with
experiment. It is also gratifying that tight-binding calculations by Lin-
Chung and Reinecke (1981) gave very similar results, although a different
parameterization of the Hamiltonian was used. These results, together with
self-consistent pseudopotential calculations for Pg(E(PE) = E.— 1.1 eV
and E(Pg,) = E_— 0.6 eV) by Schefller et al. (1981), strongly support the
experimental identification of the antisite centers, particularly in GaP. We
can further deduce from Fig. 13 that deep antisite donors can be expected to
occur in other Il - V’s as well. In InP, for example, the P,, trap is predicted to
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produce a midgap level. The antisite acceptors Ga,, or Gag, on the other
hand, presumably form borderline shallow acceptors (Fig. 14). Another
class of intrinsic defects are the double antisites. The pair Ga,,- Asg,, for
example, could form an isoelectronic trap in GaAs. The tight-binding
calculations of Sankey and Dow (198 1b) indeed predict this extended defect
to produce a midgap level in GaAs (see Section IX,E), but it has not been
identified experimentally so far.

B. Substitutional Point Defects in CuCl

As an example for a semiconductor with d electrons, we consider CuCl.
The tight-binding theory of Section V has been extended by Ren et al.
(1982a) to include d electrons in the host basis states. The results of these
calculations are summarized in Figs. 17-22. As before, the predicted levels
for a given impurity are obtained from the intersections of the calculated
curves with a vertical line representing the isoelectronic impurity potential.
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FiG. 17. Energies of the A, (s-like) substitutional defect levels predicted for impurities on
the Cl site of CuCl. The abscissa is the defect potential; each impurity has a tic at its potential.
(After Ren et al., 1982a.)
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Fia. 18. Energies of the T, defect levels predicted for impurities on the Cl site of CuCl.
The solid line is the uncorrected theory; the points marked with open squares are the
uncorrected predictions for S, Se, and Te levels, The solid circle and triangle represent the
experimental results for S and Se (after Goltzene et al,, 1972), respectively. The dashed line
represents the corrected theory for acceptors, with the correction determined by the S datum;
the open triangles are the corrected predictions for S, Se, and Te. (After Ren et al., 1982a.)

Unfortunately, these curves are quite steep, making a small error in the
defect potential to cause a significant error in the trap energy. The predic-
tions of relative orderings should therefore be more reliable than the theoret-
ical energies of individual defects. The Figs. 17-22 should be viewed within
the context of the goals of the tight-binding theory and provide a global view
of the expected chemical trends in the defect data.

The predictions appear to agree with the major experimental facts
known about traps in CuClL S and Se substituting for Cl are known to
produce deep levels in CuCl (Goltzene ez al., 1972), in agreement with the
(uncorrected) prediction of Fig. 18. Allowance for the fact that S is not
isoelectronic to Cl brings the theory into improved agreement with the data
and predicts Te to form a trap level in the upper portion of the gap (see Ren
et al,, 1982a, for details). Experimental searches for deep traps associated
with Ag or Au substituting for Cu have been unsuccessful. Indeed, none are
predicted by the theory to lie within the gap.
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FiG. 19. Energies in eV of the A, (s-like) substitutional defect levels predicted for
impurities at the Cu site in CuCl. All transition-metal potentials are between —2 and +~. ev;
hence these defects are not predicted to produce A, deep traps. No A, deep levels are predicted
to lie within the band gap for the isoelectronic impurities Ag and Au. (After Ren et al., 1982a.)
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C. Substitutional Point Defects in Alloys

l. Gads.P,_,, Ga,_, Al As

Comparison of the tight-binding calculations (Hjalmarson et al,, 1980a,
1983) with the data for deep traps in alloys provides convincing testimony
concerning the ability of this theory to predict chemical trends, In particular,
examining N as a function of composition x in the alloy GaAs,P,_, allows
one to explore the dependence of deep-trap levels on the host environment.
In this alloy, N replaces either As or P but the central-cell potential of N
remains nearly constant due to the chemical similarity of As and P (see
Table I).

