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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-

12-16

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
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made to diffuse Li and Na into the crystals after
growth by sealing them in quartz ampoules with
the alkali metal.

Photoluminescence was excited with an argon-
ion laser operating in the uv. The crystals were
immersed in liquid helium which could be pumped
below the A point. The laser radiation was usually
focused on the surface of the sample to excite the
discrete pair lines, which require intense excita-
tion for their observation. To study the pair bands
themselves weak excitation (i.e., unfocused laser
light) was used.

II. PAIR SPECTRA

A typical donor-acceptor pair spectrum is
shown in low resolution in Fig. 1(a). The I®E%,
I¥, and I, lines arise from the recombination of
excitons bound to neutral acceptors and donors. !

At lower energies, strong phonon replicas of the
two I, lines occur, separated by the energy of the
LO phonons, 31.9+0.1 meV. In addition to these
strong bound-exciton lines and their phonon rep-
licas, there are a large number of sharp closely
spaced pair lines which merge into a broad band,
Q,. Two LO-phonon replicas of this band are also
seen, denoted by @; and @z. To a first approxima-
tion, the energy of an individual pair line is given
by

hv=E, - (E,+Ep)+e®/er, (1)

where E, is the band gap, E, and E, are the ac-
ceptor and donor binding energies, € is the di-
electric constant, and 7 is the donor-acceptor (or
“shell”) separation. For close pairs, a polar-
ization interaction must also be considered. Dis-
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FIG. 1. Photoluminescence intensity vs photon energy
of a crystal showing discrete pair lines in the region indi-
cated, and the associated pair band (@, and its LO-phonon
replicas (Q and @,). The sharp lines above 2.78 eV are
bound-exciton lines. (a) and (b) show the same crystal
under conditions of strong and weak excitation, respec-
tively.

TABLE 1. Inequivalent sites and their degeneracies
for type-I pair spectrum. The shell number is defined
in Ref. 3. The number of inequivalent sites and their
degeneracies have been calculated for shells 1-500 by
R. A. Faulkner (unpublished) for both type-I and type-II
pairs. These results, which have been used in the pres-
ent work for identification of observed lines, correct
several errors which appeared in earlier papers (e.g.,
Refs. 3 and 5) caused by ignoring the lack of inversion
symmetry in the zinc-blende lattice (T, symmetry).

Number of
Shell Number of lines observed
number inequivalent sites Degeneracies (Fig. 2)
10 1 24 1
11 2 12, 12 2
12 2 12, 12 2
13 3 24, 24, 24 3
14 0 0
15 2 24, 24 2
16 1 12 1
17 3 12, 12, 24 2
18 3 12, 12, 6 3
19 4 24, 24, 12, 12 4
20 1 24 1
21 2 24, 24 1P
22 2 12, 12 2
23 2 24, 24 2
24 2 4, 4 1
25 4 24, 24, 12, 24 3
26 1 24 1
27 6 12, 12, 12, 12, 24, 24 3
28 2 24, 24 2
29 1 24 1
30 0 cee 0

20bserved in the Ga-Li pair system.
bThese lines are obscured by I5-LO.

crete pair lines result because 7 can take on only
discrete values, determined by the lattice con-
stants and structure of the material. Fine struc-.
ture can arise for each pair line if there are in-
equivalent sites in a given shell. K the intensity
of the exciting light is low, distant pair recom-
bination dominates, and only the broad “distant
pair band” Q, is observed, as seen in Fig. 1(b).
The pair lines shown in Fig. 1(a) can be
clearly resolved, as shown in Fig. 2. The iden-
tification of individual lines in this spectrum is
made on the basis of type-1I pairs, for which both
the donor and acceptor are on the same sublattice.
Significantly poorer results are obtained when one
tries to fit the data to a type-II assignment (pairs
on different sublattices). The shell numbers of
pair lines are given in parentheses. Fine struc-
ture splittings for close pairs are indicated. The
numbers not in parentheses indicate the total num-
ber of pairs with a given separation; i.e., within
a given shell. Gaps in this spectrum expected to
occur for “shells” having no lattice sites® are de-
noted by G. Table I lists the degeneracies of in-
equivalent sites predicted on the basis of a type-I
spectrum for shells numbered 10 through 30, and
the corresponding number of lines actually ob-
served. Closer pairs are not observed because
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FIG. 2. High-resolution luminescence spectrum of the pair lines shown in Fig, 1(a). The lines are identified accord-

ing to a type-I pair spectrum, for which both the donor and acceptor are on the same lattice site. The brackets indicate
inequivalent sites with the same separation (same shell); the shell number for each separation is given in parentheses.
The numbers not in parentheses give the total number of pairs in each shell. Empty shells, for which gaps in the spec-
trum are anticipated, are denoted by G. The gap at (32) is not a true gap, but this shell has only six equivalent sites and
should therefore be very weak. The fine structure degeneracies for each shell are given in Table I,

they overlap with the strong bound-exciton spec-
trum.

