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We present bound-exciton (BE) and donor-acceptor-pair (DAP) spectra of ZnSe grown
by liquid-phase epitaxy and doped with the transition metals (TM) Ag and Au. Lumines-
cence, luminescence excitation, and time decay spectra establish the assignments of the
spectral features and show that Ag forms a medium deep acceptor, (E )a;=431+2 meV,
consistent with the activation energy for thermal quenching of the DAP spectra. This
thermal technique, together with the less precise spectral measurements available for the
more-strongly-phonon-coupled Au acceptor indicate that (E4)s,~ 550 meV, appreciably
less than the probable value for Cu, ~650 meV. Peculiarities in the BE properties within
this TM sequence are discussed with reference to the influence of their d-state charac-
teristics. Strong BE luminescence with no-phonon energy near 2.747 eV is attributed to a
neutral Agz,-Ag; associate, possibly a split interstitial. Reasons for its absence in
ZnSe:Au are discussed. Isotope effects in this spectrum and that of the Li neutral accep-
tor BE are contrasted. The latter provides proof that Liz, is the persistent shallow Ty
site acceptor in ZnSe. Further associate BE luminescence is tentatively identified for
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ZnSe:Ag and ZnSe:Au.

I. INTRODUCTION

Zinc selenide is a II-VI semiconductor of consid-
erable current interest for a variety of optoelectron-
ic applications, including displays, both in
discrete-diode' and thin-film? forms. It is also of
fundamental interest as the member of the II-VI
family with probably the widest energy gap, yet re-
taining reasonably tractable crystal growth and
doping control properties. Nevertheless, full con-
trol of the semiconducting properties of ZnSe has
proved difficult. The search for controllable shal-
low acceptors has proved especially frustrating, al-
though some recent progress has been made both
in understanding and in realization.?

The present paper describes the fundamental
behavior of the transition-metal (TM) dopants Ag
and Au, which form acceptor-type cation substi-
tuents in II-VI semiconductors. They are best
known in ZnS, where Ag is an activator of blue
luminescence in an important class of cathode ray
phosphors, P11, P22, etc. Kinetic studies establish-
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ed that this luminescence is of distant donor-
acceptor-pair (DAP) type,* and recent detailed
spectral analysis suggests (E4)a,~0.72 eV.> This
is much smaller than the value for Cu in ZnS
(Table I) so that the ground-state wave function of
the Ag acceptor is expected to contain a greater
admixture of hostlike T, character from the “dan-
gling bond” ligand states of the S anions.® More
recent photocapacitance spectra on ZnS:Ag thin
films suggests that (E,),, may be even lower, at
~0.56 eV. The summary data in Table I have
been selected from the literature, with a bias to-
wards those investigations in which the combina-
tion of crystal quality, types of measurement, and
techniques of data analysis seem most likely to
provide reliable information.

The extent to which TM-induced acceptor levels
can be regarded as slightly and recognizably
modifed d states of the TM decreases rapidly with
atomic number within the TM series for a given
host® and with increase in atomic number of the
anion within a sequence of isoelectronic host crys-
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TABLE 1. Acceptor ionization energies E4 (meV). Footnotes denote acceptor ionization energies for Zn and Cd
II-VI compounds. Trends: E, increases with increase in atomic number of acceptor ion, E4 increases with decrease in

atomic number of host site.

Acceptor A Center
Compound Lin Na“ Cun AgII Au][ PVI ASVI VI=I ( VI=I —D+ )~
ZnO ~800? ~600° 3260°
ZnS ~150%22 ~190¢ 1250.e 7204f _ 9508
ZnSe 114" 128" ~650' 430 550 85—90%*  ~110% 700™ <600™Y
550'

ZnTe 60.5%P 62.8%P 148P4 123%P  277%P 63.5? 79%P ~700%%2
Cds 165+6° 169+6° 1100 260" 120%*
CdSe 109+6' 109+6
CdTe 60.7¥ 61.7% 149.5%

#Reference 59.
"Reference 60.
‘References 58 and 40.
dReference 54.
‘Reference 53.
fReference 5.
BReference 56.
"Reference 63.
iReference 57.
iPresent work.
kReference 39.
IReference 49.

mReference 50.
"Reference 51.
°Reference 9.

PReference 10.
9Reference 46.
"Reference 52.
SReference 45.
'Reference 55.
UReference 61.
YReference 47.
“Reference 48.