In Fig. 23 we compare the luminescence data for the N (Wolford e al.,
1976, 1979; Hsu et al, 1977; Mariette and Chevallier 1979) and the O
(Wolford et al.,, 1983) deep trap as a function of composition x with the
theoretical results; also shown are the O-related substitutional pairs (Zn, O)
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Fi1G. 23. Trap energies as a function of alloy composition for GaAs,_,P,. (a) Lumines-
cence data for substitutional N, Se, S, O and the substitutional defect pairs (Zn, O) and (Vo
O), representing zero-phonons lines, Alloy data for N, from Wolford et al. (1976, 1979). Data
for (Zn, 0), (V,, 0), and O from Wolford et al. (1983). Data for Se, S, and O in GaP from
Bergh and Dean (1976), Monemar and Samuelson (1978), and O in GaAs from Deveaud and
Favennec (1978) (see also Huber ¢ al., 1979). (b) The theory predicts that the deep traps follow
the compositional dependence of the Ga dangling bond or pinning energy rather than the Ior
the X, point of the band edge. The data for N especially exhibit this detachment from the band
edge. (After Hjalmarson e al,, 1980a, 1983; Sankey ef al,, 1980.)
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(Wolford et al., 1983) and the Ga-vacancy-O pair (Wolford et al., 1983),
which is discussed in Section IX,E.

The experimental data show that N produces (1) a resonant state in the
As-rich alloy, (2) an energetically deep state in the midcomposition region,
and (3) a weakly bound state near and in GaP. All of these features are
correctly reproduced by the tight-binding model of Hjalmarson et al.
(1980a, 1983). The most striking feature of both the data and the theory is
the linear variation with composition of the energy of all deep impurities
(Wolford et al., 1976; Lang et al., 1977), with an almost universal slope for
all of the trap energies.

The linear variation of the impurity levels, particularly of the N level,
implies that they are detached from either the direct or indirect band edge
(Hsu er al., 1977). This detachment is in marked contrast to the behavior
expected of a shallow trap which would appear attached to the band edge,
either direct or indirect, because the effective mass binding energy would be
small and only weakly composition dependent.

The slopes of the deep-impurity data points N, O, (Zn, O), and (V,, O)
are in excellent agreement with the theory of Hjalmarson er al. (1980a,
1983) and Sankey ¢’ al. (1980) and with the slope of the pinning or
dangling-bond energy.! The composition dependence of the dangling-bond
energy —although not apparent from the defect-molecule picture of
Fig. 1 —can be understood qualitatively as follows. Let us approximate the
anion A, spectral density of states (Fig. 3) by two delta functionsat { E, ) and
(E,), .., at the centers of the A 1 conduction- and valence-band density of
states. Expression (12) can then be evaluated immediately and gives the
energy E = ((E.) — (E, ))/2. Thus we see that the host dependence of the
deep-trap levels mimics the average gap which decreases from GaP to GaAs
(Phillips, 1973). Shallow impurities, on the other hand, mimic the minimum
gap. Also shown in Fig. 23 are the S and Se levels which are known
experimentally (Bergh and Dean, 1976; Watts, 1977) only in GaP and
GaAs. The theory predicts these impurities to be conceptually deep in the
P-rich alloy but to be shallow in the As-rich alloy, which implies that these
levels are expected to become attached to the band edge near GaAs. Such a
behavior has indeed been observed for donors in Ga,_, Al, As(Fig. 24). Near
GaAs, both Te and Sn have binding energies of the order of 5 meV.

2. Hg,_.Cd.Te

The Koster-Slater tight-binding approach has also been used to investi-
gate deep traps in the alloy Hg,,Cd,Te (Kobayashi ez al., 1982). Most

! The oxygen level in GaAs (Deveaud and Favennec, 1978) is controversial (see Huber et
al., 1979),
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FiG. 24, Trap energies as a function of alloy composition for Ga,_,AlAs: (O) Te donor
level; (A) Sn donor level. Data for Te from Spring Thorpe et al. (1975); data for Sn from
Kaneko et al. (1977). The dashed lines merely smoothly interpolate the data points,

applications of this material concentrate on the alloy regime x = 0.2 t0 0.4
where the band gap lies in the far infrared. Since defects degrade the
performance of Hg,_,Cd, Te electronic devices (such as infrared detectors),
the theory may be able to help identify the defects responsible for unwanted
trap levels. Clearly, a 0.2 eV uncertainty theory cannot predict with confi-
dence which defects are responsible for the observed deep levels, but it can
rule out many defects as candidates and it can exhibit the chemical trends in
the deep-trap energies.