The spectrum shown in Fig. 2 was observed in
a crystal which was doped with In during growth;
the correlation with donor doping will be discussed
further in Sec. IV. Similar spectra have been ob-
tained from crystals doped with Al or Ga. The
energies of the pair lines are plotted as a function
of lattice separation in Fig. 3 for these three pair
spectra. The values of E 4+ E [ for each pair sys-
tem, obtained by extrapolating the Coulomb term
(solid curve) to » -, are indicated on the figure.

IV. DONORS ASSOCIATED WITH THE PAIRS

During the course of these experiments, in-
distinct pair spectra were occasionally seen in
nominally undoped samples. However, the three
pair systems plotted in Fig. 3 were obtained when
the crystals were purposely doped with Al, Ga, or
In. The procedure used for doping was described
in detail by MKNS. Briefly, a doping run was gen-
erally made by adding a small amount of the im-
purity of interest to the furnace tube; the result-
ing crystals were usually heavily overdoped, show-
ing only strong unresolved lines in the lumines-
cence spectrum. Subsequent runs were then made
without adding more of the impurity, relying on
the contamination of the furnace tube. Usually
the pair lines were discernible best in the more
heavily doped of these runs, whereas the bound-
exciton lines were still broad from overdoping.

As the doping level decreased in further furnace

runs, the pair lines became weak, and the bound-
exciton lines and two-electron transitions grew
sharp and dominant. In a few cases of undoped
or low-doped crystals, two interleaved pair spec-
tra could be discerned. The presence of the do-
nors Ga and In in nominally undoped samples, and
the erratic appearance of the Al donor under var-
ious growth conditions, have already been dis-
cussed by MKNS. It is not surprising that pair
spectra are also occasionally seen in these un-
doped crystals. However, the best pair spectra
(denoted in Fig. 3 as Al-Li, Ga-Li, and In-Li
pairs) were obtained when the crystals were pur-
posely doped with Al, Ga, or In, respectively.

If it is assumed that the same acceptor is in-
volved in each of these three pair spectra, then
the difference in the values of E 4+ Ep, listed in
Fig. 3 gives the difference in the donor binding
energies. Agreement with the results of MKNS
for the donor energies falls within the experi-
mental error (+1 meV) of extrapolating the
Coulomb curve. Infact, it is possible to measure
these energy differences more accurately by mea-
suring the energy differences of actual pair lines
(Anv,) at several lattice separations, using the
more distant pair lines. Then, for a given lattice
separation 7, we have

Ay, =[E,— (E,+EP)+e?/er]
—[Ee- (Es+EfV)+e%/ er]

=EM-E®=AE, (2)
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FIG, 3. Photon energy of the discrete pair lines vs lattice separation for the three pair spectra observed when crys-
tals are doped with Al, Ga, and In. The shell numbers for many of the lattice spacings are indicated by arrows, as are
the gaps in the spectra (denoted by G) predicted on the assumption of type-I pairs. The positions and widths of the bound-
exciton lines I?EEP, #-L0, and IFEP-LO are indicated by shaded bands because they overlap with the pair lines. The
solid curves are a plot of the Coulomb term e?/€r, fit to the data points at large separations. By extrapolating the Cou-
lomb curve the value of hv. and hence E4 +Ep can be determined for each pair system. The data points and solid curves
have been displaced for the Al-Li and In-Li systems for clarity. Systematic deviations from Eq. (1) occur for pair sep-
arations less than ~ 30 & (~ shell 55) because of polarization interactions.

for two donors of binding energy ESY and E . and In donors (AE$*®) obtained in this way for five
The differences in donor binding energy between shells in the pair spectra are tabulated in Table

the Al and Ga donors (AE4'"%%) and between the Ga II. Comparison is also made with the same energy
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TABLE II. Differences in donor binding energies (all
energies in meV),