*The microscopic nature of these centers is uncertain, but they are probably not simple substitutional centers.
YEnergy shift of only ~40 meV between (Vi1Clj;)= and (Vi Alf)~.

“Here, the donor may be Zn;i" in a close Frenkel pair.
*Hypothetical identification.

tals (Table I). In general, this is a consequence of
variations of the relative positions of the host
valence band and the TM atomic d states with the
electronegativities of the atomic species involved.
As is well known, the free atomic d states are
modified by the influence of the host-crystal field,
described by ligand-field spectroscopy,’ and by the
nephelauxetic effect. This latter effect is relatively
minor for the energy states of TM in wide-gap,
strongly ionic hosts to which ligand-field theory
has had greatest application. For more covalent
hosts, the effect strongly modifies the values of the
Racah parameters which characterize the electron-
electron interaction within the free ion. For rela-
tively covalent hosts, such as ZnTe within the Zn
cation II-VI family, and for TM of large electrone-
gativity, such as Cu, the strong hybridization be-
tween impurity d and host sp® bonding states
reduces the fraction of d character of the levels in
the host band gap so strongly that they closely ap-
proximate the states of main group acceptors.
These states possess hostlike orbital characters and

relatively large orbital radii. They are well
described by the familiar effective-mass theory of
semiconductor physics, with significant deviations
only for the energy of the lowest state.®~!°

The TM of interest in this paper, which have
only a single hole in the d shell in their dominant
atomic valence state, take on a closed-shell charac-
ter in sufficiently covalent solids, and behave as
classical main-group acceptor-type dopants. The
contrasting electronic behaviors expected for TM
impurities as their oxidation state is varied by al-
terations in the differential electron affinities be-
tween impurity and host have been discussed by
Robbins and Dean.!! The properties reported for
the TM Ag and Au in the present paper can all be
understood in terms of classical deep acceptorlike
states where the impurity behaves as (4 7 )h, with
the (4 ~) acceptorlike d'° core (M *) rather than
the open-shell isoelectronic case (4), with a d° core
(M?*). We shall see that the ground-state binding
energies of these acceptors are large compared with
the effective-mass-theory value which may be as
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low as 80 meV in ZnSe.!? Consequently, the

representative points may lie near the right center
of Fig. 1 of Robbins and Dean, consistent with the
expected small positive differential electron affini-
ties. Sharp structure caused by transitions between
well-shielded d substates split by the crystal field,
very characteristic of all TM in wide gap hosts, for
example, Cu in ZnO (Ref. 13) or ZnS (Ref. 14), has
not been reported for Ag and Au in ZnSe.

The TM Cu has properties comparable to Ag
and Au but with slightly larger tendencies to form
an open-shell configuration because of the greater
electronegativity associated with lower atomic
number witin an isoelectronic sequence. We com-
pare the energy positions of the deep acceptor
states of Cu, Ag, and Au in the present paper
(Table I). Discussion of more detailed properties,
such as the g values obtained from Zeeman mea-
surements, is reserved to a later paper. However, it
is significant to observe here that the very unusual
behavior observed for the ground-state g values of
these TM in ZnSe but not ZnTe provides direct
evidence of the significant hybridization with the
TM d core expected for ZnSe from the above argu-
ments.

Details of crystal preparation and techniques of
optical characterization are presented in Secs. I A
and IIB. Bound exciton (BE) and DAP optical
properties of ZnSe:Ag are presented and discussed
in Secs. IT A and III B, while similar properties of
ZunSe:Au are presented in Secs. IIIC and IIID. Fi-
nally, selectively excited photoluminescence (SPL)
measurements, which firmly establish Li as the
dominant shallow acceptor in ZnSe with T, site
symmetry, are reported in Sec. III E.