Since Hg,_,Cd,Te has a strong spin-orbit coupling, the latter has been
included in the Hamiltonian (Kobayashi e al., 1982). The spin - orbit
coupling breaks the sixfold degenerate T, levels into a twofold I, (Py>-like)
level and a fourfold I'y (Py/2-like) level. The doubly degenerate A, level
remains doubly degenerate and becomes a I 6 (S12-like) level. The substitu-
tional impurity levels, as calculated by Kobayashi et al. (1982), are shown in
Figs. 25-27.

The major conclusion, which may be drawn from Figs. 25-27, is that in
the alloy the deep levels have slopes dE/dx somewhat smaller than dE,, /dx.
In particular, cation-site defects with a midgap level in CdTe would tend to
remain midgap, whereas anion-site defects appear to be “attached” to the
valence band.

In making use of Figs. 25-27, one should be careful to count the number
of impurity electrons as they fill the levels of varying symmetry and degen-
eracy. Also, the neglect of the long-range Coulombic tail in the model
calculations has to be accounted for; as discussed earlier, shallow impurities
have zero binding energy in the tight-binding theory.

As an example, we consider P in CdTe, which at low concentrations
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FiG. 25. Predicted Te-symmetric (S, r-like) energy levels of cation-site substitutional
impurities as a function of the alloy composition for Hg,_,Cd, Te. The energy levels for all the
impurities in CdTe are shown on the right. The trends with alloy composition x are shown only
for selected impurities. Solid curves are gap states; dashed curves indicate resonant levels.
(After Kobayashi et al,, 1982.)

occupies primarily Te sites but at high concentrations is likely to occupy Cd
sites as well. The P, impurity (P on the Cd site) has three extra electrons
relative to Cd. From Figs. 25 and 26 we can conclude that it has a filled S, P
level near | ¢V and P,, and P32 states resonant with the conduction band.
The third electron can therefore not be localized by the central-cell poten-
tial, but will be captured in a shallow level by the long-range Coulomb
potential. This leads to unusual and quite interesting effects: The defect |
will act as a shallow donor in n-type material, but will become a deep
electron trap once the 1 eV S,,2 level has been emptied.

D. The Effect of Hydrostatic Pressure on Deep Levels

We claimed in Section II that pressure provides a means of classifying
impurities according to their localization rather than according to their
apparent ionization energies. We are going to show in this section that
pressure experiments indeed provide a quantitative means to distinguish
shallow, effective-mass-like levels from “deep,” i.e., spatially localized trap
levels.
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Let us first look at some experimental data. Figure 28 shows hydrostatic
pressure studies of N in GaAs,_ '« Which reveal the detachment of the N
luminescence line (labeled Nx) from the band edges (Nelson et al., 1976).
The energetic position of Nx remains practically unchanged as a function of
pressure, even though the conduction-band edge changes from being direct
to indirect for pressures near 4 kbar.

The perhaps most striking and quantitative evidence for the usefulness
of pressure experiments in characterizing deep centers was obtained by
studying chalcogenides S, Se, Te in Si (Jantsch ¢t al., 1982). DLTS experi-

about 100 times larger than those of typical shallow impurities, such as As in
Si (Fig. 29). Jantsch et a. (1982) quantified these ideas theoretically by
calculating the pressure coefficients of the deep levels S and Se in Si, using
the tight-binding method of Section V.
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shallow double donor.] (After Kobayashi et al., 1982.)