(a) Determined from the pair spectra

Shell number AEAIGa AER-
97 1.6+0.1 0.9+0.1

103 1.6+0.1 0.9+0.1

111 1.6+0.1 0.9+0.1

115 1.7+£0.1 0.8+0.1

117 1.6+0.1 0.9+0.1
Avg. 1.6+0.1 0.9+0.1

(b) Determined from the two-electron transitions (Ref, 17)

Donor Eyp-E1s 4Ep
Al . :
19.140.04 } AEAIGa=1 6401
Ga 20,7240, 04 o
AEG*n=1,04+0.1
In 21.69x0,04 } ° -

differences obtained by MKNS to + 0.1 meV from
the two-electron transitions. The excellent agree-
ment of these results combined with the doping ex-
periments proves that (i) the donors involved in
the three pair spectra are the three simple sub-
stitutional group-III donors Al, Ga, and In, and
(ii) the same acceptor is present as a common con-
taminant in each of these pair spectra. More than
one acceptor could be involved only if the differ-
ence of their hole binding energies is = 0, 1 meV,
The acceptor must also be on a Zn site, since the
pair spectra are all type I.

V. ACCEPTORS
A. Li Acceptor Associated with the Pairs

The binding energy for the acceptor participat-
ing in the pair spectra can be determined by sub-
tracting the values of E, measured by MKNS from

MERZ, NASSAU, AND SHIEVER
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TABLE III, Li-acceptor binding energy.
E4+Ep (meV) Ep (meV) Li acceptor
Donor (Fig. 3) (Ref, 17) E4 (meV)
Al 1401 26,3+0.6 114+ 2
Ga 142 +1 27.9+0,6 1142
In 143+1 28.9+0.6 114 +2

the sums E 4+ E given in Fig. 3. This is done in
Table III, yielding E 4= 114+ 2 meV. The most ob-
vious candidate for a simple shallow acceptor at
a Zn site in ZnSe is substitutional Li, which has
a covalent radius very close to that of Zn, *® and
should therefore fit easily into the ZnSe lattice.
Li and Na have been found to be the only soluble
shallow acceptors in CdS and CdSe, 2° and the co-
valent radius of Li is much closer to that of Zn
than Cd. Attempts to dope ZnSe with Li, as dis-
cussed below, tend to confirm this identification.
However, the definitive proof that Li is the ac-
ceptor associated with the Al, Ga, and In pairs is
the observation of the isotope shifts of the pair
lines when crystals are doped with the Li® isotope.
Such shifts have clearly established the identity of
the Li acceptor in CdS, and their origin is at least
qualitatively understood. 2° Figure 4 compares
pair spectra obtained from ZnSe crystals lightly
doped with In and either the Li® isotope or natu-
rally abundant Li (mostly Li"). For the crystal
doped with Li® all the pair lines are shifted = 0.1
meV to lower energy, as can be seen by compari-
son with the calibration line and the In two-elec-
tron transitions also shown in the figure. The de-
crease in the isotope shift from 0.09 meV (shell

OPTICAL DENSITY
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FIG. 4. Portions of the donor-acceptor pair line spectra for crystals lightly doped with In and either the naturally
abundant Li (mostly Li) (solid line) or Li® isotope (broken line), The In two-electron transitions p,, so and p,, and p,
(which have been identified in Ref. 17) and the calibration line occur at the same energy in both spectra, as expected.
The isotope shift of the pair lines, which varies from 0. 09 (shell 19) to 0, 05 meV (shell 12), proves unambiguously that

substitutional Li at a Zn site is the acceptor participating in the three pair spectra shown in Figs. 2 and 3.

The resolu-

tion used for these spectra is given by the half-width of the calibration line.
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19) to 0. 05 meV (shell 12) is expected, because
for close pairs the hole becomes delocalized from
the Li acceptor due to repulsion from the donor.
This isotope shift proves unambiguously the par-
ticipation of Li in this pair spectrum, and since
the same simple acceptor at a Zn site is involved
in all three pair systems, it must be substitutional
Li.