II. EXPERIMENTAL
A. Crystal preparation

The epitaxial layers were grown'>!® on wafers

cut from substrate boules purchased from Eagle-
Picher Industries, Inc. The nominal orientation of
the wafers was [111]4 (the Zn face). They were
cleaned in solvents and etched in potassium hy-
droxide at 100°C for 15 sec. Several of the sam-
ples (including sample A) were grown in a horizon-
tal reactor using a multichamber boat of the type
used for the growth of (Ga,Al)As. The mul-
tichamber feature allowed for growth of undoped
buffer layers, which helped to isolate the grown

layer from the substrate. A gold reflector furnace
was used, in which the conventional base-metal
winding was replaced by a platinum-rhodium
winding in order to reduce contamination. A
nitrogen-purged glove box surrounded the entry
port to prevent atmospheric contamination. Tin
(Kawecki Berylco, Inc.) was used as a solvent and
Zn (Cominco, Inc.), selenium (MCP, Ltd.), and
silver (Poly Research Corporation) were added as
elements. The layers were grown by cooling from
920 to 830°C at 0.5 °C/min in a hydrogen atmo-
sphere. Layer thickness in this system was be-
tween 5 and 10 pm.

Several other samples were grown in a vertical
system in which all parts wetted by the melt were
made of pyrolytic boron nitride. Bismuth (Comin-
co) was used as the solvent, and the layers were
grown using a cooling rate of 1 °C/min over a
similar temperature range. The thickness in these
cases was about 25 pum.

The atom percent of silver was varied between
0.05% and 8.5% (the amount for sample A) in the
melt, and gold (Engelhard) was varied between
0.004 and 0.4%. In the specific case of sample A,
0.04 mol % of Zn;N, was also added. This im-
proved the sharpness of the spectra, presumably
due to the reduction of contaminants by reaction
with N, without introducing any extraneous spec-
tral features.

The same spectral features were seen in the case
of both solvents, indicating that these features are
not artifacts, but are truly due to the doping ef-
fects of the elements themselves. However, more
silver was needed to achieve these same effects in
the Sn case.

B. Techniques of optical measurements

The photoluminescence spectra were recorded
photoelectrically using the calculator-controlled
recording attachment at the focal plane of a 2m
f/17 spectrograph reported earlier.!® Lumines-
cence was excited either using ~360-nm light from
a Kr* laser or with continuously tunable light
from a jet-stream-type dye laser with typical power
levels of ~50 mW. Stilbene III dye was used to
cover the energy range from ~2.71 to 2.82 eV.
The crystals were cooled by direct immersion in
liquid He, sometimes pumped below the A point.
High-resolution photoluminescence excitation
(PLE) spectra were measured with the dye laser,
using the spectrograph as a detector with the
necessary degree of spectral resolution. Broader
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energy range PLE spectra were measured with a
150-W lamp whose output was passed through a
1m f/6 grating monochromator and focused onto
the sample through a filter to remove unwanted or-
ders of exciting light and to reduce the stray-light
level. The luminescence was focused directly onto
an S20 photomultiplier through an appropriate fil-
ter with a sharp transition between long-
wavelength transmission and short-wavelength ab-
sorption. Cathodoluminescence spectra were ob-
tained with a square wave-modulated electron
beam of energy ~20 keV and total current ~1
pA, usually modulated with a 10% duty cycle.!”
Lifetime measurements were made with this sys-
tem, using a Biomation transient recorder with a
system time resolution of about 50 nsec. The sam-
ples were cooled by attachment to the cold finger
of a modified Oxford Instruments continuous-flow
variable-temperature cryostat. This cryostat was
capable of covering the temperature range 5—480
K necessary for the thermal-quenching measure-
ments of all the spectra of interest. Luminescence
was collected from the same irradiated face of the
sample both in cathodoluminescence, using a
focusing mirror with a small aperture at the pole
to pass the electron beam with the sample mounted
on a narrow cold finger near the focal point of the
mirror,!” and in photoluminescence by taking the
narrow exciting laser beam onto the crystal face in
direct view of the spectrometer. In this way, the
influence on the extrinsic luminescence components
of the self-absorption effects of the epitaxial layer
and of the much thicker and generally poorer opti-
cal quality ZnSe substrates was avoided. Both
types of excitation penetrated only <2 pm of the
sample surface, except in the DAP PLE measure-
ments at energies well below the near-gap bound-
exciton components.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Bound-exciton luminescence
of Ag-doped ZnSe

The near-gap luminescence of ZnSe:Ag (Figs. 1
and 2) is typical of lightly but inadvertently con-
taminated single crystals.!®!® Very weak free-
exciton (FE) and donor-bound-exciton (DBE) com-
ponents I, are observed, together with a strong ad-
ditional component Ag; close to the energy of the
Li acceptor bound exciton (ABE) (Sec. III E), but

