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Photoluminescence was measured at 1.6 K on ZnTe crystals, both nonintentionally doped high-purity and
lightly P- or As-doped samples. Luminescence was excited mostly with a tunable dye laser close to the band
gap. Ground states of the shallow-acceptor bound excitons are identified and attributed to the various
acceptors by means of excitation spectra taken on two-hole satellites of these bound-exciton lines. Excited
bound-exciton states are also obtained from the excitation spectra. The coupling of the electron and holes in
the bound-exciton states appears to be very different for the various acceptors even for almost identical
exciton localization energy. The excitation spectra of these two-hole luminescence satellites also exhibit
negative spectral features attributed to the free-exciton 1S, 2S, and 3S levels. We derive the free-exciton
binding energy Epg(1S),=13.240.3 meV and the band-gap energy E, =2.39414-0.0004 eV. Excitation
spectra were also taken on the donor-acceptor pair bands involving the Li, P, As, and the Cu acceptor.
These excitation spectra yield s and p symmetric excited acceptor states and also excited donor levels. The
latter yield 18.34-0.3 meV binding energy of the predominant shallow donor. Higher excited nS states
(n > 4) for the Cu, Li, Ag, and the still unidentified k acceptor are derived from two-hole series measured
on unintentionally doped samples. Our results thus represent the most complete information available to
date on excited shallow-acceptor states in ZnTe. The donor-acceptor pair excitation spectra contain features
due to the creation of TO(I') and LO(I") phonons and also impurity-dependent lattice vibrations. Two-
electron satellite lines are observed for resonant excitation at the shallow-donor bound exciton. The results
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agree with those from the excitation spectra taken on the various donor-acceptor pair bands.

1. INTRODUCTION

ZnTe is a II-VI compound semiconductor with
zinc-blende structure and a direct energy gap E,
close to 2.39 eV.! This energy corresponds to the
green region of the spectrum and would be favor-
able for application as a visible-light emitting
diode. However, ZnTe devices have not yet
achieved commercial status, since it has not been
possible to obtain n-ZnTe at moderate doping lev-
els, but only for very high Al concentrations such
as 2X10%%/cm® (Ref. 2). ZnTe lightly doped with
impurities expected to introduce donors (Al for
example) should be investigated to establish the
reason for this behavior. However, before this
can be done successfully the properties of typical
acceptors must be known as well as possible,
This will be the main subject of the present paper,
extending, refining, and in certain instances cor-
recting our earlier work on this subject.* Some
information on shallow donors will also be pre-
sented.

Similar to other direct-gap semiconductors,
high-purity ZnTe exhibits a large amount of struc-
ture in its “edge luminescence” (cf. Fig. 1), cor-
responding to the radiative recombination of free
and shallow-impurity bound excitons (BE), L.O
and TO replicas of these lines, two-hole transi-
tions (radiative decay of acceptor bound excitons
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leaving the remaining hole in an excited state),
and also donor-acceptor-pair (DAP) transitions,
if the donor concentration is sufficient. Free-
electron to bound-acceptor-hole luminescence is
favored other than at the lowest temperatures.
About 10 different acceptors have been observed
in our ZnTe samples, some of them identified as
simple substitutional acceptors, others still un-
identified or interpreted tentatively.>* Most of
the acceptor bound excitons fall very close to each
other (cf. Fig. 2). The question of which two-hole
line and which acceptor bound-exciton ground
state is related to the same acceptor is answered
in Sec. III on the basis of excitation spectra (ES)
of the different two-hole lines (i.e., scanning the
excitation energy up to E, while the detector is
kept fixed at the energy of each two-hole transition
in turn)., Further these ES yield information about
energy transfer between different impurity BE lev-
els and also reveal excited BE states in general
difficult to observe in low temperature (<4 K)
luminescence due to thermalization, but clearly
seen in absorption.®

Excitation spectra of DAP luminescence are
presented in Sec. IV. Excited donor and acceptor
states are observed, although the energies of the
latter are already above the donor ionization con-
tinuum. Moreover, the reduced (axial) symmetry
allows us to study transitions to excited p- as well
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FIG. 1. Luminescence spectrum of an unintentionally
doped high-purity sample for above band-gap excitation.
Structures are due to radiative decay of free-exciton
(FE), shallow-donor bound exciton (D;), and acceptor
bound excitons A} (r=Ag, Cu, c¢). The low-energy re-
gion exhibits phonon replicas of the A7 transitions.

as s-symmetric states, in contrast to ordinary
luminescence, where two-hole satellites corre-
sponding to transitions to acceptor S-states
strongly predominate. Experiments on samples
having different impurity concentrations N, show
that excitation spectroscopy on DAP bands in ZnTe
gives distinctive results for 10'*/cm®s N, 10"/
cm®. Excited states are determined by this tech-
nique for the Li, P, As, and Cu acceptors.

Excited donor states via two-electron transitions
are not observed for above band-gap excitation,
since acceptor bound-exciton transitions and the
corresponding satellites are strongly predominant
in p-type material. However, donor two-electron
transitions can be observed for selective excitation
at the donor bound exciton, and experimental re-
sults of this kind are presented in Sec. V.

II. EXPERIMENTAL

The experiments were performed on ZnTe crys-
tals grown by a modified Bridgman technique in a
carbon-lined quarz ampoule under Te-rich condi-
tions at 1100°C.° Most of the crystals used were
not intentionally doped and had impurity concentra-
tions N, — Ny~ 10'%/cm?® according to electrical
(Hall) measurements. Some samples were As or
P doped with acceptor concentrations in the 10—
10'"/ecm?® range.

For the photoluminescence measurements the
crystals were freely suspended in liquid He
pumped below the X point. The luminescence was
excited either with the 4765-A line of an Ar* laser,
or alternatively with a tunable dye laser using a
Coumarin 7 dye. Energy resolution of the dye
laser was better than 0.1 meV. Signals were de-
tected with a photomultiplier tube and a multi-
channel analyzer system.

Crystals were thinned to ~50 yum for optical
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transmission and certain excitation spectra by
polishing first with carborundum, then with Br-
methanol of increasing dilution. The final surface
was of good optical quality and adequately damage-
free.

