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An explanation is proposed for the fact that ZnTe is unique among the II-VI compound semicon-
ductors in that it can be doped p type rather easily: a p-like deep-level resonance lies within the
valence band of ZnTe and emerges into the fundamental band gap with increasing Se content x in
ZnTe,_,Se, random alloys. This level generates free holes when it lies below the Fermi energy in
the valence band, making its parent defect a shallow acceptor. When the level moves into the gap,
the impurity becomes a deep hole trap. The native and foreign antisite defects Zny, and Liy, are
suggested as possible parent defects of the relevant deep level; they are predicted to be shallow ac-
ceptors in ZnTe, while the corresponding defects are deep traps in other II-VI compound semicon-
ductors. Tests of this proposal are suggested and the substitutional s- and p-bonded deep levels of
ZnSe and ZnTe are predicted, extending the theory of Hjalmarson et al. [Phys. Rev. Lett. 44, 810
(1980)]. The possibility of doping ZnSe p type with (antisite) Be is also proposed and discussed.

I. INTRODUCTION

Most wide-band-gap II-VI compound semiconductors
can be easily doped n type, but resist p-type doping. The
most notable exception is ZnTe which is easily doped p
type, but not n type. The different and singular doping
behavior of ZnTe is not presently understood.

The purpose of this paper is to offer an explanation of
this difference in terms of a defect that undergoes a
shallow-deep transition as a function of alloy composition
x in ZnTe,_ Se,, so that it is an acceptor in ZnTe but a
hole trap in ZnSe. We present calculations that suggest
that such a transition occurs for the native and foreign
antisite defects Zny, and Liy, in ZnTe. And we suggest
specific tests of the explanation, which has a firm, but ad-
mittedly not unshakable, theoretical foundation. Indeed,
the reader should accept this work for its intended pur-
pose: to sketch a simple model which can be tested ex-
perimentally and which appears to offer an explanation of
the p-type doping proclivity of ZnTe in terms of the natu-
ral occurrence of certain defects. The theoretical tools
are presently not available to predict with 100%
confidence if these defects form in sufficient concentra-
tion with precisely the electronic structures we find. Nev-
ertheless, the picture we propose is simple enough to lend
itself readily to experimental tests, while presenting an at-
tractive alternative explanation of the doping properties
of ZnTe to mechanisms which rely on self-compensation
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or the relative solubilities of impurities in different hosts.

We propose that p-type conductivity is most easily
achieved in ZnTe of the II-VI semiconductors because
defects that produce p-like deep traps lying slightly above
the valence-band maximum in most II-VI semiconduc-
tors instead have these levels lying below the band edge
in ZnTe. Each such level for a neutral defect is naturally
occupied by both electrons and holes when it lies within
the fundamental band gap, and so can trap holes. When
the level descends below the valence-band maximum, its
holes are autoionized and become carriers at room tem-
perature. (At zero temperature they are trapped in shal-
low acceptor levels.) Hence the defects generate holes in
ZnTe, but trap them in other semiconductors. More
specifically, our proposal is that the native antisite defect
Zn on a Te site, Zny, (and even the antisite dopant Lir,)
is a shallow acceptor in ZnTe and dopes the material p
type, compensating any n-type impurities that might oth-
erwise themselves compensate acceptors: In other II-VI
semiconductors, neither the cation-on-anion-site defect
nor antisite Li yields a shallow acceptor, but instead pro-
duces a deep-trap level in the fundamental band gap. The
antisite defects Zng, (and Lig,) neither dope the material p
type nor produce thermally ionizable holes; instead they
trap carriers, holes in particular.

We arrived at the conclusion that the defect responsi-
ble for the resistance of most II-VI semiconductors to p-
type doping might be the cation-on-anion-site defect after
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having examined predictions for deep levels of all the s-
and p-bonded substitutional impurities in all of the major
II-VI semiconductors. During this examination we asked
the questions (i) “Can impurities explain the different
doping proclivities of ZnTe and the other II-VI semicon-
ductors” and (ii) “Does any impurity that is likely to
occur in significant concentrations have a deep-level
structure that is different in ZnTe from in the other II-VI
semiconductors?”’

The classical mechanism that has been proposed to ex-
plain the resistance of II-VI semiconductors to p-type
doping is self-compensation: The introduction of an ac-
ceptor such as Li or Na onto a cation site is thought to
simultaneously produce an anion vacancy which is a dou-
ble donor and compensates the acceptor, leaving the ma-
terial semi-insulating or doping the material n type rather
than p type.! "® If the self-compensation mechanism is
indeed operative in most II-VI semiconductors and can-
not be blocked for at least some p-type dopants, then II-
VI semiconductors are unlikely to become important
electronic materials, regardless of the purity of the ma-
terials. The self-compensation is thought to be an intrin-
sic property of the doping, regardless of the quality of the
undoped semiconductor: p-type doping produces com-
pensating anion vacancies. Therefore, the fact that ZnTe
is naturally p type is an important clue to understanding
and overcoming self-compensation (if it occurs)—and
perhaps the key to developing electronic-grade II-VI
semiconductors.