QO,’ /AQ,
SAMPLE “A” 2o
ZnSe : Ag AgiT

5 K

LUM. INTENSITY (ARB. UNITS)

L 1

2.2 2?4 ' 2.6 21:8
PHOTON ENERGY (eV)

FIG. 1. Visible photoluminescence from a ZnSe:Ag
single crystal recorded at low temperature under ~ 15
mW of focused 360-nm light from an Ar* laser. Com-
ponents I, and I L are caused by recombination of exci-
tons bound to shallow donors and Li acceptors. Q, con-
tains no-phonon donor-acceptor-pair (DAP) lumines-
cence involving the Li acceptor; Q, are LO phonon re-
plicas of Qy. The green DAP luminescence involving
the deep Ag acceptor and the luminescence of BE at an
Ag-rélated associate, no phonon components Ag;, are
also present. It is believed that an Ag ABE Ag; is
isoenergetic with 7 W

with a distinctly smaller S parameter (Table II).
The Huang-Rhys parameter .S is a measure of the
coupling to the particular phonon, here compared
for the longitudinal-optical (LO) phonon which is a
prominent feature in most electronic spectra in a
significantly polar semiconductor such as ZnSe.
The S parameter is defined by the intensity ratio of
the one LO-phonon and no-phonon luminescence
components, if the electron-phonon coupling can
be described by the Frolich Hamiltonian.
Swaminathan and Greene!? (SG) have made the
most extensive previous measurements on BE in
ZnSe:Ag, with the use of melt-grown single crys-
tals. They observe a new Ag-related BE at 2.7957
eV (their component Ag)), just below the energy
range of the usual DBE and therefore suggest the
presence of a new donor, possibly the interstitial
Ag;. We also observe an unusual line in this re-
gion, labeled Ag? in Fig. 2, seen particularly clearly
for excitation just below the FE energy Egy. The
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FIG. 2. Portions of the low-temperature photoluminescence of a ZnSe:Ag single crystal excited with tunable dye
laser close to the fourth excited state d of the neutral donor BE. Components L * represent the “two-electron” satel-
lites of this particular DBE state, or donor electronic Raman scattering resonantly enhanced at the DBE, while “two-
electron” satellites from lower lying DBE states, O and b, are also present as well as Raman scattering involving LO
and TO phonons L% and L™. The principal DBE I5; and new Ag-related BE Ag] are shown on an expanded scale
at the right. The much stronger coupling to LO phonons for Ag] is evident on the left. Component L” is an artifact of

the spectrometer system.

energy of Ag] is closer to 2.7951 eV, but the rela-
tively broad main DBE component I$? in Fig. 2 is
downshifted by ~0.4 meV compared with expecta-
tion from the Ga donor in a dilutely doped, un-
strained crystal.!®!® The identity of the dominant
donor in this crystal is firmly established from the
displacement energies of 20.7 and 19.9 meV ob-
served for the “two-electron” DBE satellites la-
beled with superscripts 2p and 2s in Fig. 2, since
these energies are close to the excitation energies
1s—2p and 1s—2s measured for the Ga donor.'®
Components Uand Agg, so strong for above-gap
photoluminescence excitation (Fig. 1) are negligible
for optical excitation close below Egy, where there
is a cluster of shallow DBE excited states. Despite
the selective excitation of Agj in this manner, such
as %“ and its satellites, there is some considerable
doubt as to whether Ag] also represents a DBE
transition. The S parameter for LO coupling to
this component is about 0.14, roughly 10 times
larger than for the Ga donor (Table II). Such a
large value of S} is more consistent with expecta-
tion for BE recombinations at some neutral center,
as concluded for component I§ which appears just
above the usual range of DBE transition energies
for components I,,.'¢

We observed a further weak luminescence line
Ag) near 2.7793 eV. This line also seems to relate
to the presence of Ag, but is best seen under selec-

tive excitation just above Egy, near 2.809 eV. It
may be the same as the highest energy of two
luminescence components AgJ (2.7788 V) and Ag)d
(2.7778 V) reported by SG and very speculatively
attributed to BE recombination at neutral accep-
tors, respectively, at an Ag-Na complex and at iso-
lated Agz,. These identifications must be regarded
as tentative, especially since they depend partly
upon use of of a simple linear Haynes’s-rule rela-
tionship between the ABE localization energy Egy
and the acceptor binding energy E,. This simple
form of Haynes’s rule is known to be inappropriate
for acceptors in ZnSe, just as it is for other direct-
gap semiconductors.?’