III. EXCITATION SPECTRA OF TWO-HOLE LINES

A near band-gap luminescence spectrum of a not
intentionally doped high-purity ZnTe sample is
shown in Fig. 1. The spectrum exhibits free-
exciton (FE), shallow-donor bound-exciton (D,),
and acceptor bound-exciton (A}) luminescence,
where n (n=Ag, Cu, k,...) refers to the different
acceptors, Letters a,b,c,... were originally
chosen arbitrarily to distinguish the different ac-
ceptors. The letters are now partially replaced
by chemical symbols, where an acceptor could be
identified as the corresponding atom acting as a
substitutional impurity. Phonon replicas (TO, LO)
of the various acceptor BE occur at appropriately

 lower transition energies. Two-hole transitions

produce satellites at still lower energies. Bound-
exciton and 2S two-hole satellite lines for the vari-
ous shallow and moderately deep acceptors are
compiled in Fig. 2. Two-hole lines are labeled
A? in the following for an acceptor of species »n
excited into the state m as A} decays radiatively.
A7 will be referred to as principal bound exciton
(PBE).

In general, only two-hole lines related to ac-
ceptor 1S-2S transitions are observed, however,
in particularly pure samples whole series of ex-
cited acceptor states can be seen. Examples of
two-hole series for the Cu and the Li acceptor
were already shown in Refs. 3 and 4. (Cu is'la-
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FIG. 2. A schematic diagram showing to the left the
FB bands and two-hole PBE satellites and to the right
the PBE lines for the indicated acceptors in ZnTe, both
shallow and moderately deep. Broad acceptor BE
structure is lifetime broadened.
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FIG. 3. Two-hole satellite series of the unidentified
k acceptor observed for resonant excitation at the k-ac-
ceptor PBE A%.

beled “a-acceptor” in Refs. 3 and 4.) A two-hole

series related to the k acceptor is shown in Fig. 3.

A. Cu-acceptor bound exciton

Excitation spectra of AS® are shown in Fig. 4.
The spectra were taken on two different 0.6-mm
thick crystals and on a 50-pum thick sample. An
absorption spectrum of the latter is also included
in Fig. 4. The apparent differences in the excita-
tion spectra of the same two-hole line demonstrate
that structures in these ES are not necessarily di-
rectly related to the luminescence line whose in-
tensity is monitored, but positive as well as nega-
tive spectral features (peaks, dips) may in general
be due to many other processes.

The identity of the 148-meV acceptor (labeled
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FIG. 4. (a) Transmittance spectrum of near band-gap
region of 50-um thick high-purity sample. The various
structures identified are discussed in the text. (b) Ex-
citation spectrum of A" satellite line taken on the sam-
ple yielding the transmittance spectrum (a). (c) Excita-
tion spectra of A§" satellite line taken on two different
high-purity samples of 0.6-mm thickness, sample no.
1915 having extremely low donor concentration.

“a-acceptor” before) has been established only re-
cently as Cug,,® and not V;, or a V,,-D complex as
frequently speculated heretofore.®> The Cu accep-
tor often defines the Fermi level in undoped re-
fined ZnTe.

The strong and narrow excitation peak at 2.3749
eV occurs identically in all spectra and is attri-
buted to the ground state of the Cu-acceptor bound
exciton Af¥, It coincides with the predominant
luminescence line generally observed for above
band-gap excitation in high-purity samples.

The dip at ~2.381 eV, attributed to the free ex-
citon, is another structure which appears in a
similar way in all spectra, while the shallow-
donor bound exciton D, gives rise to a peak in ex-
citation spectra measured on the 50-um sample
and produces a dip in thick crystals [cf. Figs. 4(b)
and 4(c)].

Whether a feature in the excitation spectra of a
given luminescence component will appear as a
peak or a dip depends on the relationship of the
crystal thickness and the absorption length for
light of photon energy coincident with and immedi-
ately adjacent to the resonance under considera-
tion. For example, the donor bound exciton D,
appears as a well-defined dip in two-hole excita-
tion spectra for crystals whose thickness is suffi-
cient that all the light is absorbed in the vicinity
of the D, line, probably mainly by acoustical pho-
non-assisted creation of neutral acceptor BE. In
practice this applies for crystals of thickness
> 100 um at neutral acceptor concentrations typi-
cal for our undoped ZnTe, 3-5%10'*/cm®. By con-
trast, D, appears as a peak in two-hole excitation
spectra for crystals significantly transparent near
D, such as the 50-um thick crystal [cf. Fig. 4(b)],
where N, - Ny is only 8-9x10/cm®. Then ab-
sorption into D, is important for initial energy
trapping in the crystal. Subsequent energy trans-
fer between neutral acceptors by tunneling is prob-
ably responsible for the excitation of AS" (or in
general A7) luminescence from D, absorption. The
most likely intersite energy-transfer mechanism
involves tunneling to an excited state of the energy-
receiving BE. This process will be most probable
when the energy distributions of the receiving BE
excited state and of the ground state of the donating
BE overlap appreciably. We shall see that this
condition holds for the A™ and D, bound excitons,
since the sharply defined ground state D, overlaps
the high-energy wing of the broad BE excited state
AS", described below.

Free-exciton absorption remains sufficiently
intense near the resonance at 2.381 eV that this
excitation process produces a dip even in 50-um
thick samples. Nonradiative surface recombina-
tion is likely to control the form of the excitation
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spectrum close to the center of the free-exciton
resonance.

A second component of the neutral donor BE is
clearly evident in all these spectra 0.5 meV above
D, (cf. Figs. 1, 4, and 7). It probably represents
a higher angular momentum state of this BE com-
plex, as recently discussed for InP,” although no
detailed study has yet been made for ZnTe.

Excitation spectra [Figs. 4(b) and 7, see below],
like the absorption spectra of thin samples [Fig.
4(a)], also frequently exhibit impurity-related
structure in the energy gap between the minima
due to creation of the N=1 and N=2 states of the
free exciton, discussed in Sec. IIIE. (Principal
quantum numbers are designated by N to avoid
confusion with » used in A}, to characterize two-
hole lines.) Components Df in Fig. 4 are attri-
buted to donor BE associated with the N=2 FE on
the evidence of spectral position and appropriately
large diamagnetic shift rates.® Similar structure
has been seen in the spectra of crystals in which
the acceptor BE are particularly prominent, for
example, when AS® is enhanced by deliberate dop-
ing with Cu.® The corresponding line AS"* falls
below D¥ by 2.1, meV, rather less than the en-
ergy interval between A" and D, 3.2, meV. The
oscillator strength of excitations to these states,
particularly D¥, is expected to be greatly en-
hanced compared with even N=1 BE states be-
cause of the large orbital radii of N=2 BE states,
substantiated by their large diamagnetic shift
rates. This “giant oscillator strength” effect is
also responsible for the strength of donor com-
pared with acceptor N=1 BE states [Fig. 4(a)].
This is remarkable, because the concentration of
the Cu acceptor is known to exceed that of the shal-
low donors in these p-type crystals.