The explanation often given for the singular behavior
of ZnTe is that its band gap is smaller than that of other
II-VI semiconductors,! 3 and so the energy generated by
the self-compensation, which is approximately the energy
of the gap, is too small to produce a vacancy in ZnTe, but
is adequate for vacancy formation in other II-VI semi-
conductors. At first, this argument appears attractive,
because it correlates with the fact that self-compensation
is most commonly found in large-band-gap semiconduc-
tors. Upon closer examination, however, the argument is
difficult to reconcile with the fact that the band gaps of
ZnSe and ZnTe are not very different or with the fact
that stoichiometric CdTe, which has a significantly small-
er band gap than ZnTe, resists p-type doping (although
less so than other II-VI compounds). Therefore we con-
clude that an alternative explanation of the singular p-
type character of ZnTe is needed.

Self-compensation by vacancies is not universally ac-
cepted as the mechanism by which II-VI semiconductors
resist p-type doping. Some other explanations point to
the different solubilities of impurities on different sites
and interstitial self-compensation: For example, Na can
occupy a cation site as an acceptor in ZnSe, but becomes
a donor at interstitial sites,” and so interstitial Na can
compensate substitutional Na. Other mechanisms have
also been suggested to account for the resistance of II-VI
semiconductors to p-type doping: The acceptor binding
energies of some II-VI semiconductors can be rather
large, >0.1 eV, making the acceptors difficult to ionize
thermally and frustrating p-type conductivity.® The in-
corporation of the standard p-type dopants into a II-VI
host can be severely limited by the chemistry of the host.’
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Unanticipated deep-level formation may occur, in the
sense that impurities such as those from column V of the
Periodic Table, when occupying a column-VI site, may
produce deep levels in the fundamental band gap of some
wurtzite-structure II-VI compound semiconductors rath-
er than the expected shallow acceptors.'® Indeed, it is
conceivable that the II-VI semiconductor doping prob-
lem is a consequence of rather complicated defect and
impurity dynamics. Currently there are many efforts in
progress to overcome the p-doping problem by improving
the quality of II-VI materials, for example, by employing
molecular-beam epitaxial techniques of crystal growth;
these efforts implicitly assume that impurities and de-
fects, not self-compensation, cause the p-type doping
problem.!! 714

Clearly there are a variety of detailed mechanisms for
explaining the resistance of most wide-band-gap II-VI
semiconductors to the p-type doping. However, a satis-
factory explanation of why ZnTe is almost singularly
compatible with p-type doping is lacking—and could
provide a vital clue for doping the other II-VI semicon-
ductors p-type.

The purpose of this paper is to offer a simple but gen-
eral explanation of the ZnTe doping singularity. This ex-
planation does not depend on any detailed model of
dopant compensation or theory of the resistance of II-VI
semiconductors to p-type doping. It merely asserts (on
the basis of a theory of deep levels) that ZnTe is unique in
having a native antisite defect, Zny,, that is a strong p-
type dopant, capable of generating holes and compensat-
ing donors of any origin. ZnTe is also unique in that its
antisite dopant Lip, is also a shallow acceptor, not a deep
trap. The electronic structures of these antisite defects
provide a simple, general, and experimentally verifiable
explanation of why ZnTe is easily doped p type, and al-
low us to avoid the more difficult issue of specifying the
detailed mechanisms by which most II-VI semiconduc-
tors occur n type. Hence, instead of asking “Why are
ZnSe and most other II-VI semiconductors n type” we
address the question ‘“what unique feature of ZnSe and
ZnTe causes them to change their doping proclivities
from n type for ZnSe to p type for ZnTe”? We propose
that the relevant feature is the shallow acceptor character
of the Znr, antisite defect.

At first glance, most of the mechanisms that might
frustrate p-type doping appear to be smooth functions of
the chemical compositions of the II-VI semiconductors,
and so it is difficult to understand why ZnTe can be
doped p type and most other II-VI semiconductors can-
not. One might still expect that ZnTe,_,Se, (Ref. 15) or
(ZnTe), _,(CdSe), alloys (Ref. 16) would smoothly
change from p-type to semi-insulating to n-type conduc-
tivity as x increases. However the concept of abrupt
deep-shallow transitions!”~2* of impurity character as a
function of host chemical composition raises the possibil-
ity that a defect intimately involved in obstructing the p-
type doping in most II-VI semiconductors might have
quite a different character in ZnTe. We predict that the
native antisite defect Zny, should be a shallow acceptor
in ZnTe, but that its analog Zng, should be a deep trap in
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ZnSe. At the extreme, even Li (a common dopant) has an
antisite defect with the same character, changing from
shallow in ZnTe to deep in ZnSe. The deep-shallow tran-
sition of the antisite defects’ characters occur abruptly as
functions of alloy composition x, and can naturally ex-
plain why ZnTe is p type while other II-VI semiconduc-
tors are not.

