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quency independent and take following values:

RE=0.75,

RP=1.14,

RP=1.68,
R5=0.98,

where superscript B refers to the Born approxima-
tion. If, on the other hand, we take into account
the higher-order rescattering effects, the partition
ratios decrease considerably and give the values
rather smaller than unity, as is seen in Figs. 5(a)
and 5(b). These characteristic results are com-
pletely consistent with the results obtained in Ref,
7, in which only two modes, R and T, were in-
volved. Moreover, it is noteworthy that there ap-
pears no resonance in the scattering process

loo

R+ AM~SH+ AM.,

In conclusion, we have investigated the scatter-
ing of elastic surface waves from static point-mass
defect localized in the solid surface by solving ap-
proximately the so-called Chew-Low equation,

We would like to emphasize the following two points.
First, resonance structure appears in all the cross
sections but o,.¢y for a static surface defect of
lighter mass than that of the host atoms. Second,
the inclusion of the rescattering effects of elastic
surface waves with mass defect appreciably en-
hances the scattering into other Rayleigh-mode
waves.

The numerical calculations were performed using
a FACOM 230-60 computer at the Computer Center
of Hokkaido University.
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The basis hybrid orbitals of As,S; and As,Se; for the molecular-orbital calculation of the layer molecules
have been investigated. One feature distinct from and one similar to amorphous Se is observed. The former
is the inequivalence of the nearest-neighbor o bonds, which can be interpreted as a reason for low carrier
mobilities in these solids. The similar feature is the locations of the bonding and the lone-pair states. As in
Se, these are intermixed; thus band-gap photons can break o bonds, which.accounts for the
photodissociation and photocrystallization of chalcogenide glasses.

I. INTRODUCTION

In a recent paper! the electronic states of a mo-
lecular solid—amorphous selenium—has been suc-
cessfully interpreted by molecular-orbital (MO)
theory. In that paper, the calculation of the elec-
tronic states of the solid is carried out in three
steps. The first step is the identification of the
building block, or the basis orbitals for the molec-
ular states. The second step is the calculation of
the molecular orbitals by a semiempirical (extend-

ed Hueckel) method, 2 including as many units as
the convergence requires. Finally, the electronic
density of states in the solid is calculated by as-
suming a Gaussian distribution of states centered
at the molecular states. It is found that the first
step has a determinate effect on the density of
states in the solids, e.g., only when the bonding
and antibonding orbitals between two neighboring
atoms, and the lone-pair hybrid orbitals are chosen
as bases for the MO calculations, the calculated
density of states agrees with that obtained from
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photoemission experiment.® When atomic orbitals
are chosen as the bases, the calculated width of
valence band was more than twice the observed
value.

The calculation also gives a new interpretation
to the origin of the double peaks in the density of
states and the reflectivity spectra. It was suggest-
ed that the two peaks represent the contributions
from the states arising from the lone-pair orbitals
and those from the bonding orbitals, respectively, %°
On the contrary, the new analysis® reveals that the
origins of the two peaks cannot be associated with
any particular type of basis orbitals. In the pro-
cess of forming a molecule (chain), both the lone-
pair orbitals and the bonding orbitals split intotwo
groups of states, one being stabilized and the other
antistabilized with respect to the basis-orbital en-
ergy. Since the basis-orbital energies of the lone-
pair and the bonding orbitals are very close, and
the interaction energies between two neighboring
units are all of the same order of magnitude, the
stabilized, as well as the antistabilized, group of
states arising from the lone pairs overlaps that
from the bonding orbitals. Thus the two peaks rep-
resent contributions from the antistabilized and the
stabilized groups of states, respectively.

Arsenic trisulfide (AszSS) and arsenic triselenide
(As,Seg) form molecular solids of semi-infinite
“molecules” similar to selenium, except that the
“molecule” is a layer rather than a chain as in the
latter (Fig.1). In principle, the electronic states
of As,S; (AsySe;) can be calculated by the same ap-
proach described above. However, because the
layer “molecule” extends in two dimensions (com-
pared to the one-dimensional extension of Se chain),
the second step in the calculation becomes extremely
time consuming. On the other hand, as demon-
strated by the calculation on selenium, ! the es-
sence of the electronic structure lies in the first
step of the calculation, which involves much sim-
pler computations.