B. Excitons Bound to Neutral Acceptors (I; Lines)
1. Lithium

Halsted and Aven®! have found that the binding
energy for an exciton bound to a neutral donor
(Epx) in many of the II-VI compounds is related
to the acceptor binding energy E , by Egx/E ,~0.1.
This relationship was verified by Henry et al.2°
for the shallow Li and Na acceptors in CdS and
CdSe (cf. Table IV). Using this rule, one would
expect to find an I, line associated with the ZnSe

"donor-Li pair spectra at an energy of ~ 10 or 11
meV below the energy of the free exciton. In fact,
the binding energies Egy for the two dominant I,
lines in ZnSe, I and IPE®®  are 9.5 and 18.8 meV,
respectively. (These are the separations of the
lowest-energy components of the lines from the
free-exciton energy taken to be 2.8015 eV; cf.
MKNS. )

Very little can be said about the IT®E® line on
the basis of the experiments reported in this pa-
per. Both the IPEEP and I lines exhibit the strong
series of LO-phonon replicas which is character-
istic of the I, lines in CdS and CdSe, % and it was
pointed out by DM that the IPEE® line (referred to
as the I, line in that work) showed typical I, be-
havior for various heat treatments. In contrast
to this behavior, the I¥ line (called Iy by DM) in-
creases when the samples are heated in Zn vapor,
at least for the Wright-Patterson (WP) crystals

; studied by DM, It was reported by DM that there
appeared to be a correlation between the I% line
and the pair spectrum reported in that work (which
will henceforth be referred to as the DM pair sys-
tem). However, in the crystals grown at Bell
Laboratories for the present paper (grown by va-
por transport in the presence of excess Zn), the
I’f line is always present, and is intense when the
Al-Li, Ga-Li, or In-Li pair systems are observed.
Because of this correlation, the expected exciton
binding energy for this line, and the structure of
the I line discussed below, we now believe that
the I line results from the recombination of an
exciton bound to the neutral Li acceptor; whether
or not it is also associated with the more compli-
cated DM pairs is presently uncertain.

Under conditions of high resolution, the If line
is found to be a triplet. (This can be seen in Fig.
1 of MKNS. ) As the temperature is increased from

1.6 to 4. 2 °K, the relative intensities of the higher-
energy components increase. This thermalization
indicates that the splitting is in the excited state
of the bound-exciton complex. The triplet struc-
ture could arise from transitions from the J= 3,

3, and 3 excited states of the bound-exciton com-
plex (two holes and one electron) to the J=3
ground state (a single hole). However, it must

be emphasized that this model can be corroborated
only by studying its piezo- or magneto-optical be-
havior.

Chemical doping experiments were attempted
to confirm this identification of the I line with
the Li acceptor. When a small amount of Li,COg
was added to the furnace tube, the crystals were
found to be heavily overdoped; broad luminescence
bands were observed near the band edge and in-
tense pair bands were seen. Analysis of these
crystals by emission spectroscopy showed that
they contained ~ 50-ppm Li, compared with <1-ppm
Li for undoped material. In crystals grown during
subsequent runs, relying on Li contamination, the
I¥ line was usually found to dominate the spectrum;
the concentration of Li in these crystals varied be-
tween 1 and 5 ppm. The Al-Li or Ga-Li pair spec-
tra were also usually observed in these crystals
lightly doped with Li.

Similar results were obtained when Li was dif-
fused into undoped samples. For diffusion tem-
peratures of 600 or 450 °C, only strong, broad-
band luminescence was observed. When Li was
diffused at 300 °C, discrete lines could be seen.
The If line dominated the bound-exciton spectrum,
and Ga-Li pair lines could be distinguished.

2. Sodium

Another weak triplet occasionally appears in
the luminescence spectra of ZnSe at an energy of
1 meV higher than the I¥ triplet. The three com-
ponents of this line have approximately the same
intensity distribution as the components of I, and

TABLE IV, Shallow acceptor and exciton binding
energies.

Acceptor Epx (meV) E, (meV) Epx/E,
ZnSe Li 9.5 11422 0,083
(Na)® 8.5 (90-100)®  (0.1)®
IDEEP 18.8 (~200)®  (0.1)®
cds Li 17.67 1656 0.107
Na® 17.50 16916 0.103
Cdse Li or Na° 9.15 1096 0.084

3The chemical identification of Na is inconclusive, as
discussed in the text.