The most striking BE luminescence in our Ag-
doped ZnSe has a no-phonon line Ag? [Figs. 1 and
3(a)] called Ag by SG. This spectrum contains re-
latively strong and richly structured sidebands due
to phonon-assisted transitions (Table I1I). We have
identified the broad wing at 2.745 eV with transi-
tions of the Ag’ BE assisted by the emission of
~2-meV phonons. This interpretation contrasts
with SG, who labeled this component Ag? and
identified it with an independent ABE. The inter-
pretation of SG is made very unlikely because we
found the intensity ratio of these two luminescence
components to be invariant between spectra from
four independently grown layers of ZnSe:Ag.
However, the most convincing proof for the pho-
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TABLE II. Bound-exciton luminescence components in Ag- and Au-doped ZnSe (commonly present components of

comparable type).

Component
energy (eV) Phonon (meV) S factor Identification
Agg, 2.7951 LOoT)? 0.14 Neutral Ag associate
Agl, 2.7825 LO(D) 0.03 Neutral Ag ABE® (I7¥)°
Agd, 2.7793 Unidentified Ag center
Agl, 2.7470 LO®) ~0.6 Neutral Agz,-Ag; associate
or split interstitial
2.0,2.7(L)° ~2 In-band resonances
1.6,2.4(4)° ~1.5 local modes
5.0 (L and A),7.7(4) IBR overtone
9.2,13.2,22.2(4) Phonons
26.3(L),26.4(4) TO(T") phonon
Agd, 2.664 LO(I) ~2 Neutral Agz,-Gag, associate®
I, 2.7900 LO(I) 0.05 Neutral Au ABE
(g, 2.7830) LO(I) 0.32 Neutral Cu ABE®
(% or IV, 2.7922) LO(I) 0.05 Neutral Li ABE
(I% or I%®, 2.7931) LO(I) 0.03 Neutral Na ABE
I,,~2.7975 Lo ~0.01 Neutral DBE

2LO(T") denotes long-wavelength longitudinal-optical lattice phonon.

"Hypothetical identification.

°L denotes measurements from luminescence and 4 from absorption.

non satellite interpretation is obtained from a com-
parison of photoluminescence (PL) and PLE spec-
tra in Fig. 3. Corresponding satellite structure ap-
pears (in the PLE spectrum) at an energy immedi-
ately above the line Ag], which is the only com-
mon feature between the PL and PLE spectra, just
as expected for a no-phonon transition. Thus, the
A? component of SG is actually a Stokes phonon

replica of Ag}, and involves two modes of energy
close to 2 meV (Table II). This energy lies well
within the continuum of acoustic phonons of the
ZnSe lattice,?! which can be observed as a smooth
satellite extending to a weak peak near 9.2 meV in
the luminescence of certain other BE in ZnSe, such
as the I line near 2.782 eV.?

SG were led to the view that the broad com-

|
ZnSe:Ag ~2 K
z (a)PL SAMPLE "B" (b) PLE
9 DET Agi®*?
z Ag‘; g0 AGL 9
[ 1
z
w
O
z
w
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w
Zz
s
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-
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FIG. 3. (a) Low-temperature photoluminescence and (b) photoluminescence excitation spectra of a ZnSe:Ag single
crystal recorded with a tunable dye laser. The no-phonon line Ag] is the common feature between these spectra, while
LO and TO phonon-assisted transitions appear in both spectra. The plain numbered structure is interpreted in terms of
transitions involving the further phonons listed in Table II. Component 1 is apparently an anti-Stokes version of 1 aris-
ing because of small heating under the laser beam. Component Ag) involves a different Ag-related BE than Agd. The

PLE spectrum contains dips at the strong absorption FE features E&7' and E&g>
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ponents near 2.745 eV involved a separate BE by a
misleading comparison with the Cd-O BE in
GaP.2 They observed that these components
shifted 0.3 meV to higher energy when
107Ag—1%Ag and interpreted this as a no-phonon
isotope shift, like that observed for the Cd-O
center when °0—'%0. However, the correct com-
parison should be with the effects of Cd isotope
substitution, since a significant upshift in the
luminescence transition energy of a ~70-meV pho-
non replica was observed when '"*Cd—11°Cd with
no discernible shift in the no-phonon line, just the
opposite of the effect of O isotope change.??