II. MODEL

Our model uses the well-established theory of deep lev-
els,'®1%2425 which has successfully explained a broad
range of data, including the physics of the N trap in
GaAs,_ P, (which produces an energetically ‘“shallow”
level within <0.1 eV of the conduction-band edge in
GaP, a deep trap more than 0.1 eV below the edge for
x=0.5, and a resonance in the conduction band of
GaAs),' "' rapid III-V-compound laser degradation,?®
bulk and surface core excitons®’ 3! in Si and III-V com-
pound semiconductors, intrinsic surface states,>3
Schottky-barrier heights,” % and the deep-shallow be-
havior of defects such as the DX center in Al ,Ga;_,As
semiconductors®®> and GaAs/Al,Ga,_,As superlat-
tices,20~23,40

In this model, deep energy levels are obtained by solv-
ing the secular equation

det[1—(E —H,)"'V]=0,

where H|, is the host Hamiltonian operator, V is the de-
fect potential operator, and the level’s energy E is as-
sumed to have an infinitesimal positive imaginary part.
Hjalmarson et al.'® have presented predictions of A,
deep levels based on this theory. In a Lowdin basis*' of
sp’s* orbitals centered at each site*? the defect potential
is diagonal and related to atomic energies.'” The host
Hamiltonian is treated in an empirical tight-binding mod-
el, the parameters of which have been fit to observed
band gaps in several semiconductors and follow chemical
trends from one semiconductor to another.*” Charge-
transfer effects, such as those treated by Jansen and San-
key,’ are not included explicitly in this model. Neverthe-
less the model produced excellent agreement with mea-
sured surface states of ZnSe and ZnTe,> and so is expect-
ed to describe well any localized perturbation associated
with a defect. Details of the model have been pub-
lished.?*2%>32 We consider only substitutional defects be-
cause common interstitials such as Li and Zn are normal-
ly donors’ and because most interstitials are notoriously
sensitive to charge transfer and the local environ-
ment,”*3 7% a property that we regard as unlikely to be
associated with the nearly universal doping properties of
II-VI semiconductors—although we recommend the
work of Chadi and Chang* for a somewhat different
viewpoint.

III. RESULTS

As a test of the model’s ability to describe defects in
II-VI semiconductors, we first consider Li doping of
zinc-blende-structure ZnSe and find Liy, to be a shallow
acceptor, in agreement with the data.*’ Furthermore, ex-
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periments*’ reveal a deep acceptor related to Li 0.2 to 0.3
eV above the valence-band maximum. Since interstitial
Li is a donor,’ this acceptor can likely be associated with
the theoretically predicted 0.4 eV antisite Lig, deep level,
and indicates that the theory lies only slightly above the
data in energy.*®*’ Thus the Li doping data for ZnSe are
well described by the present theory, lending support to
the other theoretical predictions.

Since the spirit of the present work is to understand
global chemical trends, we limit our discussion to a
mean-field one-electron theory of neutral defects, and
omit the Coulomb effects normally associated with small
to moderate splittings of order 0.2 eV between different
charge states of a defect.”*373% This simplification makes
all of the energy levels associated with different charge
states of a defect degenerate and allows a simple discus-
sion of global trends without concern for many-electron
effects. Furthermore, the effects of these rather small
effects can be included a posteriori with very little
difficulty.** 3

Each of the s- and p-bonded impurities has eight
“deep” spin orbitals with energies near the fundamental
band gap, two A4, or s-like and six T, or p-like spin-
orbitals. Normally the energies of the T, spin orbitals lie
above the A4, spin orbitals. In fact, spin-orbit splitting,
which is included in the theory, causes the T, levels to
split slightly into p;,-like I'g levels and p, /,-like IT'; lev-
els. However, for simplicity we shall refer to both levels
as T, in the text, while plotting the spin-orbit split levels
in the figures. (In the T; double-group notation, 4, be-
comes I'¢).

The predictions of the theory for substitutional s- and
p-bonded defects in ZnSe and ZnTe are summarized in
Figs. 1-4. These figures indicate the doping character of
each element of the Periodic Table.