Luminescence measurements at higher tempera-
ture (20.6 K) reveal a second component (labeled
AS) observed ~2.0 meV above A (Ref. 3). An
energy of 2 meV was also measured for thermal
activation in the intensity ratio AGY/A® (Ref. 9).
However, owing to intensity arguments the broad
absorption structure at 2.3768 eV cannot simply
be interpreted as A®. Magnetoluminescence ex-
periments® suggest A to be a J=3 state, and
even if the absorption structure at 2.3768 eV is
attributed to the unresolved J=3, % levels, the
intensity is too large compared to that of the A%
line to be consistent with this interpretation. A
similar conclusion is obtained even if the BE split-
tings are predominantly caused by hole-hole cou-
pling'® rather than the combination of hole-hole
and electron-hole coupling as suggested initially.?
According to the energy position and the line shape
we interpret the majority of the absorption struc-
ture at 2.3768 eV as (D% 1), i.e., neutral-donor-
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free hole transitions. The FE binding energy of
13.2 meV [cf. Sec. IIIE, Eq. (3.1)] and 18.3-meV
donor binding energy [cf. Sec. IVA1, Eq. (4.1)]
yield an expected energy separation of 5.1 meV
between the (D° &) and FE structures, in good
agreement with direct observation. These con-
siderations suggest that the broad peak observed
in the ES at 2.3768 eV is substantially due to

(D% 1), masking weaker structure due to BE ex-
cited states.

In samples having extremely low donor concen-
tration (such as sample no. 1915, concluded from
the absence of D, and DAP emission) the (D°, i)
contribution to the ES is expected to be small; the
differences at 2.376-2.377 eV in the ES shown in
Fig. 4(c) could be explained accordingly. Under
these circumstances the broken line in Fig. 4(c)
should give the best result for A®*. However, 0.9-
meV energy separation between A and AS® so de-
rived differs from the luminescence results men-
tioned above, and thus we cannot give a definite
answer with respect to AS' in our excitation spec-
tra at present. It is probably necessary to make
a closer study of appropriately thin samples from
crystal 1915,

B. Li-acceptor bound exciton

The two-hole satellites of the Li-acceptor BE
all appear as doublets. This is shown in Fig. 2 of
Ref, 4. The magnitude of the splitting is appar-
ently independent of the final acceptor state in-
volved in the transitions, since luminescence lines
corresponding to the NS;,, acceptor levels for dif-
ferent values of N as well as the structure related
to the 2P, ,(T,) state all exhibit the same energy
separation of 0.22 meV. Thus the observed split-
ting of the Li-acceptor two-hole satellites suggests
that the initial BE state consists of (at least) two
components separated by 0.22 meV. It is reason-
able to assume thermalization between these two
states for above band-gap excitation, and then
equal intensity of the luminescence lines of a given
doublet observed at 1.6 K implies that the relative
strengths of the two components are 1:4.9. The
determination of the energies of these two initial
BE states was the purpose of the excitation spectra
measured and shown in Figs. 5(b)-(d).

Excitation spectra of both A}* components exhibit
three peaks in the BE region with the expected
0.22-meV energy separation between the two low-
est-energy states. The relative intensity of the
components changes with detector setting and in-
dicates that thermalization between the BE sub-
levels is incomplete for resonant excitation in con-
trast to excitation at higher energies. The third
highest-energy structure corresponds to a BE sub-
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FIG. 5. (a) Small portion of transmittance spectrum
as shown in Fig. 4(a), but in expanded energy scale.
(b)—(d) Excitation spectra of A} satellite lines measured
in PBE region. Spectra correspond to A} satellites of

=% (b), J=2 (c), and J=% (d)—subcomponents of Li-ac-
ceptor PBE (Al)

component which has no detectable two-hole sat-
ellite in ordinary luminescence at 1.6 K as a con-
sequence of low oscillator strength and thermaliza-
tion. The expected luminescence intensity of this
component under full thermalization is only ~5%
of the other components at 1.6 K. For the excita-
tion spectrum shown in Fig. 5(d) (AL!=2.3318 eV)
the detector was set to the energy expected for the
two-hole satellite of this highest-energy BE sub-
level, and in fact the corresponding structure be-
comes relatively pronounced in the ES.

The three Li-acceptor BE states are also ob-
served in absorption on the same sample [Fig.
5(a)]. This spectrum indicates, that the lowest-
and highest-BE component have approximately
equal strength, while the central line is stronger.
A precise determination of its relative intensity
with respect to the other two states from absorp-
tion data is impaired by the A" line falling close
to the central Al state. Thus we take the result
from luminescence for above band-gap excitation
mentioned above and finally derive 1:4.9:1 rela-
tive intensities for the three Al BE sublevels.

This experimental result is in close agreement
with the calculation of White ¢¢ al.}' For acceptor
BE in direct-gap zinc-blende-type semiconductors
and either J=13,%,% or J=3%, 3,  ordering of the
BE substates, White predicted 1:4:1 relative
strengths. Owing to the crystal field the J=3%
level may be further split (or broadened). In the
absorption spectra the highest-energy BE state is
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definitely broader than the two others and thus we
assume this to be the J=3% state. According to
Ref. 11 this implies weak electron-hole interaction
and attributes the observed splitting to the hole-
hole interaction. However, the experimental in-
tensity ratios are in rather poor agreement with
the set predicted for the case of negligible elec-
tron-hole coupling 1:3:2 (Ref. 10). Our sequence
of the BE levels is inverted from that observed for
the shallowest acceptor BE in III-V semiconductors
such as GaAs.!?

C. Ag-acceptor bound exciton

Excitation spectra of the A2¢ luminescence line
are shown in Fig. 6 for the 50-um and a 0.7-mm
thick sample. The spectra exhibit dips related
to FE absorption and donor BE related structure
as discussed before. The strong and narrow line
observed at 2.3740 eV represents the ground state
of the Ag-acceptor BE. A second peak of similar
integrated intensity at 1.3-meV higher energy is
observed in the ES on the thick sample, while the
corresponding structure appears an order of mag-
nitude weaker in the ES on the 50-um sample. We
attribute this peak to an excited state of the Ag-
acceptor BE having much weaker oscillator
strength than the ground state. The relative in-
crease of the excited-state related structure in the
thick sample can be explained in a simple way:
Incident light having the energy of the BE ground
state is absorbed by more than 509 in a 50-um
thick layer for the given impurity concentration
[ct. Figs. 4(a),5(a)]. Consequently the lumines-
cence intensity at A%% will increase at most by a
factor of 2 even if the crystal is much thicker than
50 um. On the other hand, the absorption of pho-
tons having the energy of the BE excited state is
low for a 50-um thick sample and the number of
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photons absorbed into the Ag-acceptor excited BE
state is almost proportional to the sample thick-
ness even for 0.7 mm. - Thus in the thick crystal
the corresponding structure appears enhanced
relative to the A% line by an order of magnitude.