In the present paper, we shall calculate the basis
orbitals and their energies for As,S; and As,Se; and
show that we can expect the same situation regard-
ing the lone-pair and bonding states as in selenium.

FIG. 1. Unit-cell structure of As,S; and As,Ses in ac
plane, approximate scale; the large circles represent
As, the small ones S (Se). Types of o bonds are indicated.
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TABLE 1. Hybrid orbitals of As,S;.

s bx by bz E(eV)
As oy 0.551 0.561 —0.231 0.573 —11.65
0y 0.171 0.450 0.835 —0.268 -9.30
03 0.380 —0.671 0.434 0.466 —10.28
M 0,723 —-0.181 —0.249 -—-0.618 —13.53
Sy 01 0.453 —0.599 0.247 -0.612 -—13.52
[} 0.453 0.407 0.755 0.242 -13,52
M 0.543 —-0.401 -0.322 0.664 —14.32
A 0.543 0.561 -—0.515 —0.354 —14.32
S3 o3 0.223 +£0.707 —0.457 -0.491 -12.11
A3 0.671 0.0 —0.366 0.645 —15,73
0

A .671 0.0 0.670 -—-0.318 —15.73

VSIE: As E;=-17.605 eV, E,==9,050 eV
S Eg=-20.704 eV, E,=—11,654 eV

These results will be used to interpret the photo-
decomposition and photocrystallization of chalco-
genide glasses.®® Also a feature distinct from
selenium will be pointed out and the possible con-
sequences for carrier transport will be discussed.

II. RESULTS AND DISCUSSION

The ¢ and lone-pair hybrid orbitals of As, S, and
Se atoms are determined by the method described
in the Appendix, from the crystal-structure data
of As,S; and As,Se; (Fig. 1). *1° The As atoms are
all equivalent but there are two inequivalent S (Se)
atoms. The hybrid orbitals and their energies are
given in Tables I and II. The signs of the coeffi-
cients of p,, py, and p, depend on the position of
the atom in the unit cell, but these are irrelevant
to our discussion here. Only the absolute values
which determine the hybrid energy and the compo-
sition are important. The energies are calculated
from the valence-state ionization energies (VSIE)"
of the atomic orbitals shown at the bottom of the
tables.

TABLE II, Hybrid orbitals of As,Ses.
s bx by De E(eV)
As oy . 644 0.537 —0,251 0.483 —12.60
oy . 169 0.425 0.82 —0,255 —9,30
) .293 —0.649 0.431 0.554 —9.79
A4 .686 —0.332 -—-0.159 -0.628 —13,08

0

0

0

0

Se; 0; 0.393 —0.646 0,302 —0,581 —12,34

o, 0.393 0.397  0.795 0,238 —12.34

M 0.588 —0.371 —0,301  0.653 —14.26

A 0.588 0.537 —0.432 =—0.424 -—14.26
0
0

Seg 03 .271 0.653 +0.434 +0.558 —11.52
A3 .663 -0.271 +0.558 ¥0.434 —15,07

VSIE: As E;=-17.605 eV, E,=—9.050 eV
Se Eg=~20,828 eV, E,=—10.786 eV
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FIG. 2. Energy-level scheme for AsS;/,.

The covalent bonds are formed between ¢ hybrids
of As and S (Se), with the same subscripts. The
resulting bonding (b) and antibonding (@) orbital en-
ergies are calculated by the semiempirical meth-
od®!1+12 yging Cusachs’s!® empirical formula for the
off -diagonal elements of Hamiltonian matrix. The
results are illustrated in Figs. 2 and 3. The hy-
brid orbital energies of As and S (Se) are shown on
the left- and the right-hand sides of Fig. 2 (Fig.

3), respectively. The center column shows the or-
bital energy levels of a fictitious molecule AsSy,,
(AsSey;;). These orbitals would be the bases for
calculating the molecular orbitals of a layer “mo-
lecule.”