In this calculation, the effect of pressure is taken into account by
changing the nearest neighbor Hamiltonian matrix elements according to
their dependence on the lattice constant, The defect matrix is left unchanged
with pressure, The calculated pressure coefficient are found to be
HE.— E;)/op=—3.10-8 meV/Pa in approximate agreement with experi-
ment, which gives —2.10-8 meV/Pa (Fig. 29). The essential finding of the
calculation is that Te marks the border between shallow (delocalized and
deep (localized) impurities in the theoretically predicted sequence Bi, Sb,
As, P, Te, I, Se, S, N, Br, Cl, O, and F, of substitutional donors in Si. This
borderline character of Te is corroborated by the experimental data, as can
be seen from Fig, 29,

The sign of the pressure coeficient can also be understood in simple
physical terms, at least in Si. Upon pressure, the trap-level energies of S, Se,
and Te move upward with respect to the valence-band edge. From the
defect-molecule picture (Section III), we know that these trap levels are
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Fic. 28. Observed pressure variation of N, and I'-Zn luminescence peaks of an
In,_Ga,P,_.As,-GaAs,_,P,:N (x = 0.42; 77 K) single heterojunction. For P 2 4.5 kbar, the
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FiG. 30. Predicted pressure derivatives dE/dp (in meV/kbar) for deep-defect levels in
GaAs as functions of their energies E (in eV) in the band gap. The zero of energy is the
valence-band maximum. (Afier Ren ef af,, 1982b.)

antibonding states, whereas the valence band is made out of bonding states.
Under pressure the interatomic transfer matrix elements increase and
thereby push the bonding and antibonding states further apart. In Si this
adequately describes the qualitative effect of pressure. In general, however,
the pressure not only increases the bonding -antibonding splitting, but also
broadens the bands. In GaAs, a recent tight-binding study of the pressure
dependence of trap levels shows that the latter effect can actually take over
(Ren et al., 1982b). Figure 30 shows that the deep-trap pressure coefficients
monotonically increase with the deep-trap energy and can be positive as well
as negative (Kumagai ez al., 1982).

The pressure dependence of transition-metal impurities states in Si has
been studied experimentally and theoretically by Jantsch ez al. (1983).

E. Extended Defects: Substitutional Impurity Pairs

We have seen that a trap state originating from an isolated deep impurity
is largely hostlike. From a technological point of view, this fundamentally
limits the possibilities of controling deep-trap properties. One can overcome
this limitation at least in principle by pairing the isolated deep impurity with
a “spectator” impurity which replaces one of the host atoms next to the
impurity.

Qualitative insight into the effect of pairing on anion-site impurities like
N or O in GaP with a substitutional nearest neighbor spectator can immedi-
ately be gained from the defect-molecule picture (Fig. 1). If one replaces the
Ga atom of the defect molecule by an electropositive atom, the trap level
may be driven into the conduction band. An electronegative atom, on the
other hand, acts to deepen the isolated trap level.
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These ideas have been quantified by Sankey et al. (1980) and Sankeyand
Dow (1981a,b) who extended the Koster-Slater tight-binding model dis-
cussed in Section V to the case of impurity pairs. These calculations provide
an understanding of how the environment of an impurity affects its deep
levels and also provide prescriptions for selecting a “spectator” impurity
which, when paired with a specific isolated impurity, can alter the deep
energy level of the isolated impurity in a predictable manner. In particular,
technologically undesirable deep levels may be driven out of the gap by
adding appropriate impurities.

We have seen that isolated point defects in a tetrahedrally symmetric
environment have defect states in an s- and p-bonding model of either A, or
T, symmetry. Nearest neighbor pairs experience a reduced symmetry (C;,)
leading to splittings of the T, levels and mixing of the “atomic” A and T,
levels on both sites. The resulting “molecular” levels are doubly degenerate
e symmetric (n-like) levels and singly degenerate a, (g-like) levels. The n-like
molecular orbitals have lobes pointing perpendicular to the axis of the
molecule; therefore, they interact only weakly with each other. The e states
are therefore found to have energies virtually identical to the point-defect T,
energies. The a, levels, on the other hand, correspond to -bonded molecu-
lar orbitals constructed from the s-like A, atomic orbitals and the p-like T,
atomic orbitals polarized along the axis of the molecule. Because of the
strong mixing of A, and T, isolated defect levels in forming the molecular
a,-symmetric states, the a, levels can differ markedly in energy from the
“atomic™ levels they are derived from. The results of the calculation of
Sankey and Dow (1981a,b) for GaAs and InP are shown in Figs. 31-34. The
levels in these figures represent the deep molecular levels of a, symmetry
derived from the A, levels (Figs. 31 and 33) and the T, levels (Figs. 32 and
34) of the isolated defects. The e-symmetric molecular levels of the pairs,
being nearly identical to T, levels of the isolated defects, are contained in
Figs. 32 and 34 if one member of the pair is taken to be a host atom.