PFor these cases, E, was estimated assuming Epx/E,
~0.1,

°Determined by Henry et al., Ref. 20.
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also thermalize as a function of temperature., It
'is tempting to associate this triplet with the Na
substitutional acceptor, the other soluble shallow
acceptor in CdS. The exciton binding energy for
this line is Epx=8.5 meV, leading to an antici-
'pated acceptor binding energy for Na of E ,~ 90~
100 meV, i.e., less binding than for the Li ac-
ceptor. In CdS the Na acceptor is deeper than Li,
whereas the two appear to be indistinguishable in
CdSe (cf. Table IV). Attempts to confirm this
chemical identification of the IY line by doping
with Na were inconclusive, however, which may
result from the poor fit of the Na atom into the
ZnSe lattice.

VI. DM PAIR SPECTRUM

During the course of this work, the pair spec-
trum reported by DM has been observed indis-
tinctly in a few Bell Laboratories crystals, but
usually interleaved with one of the simple pair
spectra discussed above. The I¥ bound-exciton
line, attributed to Li, is thought to be associated
with the simple pair spectra. Whether or not Li
also participates in the DM pairs is presently un-
known. Inthe WP crystals, individual DM pair
lines have been resolved better than in the original
work, probably because the less penetrating uv-
focused-laser excitation samples a smaller region
of the crystal. The energies of the discrete DM
pair lines have therefore been measured more ac-

AND SHIEVER 8

curately. It was found that this spectrum closely
resembles the three simple pair spectra plotted
in Fig. 3, but that each line in the simple spectra
is split into two lines in the DM spectrum. This
is illustrated in Fig. 5, where portions of the In-
Li pair spectrum which have clearly resolved pair
lines are plotted below the corresponding portions
of the DM pair spectrum. The doubling of the DM
pair lines is evident from the figure. The splitting
of each pair of lines is approximately 0. 3 meV,
although the splitting appears to be slightly
smaller for the higher-energy lines. In most
cases the lower-energy line of each pair appears
to be stronger, and the lines do not appear to ther-
malize between 4.2 and 1.6 °K,

The energies of the individual DM pair lines
have been plotted as a function of lattice separa-
tion in Fig. 6 of the original paper (DM). The
spectrum is also type I. A value of E,+E =141
meV was obtained from that plot, which agrees
to within experimental error with the more ac-
curate value obtained in the present work: E,+E,
=140+ 1 meV. The DM pair lines are very
close in energy to the Al-Li pairs.

In addition to the doubling of the DM pair Iines,
there appears to be another important difference
between the DM pairs and the other three simple
spectra: the large energy difference between the
positions of the peaks of the distant pair bands, @,
for the simple pairs, and the band denoted R, in

DM PAIRS (WP 1/9)

———=— In-LiPAIRS (S-1022-C)

ZnSe 1.6°K A" uv 40 mW

OPTICAL DENSITY

(29)

(27)

—o-i }‘-—1OX SPECTRAL SLIT WIDTH (0,05 meV)

ENERGY ——

FIG. 5. Comparison of portions of the DM pair spectrum (solid line) with the corresponding In-Li pair lines (broken
line). The portions of the In-Li spectrum shown here are taken from Fig. 2. The shell numbers are indicated in paren-
theses. For each line in the In-Li pair spectrum, two lines are seen in the DM system, with a splitting of ~ 0.3 meV.
To make this comparison, the two spectra have been shifted by 2.5 meV, as indicated by the apparent separation of the

IPEEP_1,0 lines, which should appear at the same energy.
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Ref. 12 for the DM pairs, which peaks~ 17 meV
above Q. On the basis of the thermal quenching
behavior of Q¢ and R, the following suggestion was
advanced by DM: The @, band involves impurities
with a large difference in binding energies (this has
been confirmed by MKNS and this paper: Ep~28
meV and E 4, =114 meV), but the donor and acceptor
responsible for R, are probably more comparable
in energy. Thus, the donor participating in the
DM pairs was expected to be considerably deeper
than the effective-mass-like donors identified thus
far. However, the discrete pair lines associated
with @,, reported in Sec. IV above, were not ob-
served by DM.

This model of a deep donor participating in the
DM pairs is inconsistent with the close similarity
of the line spacing and fine structure of the dis-
crete DM pair lines and the other pair systems
(neglecting the unexplainable doubling of lines in
the DM pairs). If the donor on the DM pairs
were considerably deeper than the shallow donors
Al, Ga, and In, the pattern of individual lines
and their deviation from the Coulomb curve
should be significantly altered, which is not the
case.