A notable feature of the predictions is that the 7', de-
fect energy levels for Zn on either site in any host are vir-
tually identical to those of the corresponding Li defect
because these atoms have essentially the same atomic or-
bital energies. This means, in particular, that Zng, and
Lig, have about the same energy levels and the same dop-
ing character, except that Zn provides one more electron
than Li.

Figures 1-4 should be examined as follows: In general
the deep levels move up (down) as one moves to the left
(right) across a row of the Periodic Table. The host atom
has A4, and T, levels occupied in the valence band and
A, and T, levels empty in the conduction band. In the
case of the Se-site Si in ZnSe, all the defect’s levels lie
above the corresponding Se levels, but the difference be-
tween Si and Se is not enough to cause any of the occu-
pied deep levels to move up into the band gap. As a re-
sult, Si is a double acceptor (denoted 2 4) because it has
two fewer electrons than Se, and these missing-electrons
or holes “bubble up” from the deep Si levels in the
valence band to the valence-band edge, where they are
trapped in shallow acceptor levels by the Coulomb poten-
tial of the ionized Si atom. Similar reasoning applied to
the empty levels indicates that Br on the Se site of ZnSe is
a single donor. Because Br is more electronegative than
Se, its energy levels lie lower than those of Se; but the
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Impurities on Anion Site in ZnTe
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Impurities on Anion Site in ZnSe

H He H He
5A , 4A I5h1e 4h2e
Li |Be B (o] N O |F Ne Li |Be B [} [¢] F Ne
5A 4A 3 A 2A 1A 1 1D 2D htle j4 A 3 A 2A 1A 1 1D 2D
Na |Mg Al |Si |P S Cl Ar Na [Mg Al |Si |P S Cl Ar
I5h1e 4 A 3A J2A |14 I 1D 2D I5h1e Jdh2e 3A J2A |14 I 1D 2D
K |Ca Zn |Ga |Ge |As |Se |Br |Kr K |Ca Zn |Ga |Ge |As |Se |Br |Kr
|5h1e |[4h2e 4A 3A 2A 1A ] 1D 2D 5h1e BWh2e 4h2e ] 3 A 2A 1A 1 1D 2D
Rb |Sr Cd |In Sn |Sb |Te |I Xe Rb |Sr Cd |In |ISn |Sb |Te |I Xe
|5h1e [4h2e 4h 3A 2A 1A 1 1D 2D I5h1e h2e dh2e | 3 A 2A 1A ] 1D 2D
Va | Cs |Ba Hg [Tl |Pb |Bi |Po |At |Rn Va | Cs |Ba Hg |TI |Pb |Bi |Po |At Rn
2DF psh1e dh2e 4h2e | 3 A 2A 1A 1 1D 2D 2DF hle [4h2e l4h2e | 3 A 2A 1A I 1D 2D

FIG. 1. Predicted doping character of Zn-site substitutional
s- and p-bonded atoms in ZnSe. The character is denoted D for
donor, A4 for acceptor, and I for isoelectronic defect (with no
deep level in the gap). If the impurity produces one or more
deep trap levels in the gap, this is indicated for each atom by the
number of holes and electrons trapped in those levels for a sin-
gle neutral defect, e.g., 5h le denotes 5 holes and 1 electron—in
a p-like deep level. See the text for further explanation.

Br-Se difference is not enough to pull one of the empty Se
deep levels in the conduction band down into the gap. As
a result, the extra electron of the neutral Br defect (rela-
tive to the Se atom the Br replaced) falls out of the deep
level in the conduction band, the Br is autoionized, and
the extra Br electron falls to the conduction-band edge,
where it becomes a shallow donor electron orbiting the
ionized Br impurity (denoted 1D). As one moves to the
left in the Periodic Table, the deep levels that were within
the valence band for the host atom move up, sometimes
into the band gap, becoming deep traps—as for Csg,,
which (when neutral) has a p-like T, level in the gap oc-

Impurities on Cation Site in ZnTe

H He
1A 2h
Li |Be B (] N o F Ne
1A ] 1D 2e Re1DRe2DRe3DRhb6e
Na |Mg Al |Si [P |S [CT |Ar
1A 1 1D 2D Re1DRe2DRe3DRe4D
K |Ca Zn |Ga |Ge |As |Se |Br |Kr
1A 1 1 1D 2D Re1D|Re2D2e3D2e4D
Rb |Sr Cd |In Sn |Sb |Te |I Xe
1A 1 1 1D 2D 3D Re2D|Re3DRe4D
Va | Cs |Ba Hg [T! |Pb |Bi |[Po |At [Rn
|2h6e |14 1 1 1D 2D 3D Re2D|Re3DRe4D

FIG. 2. Predicted doping character for Se-site substitutional
atoms in ZnSe, as in Fig. 1.