In this example, the shift Afiwy of the in-band
resonant mode energy for an isotope mass increase
AM=2 in a mass of M=107 amu should be only
~ +0.02; meV according to the harmonic approx-
imation

1

Ah(l)R= D) ‘Aﬂ

o (1)

fioR .

Coupling to these low-frequency modes could be
very anharmonic, so Eq. (1) consequently provides
a large underestimate to Afiwg, although this equa-
tion fits very well for high-frequency modes in
ZnSe. The SG estimate of Afiwz may be too large
by a factor of at least 2. Despite the quantitative
disagreement which leads to a new interpretation,
the qualitative isotope shift provides proof that
this emission is due to Ag.

Low-energy modes related to heavy substitution-
al cations have been seen in GaAs (Ref. 24) and
GaP (Ref. 25). The sharpness of the no-phonon
line and the rapid decay (< 50 nsec) of the emis-
sion substantiate its BE nature.”® Both properties
are in striking contrast with those expected for dis-
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tant donor-acceptor-pair (DAP) transitions?’ and
observed in Sec. III B for other luminescence
characteristic of ZnSe:Ag.

The general complexity and strength of the pho-
non coupling to the Ag] transition (Table II) com-
pared with other BE in ZnSe such as I{*P suggests
that a complex may be involved. (19 is a com-
monly observed BE in ZnSe, so called because it
has a higher binding energy than other common
BE’s, and is thus deep.) The presence of two very-
low-frequency modes (Table II) also suggests that
the center may contain two Ag atoms according to
arguments recently developed for Cu-related BE in
GaP.® Given that the Ag] BE luminescence is
very efficient, recent comparative studies on ABE
in ZnTe (Ref. 28) suggest that the center is unlike-
ly to be of the neutral ABE type, since Auger
recombination is likely to form the dominant
recombination channel for an ABE with Egy as
large as 55.3 meV. A second strong argument in
disfavor of the neutral ABE model is provided by
a comparison with the data on ZnSe:Au (Sec. I1C).
There we see that the Aug, acceptor with signifi-
cantly larger £, than Agy, (compare Tables II and
III) may have an Egy value only 13.0 meV, just 2.5
meV larger than for the shallow Li acceptor
(E4=114 meV). The absence of an efficient
luminescence in ZnSe:Au of comparable spectral
form to Fig. 3 is inconsistent with the attribution
of the Ag} Be to ABE recombinations at the iso-
lated substitutional noble-metal acceptors. Howev-
er, the general behavior we describe is perfectly
consistent with an assignment to BE recombination
at a neutral associate such as the Agz,-Ag; pair.
The corresponding center for ZnSe:Au might be
hard to prepare given the large ionic radius of

TABLE III. Binding energies of the lowest acceptor states from DAP PLE, ABE, and ac-

ceptor electron Raman scattering (meV).

Crystal and
acceptor E, Ey E E s E2P5/2<r8) E2P5/2(r7)

ZnTe:Cu? 148 224 10.5 6.1 16.3 13.1
ZnTe:Ag® 123 20.7 10.0 5.7

ZnTe:Au® 272 28.9 13.8 8.4 16.3 12.6
ZnSe:Li¢ 114 313 16.2 11.5 28.2 21.0
ZnSe:Na‘ 128 30.4 17.5 13.3 27.6 21.2
ZnSe:Ag 431 37.5¢ 18.5¢ 11.7

#Reference 8.

bReferences 9 and 10.

‘Reference 37.

dReference 63.

Used in fitting to the n !¢ law.
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Au'* (1.37 A) compared with Ag'* (1.26 A). The
repulsive energy due to local lattice distortion
could easily outweigh the electronic component of
the pair bond for Augz,-Au;. It seems likely that
the Ag] center could have a split-interstitial config-
uration, as observed for generically similar com-
plexes in Si (Ref. 29) and GaP (Ref. 25).