The Zeeman characteristics of A% are very
similar to those previously described for A{®
(Ref. 3), interpreted in terms of a J=3 BE ground
state. This fact and the behavior described here
suggest a model similar to (Sn° X) in GaAs. The
two-hole spins combihe in a J=0 state, while the
single electron involved yields the total angular
momentum J= 3 of the BE ground state.'>*

The ES of Aj¢ measured on the 50-pum sample
exhibit a weak positive structure corresponding
to AL (J=3) due to initial photocreation of Al
and subsequent transfer of the excitation to A%s
as discussed earlier. Absorption into A% is
much stronger than into AY as Figs. 4(a) and 5(a)
demonstrate. The absence of a A" -related peak
in the ES taken on the 50-um thick sample there-
fore indicates, that the energy transfer from A
to A% is much less efficient than that from
Ali(J=3) to A%, The probable reason for this
behavior follows from the description of the ener-
gy-transfer process given in Sec, IIIA. The spec-
tral overlap between the J= 3 component of AU
and A‘:? is significantly greater than that for A®
and even more so for the J=3 component of AL
(see Figs. 5 and 6). Once energy is'captured into
A% by resonant tunneling, rapid internal relaxation
to A%& with energy conservation by acoustic-phonon
emission—proved by the lack of luminescence
from A% at 1.6 K—ensures that back transfer is -
very improbable.

D. k-acceptor bound exciton

We have recently recognized a further acceptor
in some refined ZnTe crystals through careful
examination of the two-hole satellites when this
luminescence is selectively enhanced by photo-
excitation into the appropriate parent BE absorp-
tion line (Fig. 3). For this unidentified & acceptor
the ES reveals a single BE state at 2.3740 eV,
i.e., degenerate with A48 (Fig. 7). The %- and Ag-
acceptor BE coincide exactly, as nearly as can be
determined, although the energies of the k and Ag
acceptors are quite different (cf. Table II, below)
and these BE are significantly shifted from the
“main group” near 2.375 eV (Fig. 2). Thus this
coincidence further dramatizes the futility of anal-
yses which rely solely on the principal BE lines
for spectroscopic identifications in ZnTe as well
as many other direct-gap semiconductors, as has
been clearly shown for GaAs.!?

The structure observed at 2.375 eV is attributed
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to A4, This is concluded from the relative inten-
sity of the three subcomponents and from their
energetic position, which is in exact coincidence
with the three Al levels determined earlier (cf.
Fig. 5).

The AU related structure preserves the shape
of a peak in the ES of A% measured on the 0.5-mm
thick crystal in contrast to the behavior of the D,
related structure, which appears as a dip in this
case. This experimental observation suggests that
the energy transfer from D, to A% is much less ef-
fective than the transfer from Al to A% presum-
ably for reasons similar to those just advanced to
explain the effective transfer from Al to Afe,

The ES obtained on the thick crystal exhibits less
well-resolved structures compared to the 50-um
sample. This is interpreted as inhomogeneous
broadening, since the experimental resolution was
the same in both cases.

E. Free-exciton binding energy

The free-exciton related dips observed in the
ES on the 50-pm thick sample can be used to de-
rive the FE binding energy. Magnetoreflectance
measurements yield a broad structure ~8 meV
above the FE attributed to the FE 2S state.!® Such
a small 1S-2S energy separation AE(1S - 2S) is in
disagreement with absorption data [cf. Fig. 4(a)].
However, optical absorption does not allow a pre-
cise determination of AE(1S - 2S), since we could
not yet prepare samples sufficiently thin to reveal
a narrow transition to the FE 1S state and clear
resolution of the FE 2S from higher excited states.
On the other hand, the ES provide precise experi-
mental data. The FE 1S related structure exhibits
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two relatively narrow dips attributed to the trans-
verse and longitudinal exciton states, respectively.
The energy separation of 0.7 meV between these
two minima is in exact agreement with the longi-
tudinal-transverse splitting obtained by line-shape
analysis of normal incidence reflectance.!®

We derive AE(1S—2S)=9.8, meV and calculate
according to Ref. 16 for u =0.18 (Ref. 17):

R,=12.8+0.3 meV and Eg(15)=13.2+0.3 meV,
(3.1)

where R, and E g(1S) are the exciton Rydberg and
ground-state binding energies, respectively.
These results [Eq. (3.1)] are in very good agree-
ment with the estimate obtained from the band pa-
rameters derived from our own optical measure-
ments on free electrons and weakly bound holes in
ZnTe.'® The 2S-3S energy separation calculated
from Eq. (3.1), AE(2S - 3S)geo; = 1.75 meV is in
perfect agreement with the experimental value
AE(2S - 3S)p= 1.7, meV (Fig. 7). Using Eq. (3.1)
and the transverse exciton energy Egy (cf. Fig. 7)
we derive

E,=2.3941+0.,0004 eV (3.2)
as the band-gap energy in cubic ZnTe at 1.6 K.

IV. EXCITATION SPECTRA OF DONOR-ACCEPTOR-PAIR
BANDS

A. ZnTe:Li

Excitation spectra measured on the DAP band at
~2.32 eV of a nominally undoped crystal are shown
in Fig. 8, As will be discussed below, the resid-
ual shallow acceptor contributing most to this DAP
band is Li. The two spectra given in Fig. 8 cor-
respond to two different detector energy settings.

ZnTe #1921 16K
Elym=23225 eV

INTENSITY

LUMINESCENCE

0 10 20 30 40 50 meV 60
(EXCITATION ENERGY) - (LUMINESCENCE ENERGY)

FIG. 8. Excitation spectra taken for two different de-
tector settings on the DAP band of an unintentionally
doped, highly compensated sample having N, = 10'%/cm?
impurity concentration. The various structures are dis-
cussed in Sec. IVA and identified in Table I.

TABLE 1. Identification and excitation energies of
structures observed in DAP excitation spectra of Figs.
8 and 9 (all energies in meV).