FIG. 3. Predicted doping character for Zn-site substitutional
atoms in ZnTe, as in Fig. 1.

cupied by five holes and one electron, and an A4, state
below the valence-band maximum filled by two electrons,
and therefore is denoted 54 le. In some cases the defect is
so electropositive that the relevant occupied deep levels
pass through the gap into the conduction band, as for the
anion vacancy (which is infinitely electropositive™ and is
denoted as the element “Va” in the figures). The 4, and
T, levels of the vacancy lie in the conduction band, with
the six electrons of the T, level removed along with the
Se atom during vacancy creation. Thus the Se vacancy is
a double donor (2D) and has a false valence (F) with
respect to Se, allowing it to donate +2 electrons rather
than —6, because eight spin orbitals (24, +67T,) have
crossed the gap into the conduction band as the Se host
atom has been ‘““transmuted” into a vacancy. Similarly a
Zn-site Cl atom has deep levels derived from the empty
conduction-band levels of Zn; the A4, level is pulled down

Impurities on Cation Site in ZnSe

H He
l2h1A 2h
Li |Be B C N O |F Ne
1A 1 1h1e| 2e |2e1D|4hde j3h5e 2h6e
[Na [Mg AT _[ST [P [S [CT |Ar
1A ] 1D 2e PRe1DRe2DRe3DRhb6e
K |Ca Zn |Ga |Ge |[As |Se |Br |Kr
1A ! ] 1D 2e PRel1DRe2D2e3D 204D
Rb |Sr Cd |In |Sn |Sb |Te |I Xe
1A ] 1 1D 2e e1D|2e2D 203D 2e4D
Va | Cs |Ba Hg [Tt |Pb |Bi JPo |At |Rn
4h2e |1A 1 1 1D 2D pPRe1DRe2DRe3DRe4D

FIG. 4. Predicted doping character for Te-site substitutional
atoms in ZnTe, as in Fig. 1. Note that the Zn antisite defect
produces a shallow [quadruple (Ref. 51)] acceptor.
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into the gap because Cl is more electronegative than Zn,
while the T, levels remain in the conduction band. The
five extra electrons of neutral Cl distribute themselves
with two in the 4, deep level and three in the conduction
band; hence Cl produces a deep doubly occupied A4, level
(2 e) and a triple donor (3 D). Some defects, such as oxy-
gen on a Se-site in ZnSe neither change the number of
electrons nor introduce new deep levels into the gap, and
so are termed isoelectronic (I).

By generating Periodic Tables such as Figs. 1-4 for a
wide range of II-VI semiconductors, we have been able to
determine how the predicted characters of defects are
different in various semiconductors. Here we discuss
only ZnSe, which has similar defect deep-level behavior
to other II-VI semiconductors, and ZnTe, which exhibits
unusual p-type doping behavior.

The theory predicts that neutral Zny, in ZnTe is a qua-
druple®! acceptor (4 A), whereas native cation-on-anion-
site defects in other II-VI semiconductors produce T',-
symmetric deep traps in the band gap: e.g., (4h2e) for
Zng, in ZnSe. (See Figs. 1 and 3). Charge-transfer and
Coulomb splitting effects omitted from the model may ac-
tually prevent the formation of the quadrupole acceptor
state, but some level of acceptor character is nevertheless
to be expected. (Sec. IV treats this issue in more detail.)
This native antisite defect yields four holes to the valence
band and is a powerful p dopant in ZnTe only. More-
over, as a function of alloy composition x in ZnTe,;_, Se,
or (ZnTe),_,(CdSe),, the relevant deep level should
move from below the valence-band maximum into the
gap—and the character of the Zn-on-anion-site defect
should change rather abruptly from a p-type acceptor to a
deep trap which no longer dopes the material p-type.
(See Figs. 5 and 6). Hence the material should change,
rather abruptly, from being p type to n type. The abrupt
character of this transition should be an experimental sig-

Zn and Be Antisite-defect Energy Levels

0.2
L Zl’lTeLxSex

~~ 0.1 -
> Zl’lanion r7
2
B
& 00
: -
g / Be | S
= anion —

ol r7 -

Alloy Composition x

FIG. 5. Predicted dependence on alloy composition x of the
energy levels (in eV) for the anion-site defects Zn,,;,, (solid line),
Li,nion (the same solid line), and Be,,;,, (dashed) in ZnTe, _,Se,.
The p, 5,-like level derived from the T, deep level is labeled T';.
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Zn and Be Antisite-defect Energy Levels

0.5 T T T — G

Energy (eV)

Alloy Composition x

FIG. 6. Predicted dependence on alloy composition x of the
energy levels (in eV) for the anion-site defects Zn,;,, (solid line)
and Be,,;,, (dashed) in (ZnTe),_,(CdSe),. The p;,,-like (p,,,-
like) levels derived from the 7', deep levels are labeled I'g (I"5).
For x =0, and for a neutral Zny, defect, the I'; level is occupied
by two electrons and the I'g level by four holes.

nature of the antisite-defect doping mechanism, which
perhaps can be detected by a sudden change of doping
character with alloy composition x in ZnTe,;_,Se, or
(ZnTe),_,(CdSe),, by optical spectroscopy (allowing for
the fact that both the valence-band edge and the deep lev-
el have T, symmetry), or by pressure or strain measure-
ments which cause the deep level to move into or out of
the fundamental band gap.