It now seems likely that this apparent contra-
diction results from an erroneous identification
of Rj as the distant pair band for the DM pair lines.
Well-resolved DM pair lines have been seen in
only a few WP crystals, in which both the @, and
R, bands are present. It is quite difficult in such
cases to determine unambiguously which of the
two bands is the distant pair peak. Crystals con-
taining the DM and Al-Li pair lines have been
studied under a variety of excitation intensities;
the results for intermediate excitation (weak but
resolvable pair lines, fairly strong pair bands)
are shown in Fig. 6. The Al-Li pairs behave as
expected; discrete lines merge into a very broad
continuous band peaking just below 2.70 eV. The
appearance of the DM pairs is quite different; the
band R, rises rather abruptly, with discrete pair
lines observable quite close to its peak. It is pos-
sible that R, is another unrelated band (with the
thermal and excitation behavior reported by DM)
and that the DM pair lines actually merge into Q.
From these results the authors can draw no defi-
nite conclusions regarding the distant pair peak
for the DM pairs, nor have the chemical identities
of the donor and acceptor been determined for this
system. However, we have established that the
second pair spectrum shifted 2.0+ 0.2 meV to
lower energy, reported by DM, is the Ga-Li sys-
tem, with @, as its distant pair peak. If @ is
also the distant pair peak for the DM pairs, then
this system may also involve the Li acceptor and
a Zn-site donor, which must however give rise to
a doubling of all pair lines.
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VII. SUMMARY AND CONCLUSIONS

Three separate donor-acceptor pair systems
have been studied in this paper. The well-re-
solved fine structure of individual pair lines in
each spectrum closely agrees with a type-I as-
signment, indicating that both the donor and ac-
ceptor are on the same sublattice. Doping experi-
ments show that the three donors involved are Al,
Ga, and In, whose binding energies have been de-
termined by MKNS. From this it can be concluded
that the acceptor must be the same in all three
cases, must be located at a Zn site, and has a
binding energy E 4= 114+ 2 meV. The acceptor
has been positively identified as substitutional
Li by the observation of isotope-shifted pair lines
when crystals are doped with Li®,

Two bound-exciton lines in the luminescence
spectrum have been tentatively identified as the
recombination of excitons bound to the neutral Li
and Na acceptors, although the evidence for the
latter assignment is far from conclusive. The
acceptor binding energies for these two impuri-
ties, E 4=114+2 meV (Li) and E ,~ 90-100 meV
(Na?), are in reasonable agreement with the esti-
mated effective-mass binding energy for acceptors
in ZnSe, Eo~ 107+ 15 meV.# The soluble alkali
atoms therefore appear to be shallow acceptors
in ZnSe, as is the case in CdS and CdSe. A third
deep bound exciton usually seen in ZnSe is be-
lieved to correspond to a deep acceptor (E ,~ 200
meV) because of its exciton binding energy, strong
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FIG. 6. Low-resolution spectra of the DM pair system
(solid line) and the Al-Li pair system (broken line) using
an excitation intensity which is intermediate between the
strong excitation of Fig. 1(a) and the weak excitation of
Fig. 1(b). Under these conditions the discrete pair lines
and bands are observable. From comparisons of this
sort it is difficult to determine which of the bands @, or
R, is the distant pair peak associated with the DM pair
lines.
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phonon replicas, and behavior with annealing.
This acceptor may arise from native defects.

Another pair spectrum, the first for which
individual pair lines have been identified in any
II-VI compound, has been reexamined under con-
ditions of better resolution. It was found that each
pair line in any of the three simpler pair spectra
is doubled in the DM pairs. The original sugges-
tion that this spectrum might arise from a deep
donor seems to be inconsistent with the similarity
of line spacing and fine structure with the other
pair systems. The chemical identities of the do-
nor and acceptor responsible for this spectrum
have not been determined.

On the basis of the evidence presented here,
the hopes for converting ZnSe to low-resistivity
p-type material do not look promising. Li, and
possibly Na, are the only soluble shallow accep-
tors that have been observed. In CdS it was found

AND SHIEVER 8

that Li and Na compensate themselves, and it was
suggested that they may do so by forming shallow
interstitial donors. 2’ The same mechanism is
possible in ZnSe. The other alkali acceptors are
believed to be insoluble in ZnSe, and the group-V
acceptors are known to be deep. 2325
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