Excitation Binding
Line Identification energy energy
a donor 28 13.7+0.1 4.6
b donor 3S 16.2+0.1 2.1
c TO(T) 22.5+0.1
d impurity-related
phonon 23.6+0.1
e LO(I) 26.1+0.1
Vi second order 36.0£0.2
r phonons 37.2+0.1
2 Li-2Pg, 37.8+0.1 22.7
7 P-2P; 39.8+0.1 23.7
k Li-28;/, 43.4+0.1 17.1
i Li-2P; 4, (L) 44.5+0.1 16.0
m P-2S; 45.0+0.1 18.5
n P-2P; 4, (L) 46.2£0.1 17.3
P Li-2F; 5, (Iy) ? 50.1£0.3 10.4
Li-3S;, 52.8+0.3 7.7

Cu-acceptor bound exciton A"
neutral-donor-free hole (D°, %) transition
shallow-donor bound-exciton states D, , D,

SEIEY

The structures observable in the ES can be
classified into four different categories: (1) donor
related structures, (2) structures associated with
phonons, (3) structures which do not have constant
energy separation to the detector, but which occur
at fixed energies, and (4) structures corresponding
to excited acceptor states.

The various lines and structures shown in Fig., 8
are identified in Table I. Entries in Table I and
spectral features in Fig. 8 are correlated by
barred letters in order to avoid confusion with the
letters labelihg the unidentified acceptors. These
two sets of letters have nothing to do with each
other.

1. Shallow donor states

The lowest excitation peaks (@, b in Fig. 8) are
attributed to donor excited states. This is in ac-
cordance with the fact that in a direct-gap semi-
conductor the donor is much shallower than the
acceptor because of the low-electron effective
mass m¥. A confirmation of this interpretation
is provided by luminescence measurements with
resonant excitation at the principal donor bound
exciton D, as outlined in Sec. VA,

A simple hydrogenic model including polaron ef-
fects'® with a coupling constant @ =0.282 yields for
the donor 1S and 2S states the binding energies
Ep(18)=1.045 R? and E ;(25)=0.282 R), where R}
is the donor Rydberg energy. The coupling con-
stant @ was calculated using m* = 0.11m,,%



7iw(LO) =26.1 meV (Ref. 3 and TableI), €,=9.3[see
below, Eq. (4.3)], and €,=6.9. We calculated €.,
from ¢, applying the Lyddane-Sachs-Teller relation
with Zw(TO)=22.5 meV (cf. Table I). If central
cell corrections are neglected, the observed ener-
gy separation E,(1S) — E ,(2S) yields

R2=17.5+0.3 meV and E ,(15)=18.3+0.3 meV
4.1)

for the shallow donor Rydberg and ionization ener-
gies, respectively. If ¢,=9.67 (Ref. 1) and ¢,
=17.28 (Ref. 21) are used to derive the polaron
coupling constant a, we obtain a =0.257 and values
for the donor Rydberg R? and ionization energy
E p(1S), differing less than 0.1 meV from the re-
sults given in Eq. (4.1).

For the energy separation between the donor 2S
and 3S states we measure

E p(2S) - E p(35)=2.53+0.03 meV . (4.2)

This result [Eq. (4.2)] corresponds to Ep(1S)
=18.2+0.3 meV, i.e., the same donor binding en-
ergy as derived from the donor 1S- 2S state ener-
gy separation.

This result is interesting for the following rea-
son: 18.3 meV is relatively close to the TO pho-
non energy (cf. Table I) and according to Refer-
ence 22, €(Zw =18 meV) ~ 10, i.e., significantly
larger than the static dielectric constant ¢,~ 8.3
given in Ref. 22. If the donor 1S level is screened
by an effective dielectric constant which is en-
hanced compared to the static value, the result
would be a nonhydrogenic series for the donor
18,25, 3S, .. .levels. This is not observed, but
the donor 185,28, 3S states apparently all experi-
ence the same screening. The assumption that an
enhanced screening of the donor 1S level by a
larger effective dielectric constant might just be
compensated by central-cell effects is rejected,
since the central-cell corrections required are
too large (~6 meV).

The effective (static) dielectric constant corre-
sponding to the observed donor level separations
is

€=9.3+0.2. (4.3)

Finally, the donor ionization energy E(1S) de-
rived here is in agreement with the results ob-
tained in Refs. 18 and 23.

2. Phonons

Structures ¢-& occuring in the 20-26 meV energy
range are associated to the creation of single pho-
nons. In particular, the 22.5- and 26.1-meV peaks
(g, @) are attributed to the excitation of TO(I') and
LO(T") phonons already known from the literature.?*
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The nature of the 23.6-meV structure (d) will be
discussed in Sec. IVE. Two-phonon processes
give rise to peaks in the 36-40 meV region of the
ES. This is in agreement with second-order Ra-
man measurements reported in Ref. 25,

3. Processes competing with DAP recombination

The highest-energy structures labeled w, x, and
y in Fig. 8 do not have constant energy separation
with respect to the detected luminescence, but oc-
cur always at the same excitation energy. Com-
parison with luminescence and transmittance spec-
tra demonstrates, that in this energy region the
minima are the relevant structures, related to
impurity bound-exciton states or to the free ex-
citon (cf. Fig. 4). Bound-exciton recombination
is much more efficient than energy transfer to the
very distant DAP states whose recombination is
selectively detected in these experiments, while
the majority of the BE luminescence goes unde-
tected. The principal reason for the extreme in-
efficiency of this energy-transfer process is the
weakness of the DAP absorption isoenergetic with
the BE or FE ground states. Also, distant DAP
are inefficiently excited by FE photocreation.
Minima associated with free-exciton states were
already observed in the ES of two-hole satellites
and attributed to surface effects (cf. Sec. IIIA).

4. Excited acceptor states, Li acceptor

The remaining structures of the ES shown in
Fig. 8 correspond to acceptor states. The energy
of the state associated with the predominant line %
is identical to the energy separation between the
highest-energy two-hole satellite shown in Fig. 2
of Ref. 4 and the corresponding PBE. According-
ly, both lines are attributed to the same state and
to the same acceptor, identified as Li from Raman
measurements on heavily doped ZnTe:Li?® and also
from our own luminescence measurements on
ZnTe Li-diffused in DRF-CENG, Grenoble., Com-
parison between the Li-related higher-energy two-
hole satellites and the ES yields identification of the
Li-3S;), level in the ES, It is observed only for
still lower detector energies than those of Fig. 8.
The energy obtained for the Li-3S;,, state is dif-
ferent from the results reported in Ref. 26.
Hattori et al.?® derived only 5.8-meV energy sepa-
ration between the Li-2S;,, and Li-3S;,, levels
from Raman measurements in contrast to 9.4 meV
determined here from the Li-PBE two-hole ser-
ies. We regard the latter result as more reliable
and conclude that the observed Raman line must be
reinterpreted.