The three As-S (As-Se) bonds are quite asym-
metric. This can be expected from the hybrid co-
efficients in Tables I and IL, and is a feature dis-
tinct from Se chain and groups IV, II-VI, and
II-V covalent solids in which all the covalentbonds
areequivalent. Because of this asymmetry the near-
est-neighbor bonds of types 1 and 2 are not degenerate
in energy, it is the next-nearest-neighbor bonds
(see Fig. 1) which are degenerate. For the type-
3bonds one of the nearest neighbors is degenerate,
but such degenerate pairs are separated by more
than 5 A, Thus the interactions between the bond-
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ing orbitals in the “molecule” are considerably
weaker than those in other covalent solids. From
this weaker interaction one can expect more local-
ized states or narrower bands, resulting in lower
carrier mobilities; e.g., the hole mobility is 4
%10 cm?/V sec at 10°V/cm in amorphous As,Se;,
while it is 0.1 ¢cm?/V sec in amorphous Se.® The
asymmetry may be slightly relaxed in the amor-
phous states.

A feature similar to amorphous Se is the loca-
tions of the bonding-orbital and the lone-pair-or-
bital levels. These are intermixed in an energy
range of ~ 2.5 eV. Thus if we had carried out the
MO and the density-of-state calculations (steps 2
and 3), we would find both the bonding and the lone-
pair orbitals contributing to the upper valenceband,
as in the case of amorphous Se.

Berkes, Ing, and Hillegas® have reported the
photodissociation of amorphous As,S; and As,Se,,
and Dresner and Stringfellow, ? and Feinleib et al. ®
have reported photoinduced crystallization of other
chalcogenide glasses, all with photons of band-gap
energies. These phenomena are attributed to the
breaking of the o bonds by the photon. However,
according to the classical picture®® inchalcogenide
solids the bonding-orbital states are well separated

As AsSez,, Se

ENERGY (eV)

%

Energy-level scheme for AsSe;s/,.
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from and lie lower in energy than the lone-pair
states, the band-gap energy light cannot break a ¢
bond. The new energy-level scheme of the present
calculation (Figs. 2 and 3) revises this picture, and
now the bond-breaking model of photodissociation
and photocrystallization can be accounted for.

APPENDIX: HYBRID ORBITALS OF As,S; AND As, Se;

The 4s, 4p atomic orbitals of As and the 3s, p
(4s, p) atomic orbitals of S (Se) are hybridized into
directed bonds (¢0) and lone pairs as follows.

For the As atom, there are three ¢ and one lone-
pair hybrids. They can be represented as

o;=a; s+(1—a P, , i=1,2 3 (A1)
A=y s+(1 -, (A2)

where p; is a combination of p,, p,, and p, orbit-
als:

P;=§¢Px+17uby+§d7, . (A3)

Let the coordinates of As atom be (x,, y,, 2o) and
the three bonding neighbor S (Se) atoms be at (x;,
Yis zi)r i:l, 2’ 3; then

&= —xo)/Ri ’
n;=0; -v)/R; , i=1, 2, 3 (A4)
=z, - y)/R; ,
where R; is the bond length,
Ry=[(x; - %)+ (9, — yo)* + (2 - 20)’T' % . (A5)
The orthogonality among the three ¢ hybrids gives

Q0+ (1 - aiz)l/z(l - aIZ)IIZC“ = 0: i’ .7 = 1: 2’ 3

(A8)
where the cosine of the bond angle C;; is given by
Cu=E+nmy+ 84 (A7)

Equation (A6) gives three relations for the deter-
minations of a;, ¢{=1, 2, 3. The result is

@;#=C;Cu/(Cip = CisCit) (A8)
where i, j, k are permutations of 1, 2, and 3.
It now remains the determination of p,. The or-
thogonality of X and ¢, gives the following simulta-
neous linear equations for &, 74, and &,:

_ ;0 A9
a- oz,z)l/z 1- a42)112 ’ (49)

i=1, 2, 3

Eda+nma+8iLs=

where a4 is given by the normalization of s orbital,

as

3
= (1 -Z}af) 172
i=1 .

For the S (Se) atom, there are two o and two lone-
pair orbitals. Without loss of generality we may
assume that the two o, as well as the two lone pairs
are equivalent to each other, i.e., have the same

s components. Then
o;=as+(1-a®?, | i=1, 2 (A10)
=G - o) B+ (340 oy, =3, 4. (Al

As in the case of As ¢ orbitals, p; (i=1, 2) can be
determined from the coordinates of the S (Se)atom
and the bonded neighbor As atoms, Egs. (A3)-(A5).
The s component of the ¢ orbital, @, is determined
from the cosine of the bond angle and the orthogo-
nality relation between the two o’s:

oz2= - Clz/(l - clg) . (Alz)

The orthogonality between the ¢’s and the lone pair
give the following relation:

—a(d = a?)t2
§iE+nm+ 8= a- a2)21/2(%+ a?)i/z

(A13)

i=1, 2

where £, 7, ¢ are the coefficients in p, (j=3, 4).
£ and 7 can be solved in terms of ¢ from the two
equations, Eq. (A13) and substituted into the nor-
malization relation

£2in2+p2=1 (A14)

This yields a quadratic equation for ¢, which can
be solved numerically for two sets of £ 7, ¢ val-
ues for the two lone pairs.