Zn is not the only antisite defect that is predicted to
produce a strong p dopant. Lip. (although unlikely to
occur in large concentrations) is likewise a shallow accep-
tor yielding nominally five holes®' to the valence band.
The energy of the foreign antisite Li deep level is essen-
tially the same as that of native antisite Zn—and so sub-
stitutional antisite Li should also undergo a similar deep-
shallow transition as a function of alloy composition.
(Note that this paper does not consider the questions of
whether the Li would be mechanically stable on such a
site or whether it would naturally occupy such a site with
reasonable probability.) Thus, for example, if we assume
an oversimplified situation for the Li doping of ZnTe in
which there are no vacancies or other defects, and if we
denote the concentrations of interstitial-, Zn-site, Te-site,
and Se-site Li by [Li;], [Liz,], [Lir.], and [Lig.], then the
conditions for p-type character in ZnTe and ZnSe are

5[Lig.]+[Liz,J—[Li;]>0,
and
—[Lige]+[Lig,]—[Li;]>0 .

Clearly the antisite Li could make a difference in the dop-
ing character of the host, provided its concentration is
large enough. Now, in an equilibrium situation, the Liy,
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concentration is likely to be exponentially smaller than
[Liz,], and so Li by itself should not change the doping
character of a II-VI semiconductor; but this example il-
lustrates in a simple case how the concentrations of the
different point defects determine the doping character.

Another interesting prediction of the theory is that Be
on an anion site is a (quadruple®') acceptor in both ZnSe
and ZnTe, while remaining isoelectronic when occupying
a Zn site. (See Fig. 5). This means that heavy Be doping
may also make ZnSe p type.>?

On the anion site, only Zn, Mg, Cd, Li, and H and He
are predicted to have different doping characters in ZnSe
and ZnTe. On the cation site Ar, F, O, Bi, Sb, Sn, Ge, Si,
B, H and the vacancy have different doping characters.
See Figs. 1-4. Predicted energy levels are given in Figs.
7-22. (Impurities with no deep levels near the funda-
mental band gap behave according to the conventional
rules and are not displayed.)

It is noteworthy that the anion vacancy is a double
donor for both ZnSe and ZnTe-—as anticipated by the
extensive self-compensation literature. This is a case of
false valence,>® because the removal of a column-VI atom
should add six holes to the valence band, not two elec-
trons to the conduction band. The removal of, say, Te in
ZnTe is achieved theoretically by driving its atomic ener-
gies to infinity as well as adding six holes. In the case of
ZnTe and other II-VI semiconductors, this causes an 4,
and a T, level to move from the valence band into the
conduction band.

Within the context of the conventional self-
compensation picture, each acceptor in p-type doped
ZnSe is compensated by a double-donor anion vacancy
generated as a result of acceptor doping. If the same en-

ZnSe Cation-site Impurity Levels

ENERGY (eV)

—4— NN

Va H He B C N O F Ne

FIG. 7. Predicted deep energy levels in the gap (striped) of
ZnSe due to s- and p-bonded substitutional impurities on the Zn
site. The impurities are indicated on the abscissa. Their occu-
pancies, when neutral, are indicated by open triangles for holes
and by closed circles for electrons.
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ZnSe Cation-site Impurity Levels

30

ENERGY (eV)

0.0 VBM

—4—

Va Al Si P S Cl Ar

FIG. 8. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.

ergy that produced an anion vacancy instead produced
an anion-site antisite Zn, then in ZnSe every antisite de-
fect would compensate roughly two acceptors (or one va-
cancy), but in ZnTe this would not happen. Moreover, in
ZnTe roughly every two vacancies would be compensated
by one antisite defect, blocking the conventional self-
compensation process. Antisite defects are common in a
variety of semiconductors, as argued by Van Vechten and
others.>* The formation energy should be less for the an-

ZnSe Cation-site Impurity Levels
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FIG. 9. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.
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ZnSe Cation-site Impurity Levels
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FIG. 10. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.