The intensity of line 7 exhibits similar changes
as the Li-28;,, structure when the detector energy
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FIG. 9. Excitation spectra taken for the same detector
energy on an unintentionally doped sample (a) and on two
phosphorus-dbped samples (b), (c) for impurity (acceptor)
concentrations indicated. Labels of the various struc-
tures refer to Table I.

is changed. Thus line % is also attributed to Li
and identified as 2P, , level according to Ref. 16.
The 2P, ,(I';) state is observed as a very weak
luminescence two-hole satellite (cf. Fig. 2 of Ref.
4) but is considerably more pronounced in the ES
(line 7). This increase of the intensity of p-sym-
metric states relative to that of s-symmetric states
is due to the reduced (axial) symmetry of the
donor-acceptor pairs, which induces a relaxation
of the parity selection rule. Accordingly, the in-
tensities of transitions to p-symmetric states in-
crease relative to those to adjacent S states as

TABLE II.

H. VENGHAUS AND P. ].

DEAN 21

the energy of the detected luminescence is in-
creased to favor transitions within closer DAP.
The 2P,,, state (%), clearly observed in DAP exci-
tation spectra, gives rise also to a two-hole BE
satellite. However, this BE satellite is extremely
weak and hardly detectable, even under most fa-
vorable circumstances. The energies of the p-
symmetric Li states are in close agreement with
infrared absorption measurements on higher-doped
samples reported in Ref. 26, Structures related
to the phosphorus acceptor are identified from the
influence of P doping on the observed spectra as
discussed below.

The donor and the Li-acceptor excitation ener-
gies are independent of the DAP separatlon Rp y
over the whole range investigated (70 A<R,
<160 A), where Ry is large compared to the
ground-state radius of the donor, the shallow
member of the pair, which is ~40 A.

B. ZnTe:P

Excitation spectra on phosphorus-doped ZnTe
are shown in Fig. 9 for two different impurity
concentrations. A spectrum obtained on the un-
intentionally doped sample discussed above (con-
taining mainly Li as far as shallow acceptors with
~60 meV ionization energy are concerned) is in-
cluded in Fig. 9 for comparison purposes.

The results of the ES on the ZnTe:P samples are
as follows: (1) Excited states of the phosphorus
acceptor are identified from their dependence on
doping. The states are compiled in Table II. (2)

Excited acceptor states in high-purity ZnTe derived from two-hole satellite

series and DAP excitation spectra. Energy separations of excited states relative to the 1S5,
level of the respective acceptor are determined experimentally. Acceptor ionization energies
are calculated and higher N'S;/, states (N >6) are assigned according to Ref, 18. Error of the

18, /; levels is +2 meV in general, +1 meV for Li-1S; /5.
? indicates tentative assignment.

states of a given acceptor is 0.1 meV.

Relative error for different excited

Acceptor a b c d e f g h j k
Level Cuz, Liz, Pre Agzn, Aste Aug,
1S5 /5 148.0 60.5 ~400 54 63.5 60 121.0 179.0 277 113.0
2P, 24.0 22.7 23.7 25.8 23.72
2S5 /9 22.4 171 15.6 18.5 17.2 20.7 20.2 32.9 20.2
2Py /,(Ty) 16.0 17.3 17.8
15.7
2P /,(Ty) 10.4 ? 13.8 ?
38y 10.5 7.7 9.4 10.0 12.1°? 9.6
2P, 7.6
485 /5 6.1 4.6 5.7 5.6
5583/
65/, 3.9 2.9 3.6 3.6
7S5 /5 2.6 1.9 2.3
85, /s 1.8 1.5
955 /2

10S; s 1.2
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Excited phosphorus-acceptor states which are
present in other samples like the unintentionally
doped crystals are identified by comparison. In
these cases the presence of minor relative con-
centrations of P may remain undisclosed by ordi-
nary luminescence measurements (see below). On
the other hand, the ES taken on the ZnTe:P sam-
ples reveal a considerable amount of Li in these
P-doped crystals, particularly in the sample with
4x10%/cm® impurity concentration [Fig. 9(b)].
This again could not be revealed by ordinary lu-
minescence measurements, particularly because
the BE lines became very diffuse for acceptor
concentrations >10'%/cm? (Fig. 10, below). «(3)
The 1S - 2S state energy separation of the pre-
dominant shallow donor is the same within exper-
imental error whether Li or P is the predominant
shallow acceptor. The 2S donor level becomes
very broad in the ES when the impurity concentra-
tion is increased from 4 x10*/cm?® to 8 X10%*/cm?3.
This indicates that a well-defined 2S donor level
separated from higher-excited donor states no
longer exists. (4) The background underlying the
excited acceptor state structures increases con-
siderably with doping and limits the applicability

of DAP excitation spectroscopy for the investiga-

tion of shallow acceptors in ZnTe to ~10*"/cm?.

This is not far below the solubility limit of sub-
stitutional incorporation without excessive pre-
cipitation for most acceptor species in ZnTe.

In addition to the ES as shown in Fig., 9 we also
measured luminescence spectra for above band-
gap excitation on the same samples (Fig. 10). In
the case of the unintentionally doped crystal no.
1921 [Fig. 10(a)] a Li two-hole satellite line is
observed in addition to Cu-acceptor BE related
structure and broad features due to free-to-bound
(FB) and DAP transitions. The presence of phos-

ZnTe 16K  EXCITATION :2.54 eV

C
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FIG. 10. Luminescence spectra taken for above band-
gap excitation on the samples used for the ES shown in
Fig. 9. The arrow marked “detector” indicates the de-
tector energy for the ES shown in Fig. 9.

phorus cannot be deduced from this spectrum in
contrast to the results provided by ES. The lu-
minescence spectra of the P-doped samples [Figs.
10(b), (c)] are dominated by FB and DAP bands.
The BE related structures become broader and
shift to lower energies with increasing doping.
This strong effect has been attributed to acceptor-
acceptor interactions in the BE state.”” Two-hole
satellites are not observed at all and information
concerning the identity of the acceptors involved
in the observed spectra is completely lacking.
Thus the advantages offered by ES compared to
ordinary luminescence measurements are evident,

C. ZnTe:As

Excitation spectra measured on an As-doped
sample are shown in Fig. 11. In addition to the
donor and phonon related structures already dis-
cussed these spectra exhibit pronounced peaks due
to creation of phonons and simultaneous donor ex-
citation from the ground state to its 2S level. This
higher-order process is particularly effective for
the impurity-dependent phonon states (cf. Sec.
IVE) but is hardly detectable when LO(T') is in-
volved.