To illustrate these Figs. we consider the deep levels predicted for the C
defect on an In lattice site in InP. This impurity, when isolated, is predicted
to have an A, level in the midgap region (we note that there are slight
discrepancies between Fig. 33 and Fig. 13 for the isolated defects, since the
approximate rule (H. P. Hjalmarson, unpublished, 1980) Vp,=0.5V, was
used in Fig. 33 to simplify the presentation of the results). Pairing with a
second spectator defect on the P sublattice can drive the C defect level to
either higher or lower energy. Isoelectronic N as a spectator can drive the C
level down by ~ 0.35 eV, whereas isoelectronic Bi can pushitupby ~0.15
eV. The (ideal) P vacancy represents the extreme case of infinite (positive or
negative) on-site potential in a tight-binding model (Section VI,A). Pairing
the C impurity on the In site with a P vacancy has the dual effect of pushing
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Fic. 31. Contour plots of constant energy in the band gap of GaAs for deep a, pair levels
derived chiefly from the A, levels of the isolated defects. The As-site impurity potential labels
the abscissa, and the Ga-site impurity potential labels the ordinate, Defects corresponding to
the various potentials are also shown. The zero-energy contour is the valence-band maximum,
the cross-hatched regions indicate resonant levels in the valence and conduction bands. The
energy levels for isolated impurities are obtained by considering one of the impurities in the
pair to be a host atom. Singularities and asymptotes correspond to pairs having one member a
vacancy (infinite potential). The isolated As vacancy is predicted to produce an A, level at
~0.6eVandaT,level at ~ ] .45 ¢V; the isolated Ga vacancy is predicted to produce a T, level
~0.05 eV below the valence-band edge (Hjalmarson er al., 1980a, 1983). The divacancy has e
levels at the isolated T, energies and a a, level at ~0.9 eV, (After Sankey and Dow, 1981b.)

the A,-derived C level from midgap to become a valence-band resonance
(Fig. 33) and pulling the T,-derived vacancy level (which is P vacancy-like)
out of the conduction band into the gap (Fig. 34). Thus, for C,, it appears
unlikely that there exists a spectator that, when paired with C, will remove
all deep levels from the gap.

In Fig. 35 experimental data for (spectator, O) pair states in GaP are
compared with the theory of Sankey et al. (1980). Figure 35 shows that pairs
with electropositive spectators [e.., (Mg, O)] produce energy levels which
tend to be and are “pinned” by the (Vg,, O) level. The agreement between
theory and experiment provides considerable support for this simple, global
view of chemical trends, although the predictions should be viewed on a
coarse scale appropriate to such a simple model.
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FiG. 32. Contour plots of constant energy in the band gap of GaAs for deep a, pair levels
derived chiefly from the T, levels of the isolated impurities. The interpretation is similar to 53
of Fig. 31. This figure also shows approximately the e levels of the pair, since they have energies
almost identical to the T, energies of the isolated defects [e.g., (Ga, defect) or (defect, As) pairs).
(After Sankey and Dow, 1981b.)

F. Substitutional Point Defects at Interfaces and Surfaces

Vacancies and substitutional defects near surfaces or interfaces have
been studied so far mainly by tight-binding methods. Chemical trends in
surface vacancy defect levels in several II- VI and III- V semiconductors
have been studied by Daw and Smith (1979) and Daw et al. (1981).
Hjalmarson et al. (1980b), Allen and Dow (1981, 1982), and >=.o= et al.
(1981, 1982) developed a global tight-binding theory for substitutional
surface and interface defects, extending the bulk tight-binding theory of
Hjalmarson et al. (1980a, 1983), which we have discussed before. )

Defect calculations near a surface or interface differ from those within
the bulk of a crystal only in that the bulk Green’s function
Go(E) = (E — Hy)™! is replaced by the surface or interface Green’s function
G(E)=(E — H)™'. Here, H=H,+ V is the Hamiltonian which is per-
turbed from the bulk Hamiltonian H, by the creation of a pair of comple-