tisite defect than for the vacancy, and the number of an-
tisite defects to be expected at equilibrium should exceed
the number of vacancies. Stated more simply, it normally
costs less energy to rearrange a bond than to break it.
Hence in most crystal-growth processes, an adequate
number of Zny, defects should be created, and the self-
compensation would be expected to be impotent in ZnTe
but not inZnSe. For example (Fig. 23), in ZnSe with one
Na acceptor, one Se vacancy, and one Zng, antisite de-
fect, the shallow Na acceptor level is filled by one of the
vacancy’s two electrons, with the other electron occupy-

ZnSe Cation-site Impurity Levels
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FIG. 11. Predicted deep energy levels in the gap of ZnSe due
to s- and p-doped substitutional impurities on the Zn site. The

impurities are indicated on the abscissa.
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ZnSe Anion-site Impurity Levels
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FIG. 12. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Se site. The
impurities are indicated on the abscissa.

ing the T, Zn deep level in the gap (leaving it with three
electrons and three holes). There is no p-type conductivi-
ty. In contrast, the same situation in ZnTe leaves the two
electrons from the vacancy occupying two of the five
empty shallow orbitals of both Na and Zng,, leaving
three thermally ionizable holes and p-type conductivity.
Therefore, we propose that p-type conductivity is rather
easily achieved only in ZnTe of the common II-VI semi-
conductors because only in ZnTe is the antisite defect
Znp, a shallow acceptor rather than a deep trap.
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FIG. 13. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Se site. The
impurities are indicated on the abscissa. Al (not shown) has a
similar electronic structure to Ga.
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ZnSe Anion-site Impurity Levels

FYYeves
——

i

30
CBM
=
L
&
L5
[
=
4
=
VBM

0.0

Va Cs Ba Hg Tl

FIG. 14. Predicted deep energy levels in the gap of ZnSe due
to s- and p-bonded substitutional impurities on the Se site. The
impurities are indicated on the abscissa.

IV. POTENTIAL PROBLEMS WITH THE MODEL

Two concerns that we have about the theory are (i) an
explanation is required of why II-VI semiconductors oth-
er than ZnTe have an n-type-doping proclivity and (ii) the
omission of Coulomb effects from the theory could cause
our level predictions to be in error more than we current-
ly believe.

A. n-type doping

If the antisite defects alone occur in the same concen-
trations in ZnSe and ZnTe, then one must explain why

ZnTe Cation-site Impurity Levels
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FIG. 15. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.
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ZnTe Cation-site Impurity Levels
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FIG. 16. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.

ZnSe apparently is more easily doped n type. In our
model, the n-type dopants must first compensate all the
antisite defects, after which they produce donors—and
the physics is the same for ZnSe and ZnTe. However, we
suspect that there are fewer Zng, defects in ZnSe than
comparable antisite defects in ZnTe, basically because Zn
is more similar to Te than to Se, both in its atomic size
and its electronic energy levels. Doping the semiconduc-
tor n type with, say, Ga could exacerbate such
differences. Therefore we believe that the n-type doping
differences of ZnSe and ZnTe can be plausibly explained.

ZnTe Cation-site Impurity Levels
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FIG. 17. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.
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FIG. 18. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.

B. Coulomb effects

It is very difficult to precisely determine the Coulomb
effects on deep levels in II-VI semiconductors. Therefore
we have actually executed three rather different theoreti-
cal calculations which generally agree that the position of
the Zny. deep level with respect to the ZnTe valence-
band edge is about 0.2—0.5 eV lower than the energy of
the Zng, level with respect to the ZnSe band edge (in any
charge state). These theories do not agree, however, on
the precise location of the neutral Zny, deep level, which
the present theory places in the ZnTe valence band, while
the other two theories place the level near midgap (but
with a theoretical uncertainty due to finite supercell size
of order 1 eV).

ZnTe Cation-site Impurity Levels
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FIG. 19. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Zn site. The
impurities are indicated on the abscissa.
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ZnTe Anion-site Impurity Levels
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FIG. 20. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Te site. The
impurities are indicated on the abscissa.

The first calculations, the ones we have described here,
are based on an empirical tight-binding model of elec-
tronic structure, and incorporate Coulomb effects only
implicitly in the parameters of the model. These calcula-
tions are, strictly speaking, for neutral defects in the ZnSe
or ZnTe host, and do not directly consider the negative
charging of Zn, as the holes in the Zn deep level bubble
up to the valence-band maximum. This charging will
cause the deep level to move up in energy about 0.2-0.3
eV for each additional electron trapped in the deep level’
(an effect omitted from the model)—hence the Znr, level
may move into the gap after the first or second electron is
trapped on the Zn (i.e., after one or two holes “bubble
up”’ to the valence-band maximum)—making Zny, a sin-
gle or double acceptor rather than a full fourfold accep-