The donor 2S - 3S energy separation measured
on the As-DAP band is 13.8 meV, i.e., 0.1 meV
larger than measured on the Li- or P-DAP bands.
This is in contrast to the results of Nakashima et
al.?® who obtained 1.6 meV larger donor binding
energy for ZnTe:As compared to ZnTe:Li, corre-
sponding to 1.2-meV energy difference between the
respective donor 1S and 2S levels. An explanation
for this discrepancy exceeding our experimental
error of 0.1 meV cannot be given at present.
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FIG. 11. Excitation spectra for two different detector
energies within the As-DAP of an As-doped sample.
Structure due to excited states of the As acceptor is
labeled 2 Py,,, 2S, etc. The phonon-dominated region
of the ES is shown in an expanded energy scale in Fig.
12 and is discussed in Sec. IV E.
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The observed excited states of the As acceptor
are listed in Table II. The strongest acceptor re-
lated line occuring in the spectra is attributed to
the As-2S,,, state, This assignment is in agree-
ment with Raman measurements reported by
Hattori et al.?® and again with the two-hole satel-
lites observed in our own conventional lumines-
cence measurements on As-doped ZnTe, The
1S, ,, — 285/, energy separation of the As acceptor
increases continuously from 58.2 to 58.8 meV, as
the detector is changed from 2.315 to 2.305 eV.
Similar effects have already been observed for ac-
ceptor states in GaP (Ref. 28) and recently in
7ZnSe.*® They are attributed to an interaction be-
tween the neutral donor and acceptor, which in-
creases as the donor and acceptor become closer
to each other.’® Additional states are observed in
the ES at 47.6 and 53.2 meV excitation energy.
Both states have lower excitation, i.e., larger
binding energy than the 2S, , state, although only
one state (2P, ,,) is expected according to Ref. 16.
By comparison with recent infrared absorption
data®! the 53.2-meV peak is attributed to the As-
2P, , state, leaving the 47.6-meV structure unex-
plained.

Three more higher-excited states are also ob-
served and included in Table II. The assignment
of the last two levels is tentative, since the theo-
retical treatment given in Ref. 16 cannot be con-
sidered adequate for acceptors significantly deep-
er than an effective-mass acceptor.

D. Excited Cu-acceptor states

Excitation spectra taken on the Cu-DAP band
exhibit 2S- and 3S-state related structure, and
two additional peaks, which are attributed to the
2P, ,, and 2P;, (I}) states. Assignment of the
latter structures is in accordance with the con-
siderations outlined in Ref. 18. Since the Cu-
acceptor levels have already been discussed in
Ref. 18, a detailed analysis will not be repeated
here.

E. Impurity-dependent phonon states

Portions of excitation spectra which cover the
energy range characterized by the creation of pho-
nons are shown in Fig. 12, The spectra were
measured on P- and As-doped samples. If Li is
the predominant shallow acceptor, the phonon-
related part of the ES is similar to that for ZnTe:P
(cf. Figs. 8 and 12) and has therefore been omitted
in Fig. 12. The structures labeled TO and LO are
readily attributed to TO(I') and LO(I") optical pho-
nons, emitted simultaneously with the creation of
a neutral DAP in its ground state whose lumines-
cence is then detected.
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FIG. 12. Phonon-related part of excitation spectra for
different doping and different detector energy. (a) ES
on ZnTe:As, detector energy above As-DAP band. (b)
ES on ZnTe:As, detector energy on As-DAP band. (c)
ES on ZnTe:P, detector on P-DAP band.

The intensity ratio TO/LO is similar to that ob-
served in selectively excited DAP luminescence
as soon as the excitation energy falls significantly
below the BE absorptions, and is much larger than
observed in BE luminescence (Fig. 1). In this
latter case coupling to LO(I') predominates because
of the long-wavelength electric field related to the
charge displacements associated with this vibra-
tional mode.

We have previously identified the structure d
with an X optical phonon of the ZnTe lattice.%®
However, the spectra in Fig. 12 indicate, that
the position of this component is sensitive to the
acceptor, and for As we observe instead of d an-
other line d’, falling below TO(I'). In addition to
the dependence of the energy of these components
on the type of acceptor, Fig. 12 also shows a sig-
nificant dependence of the relative intensity of pho-
non related structures on detector setting. The’
upper spectrum [Fig. 12(a)] was taken for a de-
tector energy where DAP emission is very weak,
in that case TO(T') and LO(T') are the most pro-
nounced structures. The curve below [Fig. 12(b)]
corresponds to a detector‘energy where DAP emis-
sion is strong, and in this case the relative inten-
sity of TO(I') and LO(I') is considerably reduced.

Nakashima et al.*® also observed the d’ compo-
nent in ZnTe:As and suggested that it might be a
gap local mode. However, Scott ¢t al.** report an
increase in energy of this component by ~1 meV in
a magnetic field of 14 T, while the energies of the
TO(I') and LO(T") related lines are unaffected as
expected. This result suggests that the d and d’
components are not primarily vibronic. The pos-
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sibility that they are caused by the creation of an
alternative type of bound phonon, whose frequency
is determined by the local dielectric effect of the
weakly bound hole on the neutral acceptor,® seems
possible. However, the binding energy of such a
phonon, measured by the energy displacement AE
below the unperturbed 7 w(LO), is expected to in-
crease with decrease in acceptor ionization energy
E,, as long as A7} - A} remains larger than 7w(LO),
in direct opposition to the behavior we find for d
and d’. By contrast, the observed decrease of

AE in a large magnetic field is just as expected
from the increase in energy A - A} this produces.
It is perhaps possible that the large magnitude of
AFE for the As acceptor is related to a two-phonon
interaction, since the relevant dominant excitation
energy E(As-1S;,,) - E(As-2P; ,) only just exceeds
27iw(LO). This interpretation would imply a very
strong hole-phonon interaction. We estimate the
Frohlich coupling constant a ~0.5 for holes in
ZnTe, consistent with the value AE we observed
for the shallow acceptors Li and P, ~2.6 meV,
much larger than for corresponding states in GaP,
for example.*® The additional component d” about
0.7 meV below LO(I") in Fig. 12 may represent a
bound phonon of higher orbital angular momentum.
Clear evidence for bound phonons has already been
reported for neutral acceptors in ZnTe from the
strong distortion they produce in the LO(I') phonon
replicas of the A} two-hole transitions, particular-
ly marked for the shallower acceptors such as Li,
P, and As.? It is interesting to note that the A",
two-hole satellites produce narrow and quite un-
distorted LO(I") phonon replicas for transitions to
higher excited states m >2, even when the A} rep-
lica is heavily broadened, shifted, and distorted
as for relatively shallow acceptors like Li and P.2
This demonstrates very clearly the dominance of
the N=1~ N=2 electronic excitation in the hole-
phonon interaction first recognized by Henry and
Hopfield®® in their discussion of donor BE in CdS.