The hybrid orbitals of As and S atoms in As,S;
determined from the atomic positions in the unit
cell® are given in Table I. The hybrid orbital ener-
gy E, is given by

E,=a?E;+(1-adE, , (A15)

where « is the coefficient of the s orbital and E;
and E, are the valence state ionization energies of
the s and p orbitals, respectively. For As,Se;, two
of the Se bond angles are reported!® to be less than
90°, Strictly speaking, such cases cannot be rep-
resented by sp hybrids. However, since the dif-
ference is very small (4°) we have approximated
the angles as 90°. The results are given in Table
II.
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Donor-acceptor pairs associated with the three effective-mass-like donors Al, Ga, and In have been
observed in the photoluminescence spectra of ZnSe. The previously determined binding energies of these
donors are ~ 28 meV. Under conditions of weak excitation, the distant pair band peaks at an energy
of & 2.69 eV. The identification of discrete pair lines indicates that both the donor and acceptor are
on the same sublattice. The shift of all pair lines by 0.05-0.1 meV to lower energy when crystals are
doped with the Li® isotope proves that the acceptor is substitutional Li, with a binding energy
E, =114 4 2 meV. A second shallow acceptor, tentatively assigned to Na, has E, & 90-100 meV,
estimated from the corresponding bound-exciton line. Another more complex pair spectrum is
reexamined. The discrete pair lines for this system exhibit a doubling of all lines, but the chemical
identity of the donor and acceptor producing this spectrum remains undetermined.

I. INTRODUCTION

The observation and analysis of the many sharp
lines appearing in donor-acceptor pair spectra is
a powerful tool for understanding the nature of the
common donors and acceptors in a compound semi-
conductor. This recombination process, where an
electron on a donor recombines with a hole on an
acceptor, was first suggested by Prener and
Williams! to interpret broad green and red lumi-
nescence bands in ZnS. However, detailed evi-
dence for this process was not obtained until the
characteristic sharp-line structure resulting from
many different discrete pairs was observed and
analyzed in GaP.%® The kinetics of pair recombi-
nation is now well understood, * and a large amount
of detailed information about impurities in GaP has
resulted from studies of pair spectra.®? Discrete
pair lines have also been observed in BP, ® AlSb, °
and SiC. %! More recently, pair spectra have
also been observed in several II-VI compounds.

This paper is the third of a series on the opti-
cal properties of ZnSe. In the first'? (hereafter
referred to as DM), analysis of a discrete-line
pair spectrum indicated that the donor and accep-
tor were on the same sublattice, but it could not
be determined whether the Zn or Se site was in-
volved, and the impurities responsible were not
chemically identified. The second paper'’ (re-
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ferred to as MKNS) presented a detailed study of
the optical properties of excitons bound to the com-
mon simple donors in ZnSe, and the binding energy
was determined for five shallow donors: Al, Ga,
In, Cl, and F. The present paper is a continuation
of the work reported by MKNS. For the three
metal-ion donors Al, Ga, and In, pair spectra have
been observed with discrete lines. Analysis of
these pair lines proves that for each pair both the
donor and the acceptor belong to the same sublat-
tice; the acceptor must therefore also be on the

Zn site. When crystals are grown in the presence
of the Li® isotope, the resulting energy shift of the
pair lines proves that the acceptor is substitutional
Li. Finally, the pair spectrum reported by DM is
reexamined in light of the above results, and the
differences between this pair system and those in-
volving the three metal ions are discussed.

II. EXPERIMENTAL

Most of the experimental techniques used in this
work have already been described by MKNS. The
crystals were grown from the vapor phase using a
technique which has previously been described.
Crystals were doped with Li and Na by adding the
carbonates of these alkali metals to the ZnSe
charge, along with excess Zn. Successive growth
runs without additional doping are an essential fea-
ture of this technique. A few attempts were also