ZnTe Anion-site Impurity Levels
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FIG. 21. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Te site. The
impurities are indicated on the abscissa. Al (not shown) has a
similar electronic structure to Ga.
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ZnTe Anion-site Impurity Levels
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FIG. 22. Predicted deep energy levels in the gap of ZnTe due
to s- and p-bonded substitutional impurities on the Te site. The
impurities are indicated on the abscissa.
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FIG. 23. Illustrating (a) self-compensation in the presence of
a Zng, defect in ZnSe and (b) “anti-self-compensation” by Znr,
in ZnTe. The self-compensation mechanism assumes that dop-
ing with an acceptor such as Nay, leads to production of a com-
pensating double-donor anion vacancy. For simplicity we as-
sume that there are only three defects: Nay,, the anion vacancy
Va,nion, and the Zn-antisites Zng, and Znp.. In both cases, an
electron (solid circle) from the anion vacancy’s shallow donor
level compensates (solid lines) the hole (open triangles) of the
Nagy, defect’s shallow acceptor level. The remaining vacancy
electron is trapped (dashed lines) (a) by the Zng, deep level in
ZnSe or (b) by the shallow acceptor level in ZnTe, because the
holes of the Zny, deep T, level have bubbled up (wiggly lines) to
the shallow acceptor level. The remaining three holes in the
Znrt, shallow level are thermally ionizable in ZnTe, render the
self-compensation by the vacancy impotent, and dope the ma-
terial p type, whereas the holes in the deep level of ZnSe are not
thermally ionizable, so that the Zng, level traps both electrons
and holes, reducing conductivity.
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tor. Thus the qualitative physics governing doping pro-
clivity will be the same, although the number of free
holes per defect will be smaller, so long as the deep level
of the neutral Zny, defect is correctly predicted to lie
below the valence-band maximum.

The second’ and third> theories are local-density
theories for a defect in a supercell of finite size, and pro-
duces levels for the neutral defect Znp, somewhat higher
than the levels of the present theory. However, due to
the finite size of the supercells, the predicted levels are ac-
tually bands of order 1 eV wide. Furthermore local-
density theory is known to produce incorrect band
gaps—and this can lead to errors in deep-level energies.>®

The second theory is the tight-binding-like version of
local-density theory discussed by Jansen and Sankey,’
while the third is a pseudofunction®® implementation of
local-density theory. We executed the pseudofunction
calculations for supercells of N;=16 and N, =32 atoms,
and found that (relative to the valence-band maximum)
the deep level moved down in energy with increasing su-
percell size, as the level’s width decreased. Perhaps the
local-density-theory levels of Znp, would also lie in the
valence band if the supercell size were increased until
convergence were achieved.

We conclude on the basis of these theories that we can-
not definitively place the neutral Zny, deep level below
the Zny, valence-band maximum-—nor can we place it in
the gap definitively. Therefore the issue of the location of
this level will have to be determined experimentally.

In this regard we note that Li doping produces a mys-
terious deep level in ZnSe just above the valence-band
maximum,*’ and no corresponding level in the gap of
ZnTe—as the present (first) theory predicts. While this
fact lends credence to the present theory, it does not
confirm the theory unambiguously (because the nature of
the Li-related defect is unknown).

We conclude that there is good circumstantial evidence
for the Zny, defect yielding a deep level in the valence
band of ZnTe, the kind of deep level needed to explain
the p-type doping proclivity of ZnTe. The case is not air-
tight, appears to be unresolvable by theory, and calls for
careful experimental investigation. In particular, careful
studies of the dependence of doping proclivity on
stoichiometry and on alloy composition in ZnTe;_, Se,
might confirm or exclude the present model. (Note that a
rather sudden change in doping proclivity as a function
of alloy content x is implied by the present model.)

V. SUMMARY

The viewpoint presented here is admittedly somewhat
oversimplified in the interest of illustrating the essential
physics of the problem. Nevertheless we hope that efforts
to test this simple picture will be attempted because, if
the picture is correct as we believe, then schemes for
overwhelming the p-type doping problem in some other
II-VI semiconductors than ZnTe will be feasible.® Two
obvious schemes are (i) to grow ZnSe under conditions
unfavorable to Zng, formation, and (ii) to engineer the
electronic structure of a perturbed version of ZnSe so
that the antisite defect’s deep level is resonant with the
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valence band.

Finally our conclusions are based only on the oc-
currence of defects with deep-level electronic structures
similar to those predicted for the Zn (and Li) antisite de-
fects. The model for the p-type doping will still be valid
if another defect has similar electronic structures in ZnSe
and ZnTe. Furthermore the model does not rely in any
way on a detailed picture of the “self-compensation” pro-
cess or a knowledge of the detailed forces on defects.
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