V. SELECTIVELY EXCITED LUMINESCENCE AT
SHALLOW-DONOR BOUND EXCITON

Resonant excitation at the shallow-donor bound
exciton D, produces extra luminescence lines as
shown in Fig. 13, attributed to two-electron tran-
sitions, i.e., recombination of the donor bound ex-
citon D, and simultaneous excitation of the remain-
ing donor electron. The donor N=2 state related
luminescence structure is split into two compo-
nents of comparable strength and an additional
weaker component, We excited at the energy of
an excited state of D, in Fig. 13(b) and observed
two groups of luminescence lines at and slightly
above the energy position labeled “2S”. The high-
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FIG. 13. Photoluminescence spectra of compensated
high-purity sample for different excitation energies.

‘(a) Excitation above bandgap; (b) excitation at donor BE

excited state; (c) excitation at shallow-donor BE ground
state D;. Donor two-electron transitions of spectra (b)
and (c) are shown in expanded scale on the left-hand
side. 3S and 4S indicate calculated donor 3S and 4S5
state.

er-energy group of lines is attributed to recombi-
nation from the excited state of D, and excitation
of the remaining donor electron and the lower-
energy luminescence lines are attributed to the
corresponding process after relaxation to the D,
ground state. The observation that the lumines-
cence satellites related to the excited BE state
similarly split as for excitation at the BE ground
state rules out the possibility that the splitting as
observed in Fig. 13(c) might be an artifact due to
a corresponding energy difference between D, and
the excitation energy.

The strongest two-hole luminescence line having
13.7-meV energy separation to the D, line is at-
tributed to the 1S - 2S transition of the predominant
shallow donor in agreement with the results of the
DAP excitation spectra reported in Sec. IV. The
second component, 13.9 meV below D,, can be in-
terpreted in two different ways. One possibility
is to attribute this structure to a different shallow
donor. This would be in accordance with the re-
sults reported in Ref. 23. The observed donor
1S - 2S energy separation of 13.8 meV for the
7ZnTe:As sample (cf. Sec. IVC) may also be con-
sidered as a support for this interpretation. On
the other hand, an energy difference between donor
2S and 2P states is expected due to different po-
laron enhancement of the binding energy.!® We
calculated for a =0.28 (cf. Sec. IVA1)
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E,(2S) - E,(2P) =0.2 meV energy differencebetween
thedonor 2S and 2P states in exactagreement with
the experimentally observed energy difference be-
tween the two strong two-electron satellites. In
addition to the calculated energy difference of 0.2
meV between the 2S and 2P donor states, there
are two more arguments in favor of attributing

the satellite falling 13.9 meV below D, to the donor
2P state. In ZnSe, 2S and 2P two-electron satel-
lites are observed with approximately eqlial inten-
sity and separated by 0.4 meV.?” This larger en-
ergy separation compared to our result obtained
on ZnTe is expected, since in ZnSe the shallow-
donor binding energies are 25-28 meV (Ref. 37)
and @ =0.45, Thus the appearance of 2P satellites
of intensity comparable to 2S related lines in ZnTe
seems reasonable. A further argument supporting
the assumption that 2S5 and 2P states of the same
shallow donor are observed might be the following:
We measured the same relative intensity for the
13.7- and 13.9-meV satellite lines in different
samples. However, at this stage we cannot be
certain that this is not fortuitous. The samples
were not intentionally doped, were grown under
similar conditions, and might have similar con-
centrations of the shallow donors, giving rise to
the 13.7- and 13.9-meV satellite lines, according
to our first alternative. A definite answer cannot
be given on the basis of our experimental results
concerning this particular point.

The much weaker structure having 13.4-meV en-
ergy separation to D, also cannot be interpreted
definitely at present. However, our best sugges-
tion is that this weak component involves a second
(or third) donor species whose relative concentra-
tion is nearly constant in the few crystals in which
we have been able to study these subcomponents
with adequate precision.

VI. SUMMARY

Photoluminescence measurements at 1.6 K were
performed on nonintentionally doped high-purity
ZnTe crystals and also on lightly P- or As-doped
samples. Shallow-acceptor bound-exciton states
could be attributed to the various acceptors by
means of excitation spectra taken on two-hole
bound-exciton satellite luminescence lines. The
localization energies of various acceptor bound
excitons are almost the same for acceptor ioniza-
tion energies E , in the range 60 meV<E , <150
meV. On the other hand, we observe large differ-
ences in the internal structure of the bound exciton
states, i.e., different bound exciton subcomponents

due to different coupling of the electron and holes
involved in the bound exciton states. :

Excitation spectra of two-hole satellites als
yield the free-exciton 1S, 2S5, and 3S levels, since
free-exciton absorption is a competing process to
bound-exciton creation. This allows the experi-
mental determination of the free-exciton binding
energy Eg (15)=13.24+0.3 meV and the band-gap
energy E,=2.3941+ 0.0004 eV at 1.6 K.

Excitation spectra were also taken on the donor-
acceptor pair bands involving the Li, P, As, and
Cu acceptor. These excitation spectra yield s-
and p-symmetric excited acceptor states, NS
states in general up to N=3. Higher excited NS
states for the Li, Cu, Ag, and the & acceptor are
derived from two-hole series measured on unin-
tentionally doped samples. The pair band excita-
tion spectra further yield excited donor states
giving the shallow-donor binding energy as 18.3
+0.3 meV. Finally, these spectra exhibit struc-
ture due to the creation of TO(I') and LO(T") pho-
nons as well as impurity-dependent lattice vibra-
tions.

Two-electron satellite lines are observed for
resonant excitation at the shallow-donor bound
exciton. The predominant line is in agreement
with the donor 1S - 2S energy separation derived
from the donor-acceptor-pair excitation spectra.
A second satellite might either be due to a differ-
ent shallow donor or to the donor 2P state, while
a third weaker satellite probably involves a second
(or third) donor species. The precise results of
this optical study on high-quality ZnTe samples
have given considerable additional confidence to
the general, hitherto unexpected, result that all
these dominant bound excitons in this semiconduc-
tor involve impurity'-related acceptors.
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