The identifications of the other phonons ob-
served in the Ag) BE spectrum are suggested in
Table II. Comparison of the PL and PLE spectra
confirms the identity of the component Agi®
despite the closeness of its energy, 2.7787 eV to
component Ag) of SG. It is most unlikely that a
component Ango whose displacement energy is
consistent with the long-wavelength transverse-
optical (TO) phonon of the ZnSe lattice would ap-
pear in both the PL and PLE spectrum if at least
most of the Agk® component was not to be inter-
preted in terms of coupling to LO phonons. The
coupling strength to the long-wavelength LO pho-
non is generally stronger than to TO in such spec-
tra for a polar lattice, due to the macroscopic elec-
tric field of the LO phonons. Comparison of the
PL and PLE spectra also suggests that component
Ag) in Fig. 3 is not due to a 32.8-meV true local
mode, an unlikely possibility in any case since
Mg >>My,. 1t is possible that Ag) is caused by a
BE involving an independent center, since we have
already mentioned that a weak luminescence line
appears at a similar energy (2.7793 eV) in the same
crystal. This component must then appear in the
PLE spectrum of the Ag® PL as a result of inter-
site BE tunneling before radiative recombination,
occurring despite the relatively large BE localiza-
tion energy of Epy ~22.5 meV for Agd. It seems
unlikely that Agg could be an excited electronic
state of the center responsible for Ag], both be-
cause no luminescence from Ag] should then occur
at 2 K and because the intensity ratio Ag) to Ag}
was significantly variable between samples. A
32.8-meV electronic splitting could arise in various
ways for an exciton bound to an axial associate
such as Agz,-Ag;.2>?° However, the electron-hole
exchange splitting AE is likely to be small for this
BE as a consequence of the low electron-to-hole
mass ratio in ZnSe, rather like the Bi BE in InP,?
which also binds the hole by short-range forces. In
addition, the axial stress cannot split the conduc-
tion band in ZnSe and produce an attractive local
potential for electrons as well as holes and hence a
large value of AE, as seems to occur for Cu-related
associates in GaP.?

The neutral Agy,-Agy is expected to form a BE
state through strong interaction with the hole be-

cause of the residual effect of the large central-cell
enhancement of the binding energy of the isolated
Aggz, acceptor (Sec. III B). The reduction in total
electron-hole binding energy from ~460 meV of
the distant DAP to ~73 meV at the associate
could occur very readily as a consequence of the
influence of the interstitial donor on the Agy, ac-
ceptor,?’ as can be seen from Eq. (3) below with

R — R ysociate-

Evidence for DAP associates involving Agz, has
been obtained from local vibration mode (LVM)
studies on ZnSe:Cu, ZnSe:Ag, and ZnSe:Au co-
doped with Al donors.*® Strong preferential pair-
ing is necessary for such centers to be detected by
this techinque. The argument raised above that as-
sociates will not form for ZnSe:Au is inapplicable
for these associates, since the number of LVM ob-
served and their relative energies suggests that the
pair is Aug,-Alz,. The ionic radius of 1§13 +(0.50
A) is significantly less than Zn** (0.74 A), so that
the local strain field in this associate tends to com-
pensate for the effect of the larger Au ion and
enhance the pairing promoted by the valency
differences and core potential effects. Unfor-
tunately, associates such as Agz,-Ag; are not suit-
able for detection by LVM spectroscopy according
to the phonon properties in Table II. On the other
hand, many of the luminescence properties
described above could be accounted for by an
Agy.-Aly, associate. However, there is no evidence
in our spectra of the ~45-meV local modes ex-
pected for an associate containing Alyz, (Ref. 31)
(Fig. 3). We also cannot so readily account for the
presence of two in-band-resonance low-frequency
modes with a center containing only one Agz,
atom. In addition, we have no explanation on the
M,,-Aly, associate model for the absence from
ZnSe:Au of BE luminescence comparable to Ag.
Since our crystals were heavily doped with Ag, we
conclude that luminescence from any pairing of
Agz, with residual Al donors which may be
present is likely to be negligible in comparison with
that of the Agy,-Ag; associate. We have already
noted that Aly, is not the major donor species in
these particular liquid-phase epitaxial (LPE) ZnSe
crystals. Any BE luminescence from Mz,-D, as-
sociates should fall at an appreciably lower transi-
tion energy compared with Mz, -M;, as a general
consequence of the larger interion separation for
the cation sublattice center.”’” A further Ag-related
BE luminescence which may involve such an asso-
ciate is mentioned below. It is also possible that
the poorly resolved and relatively weak component
on the high-energy wing of the distant DAP
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luminescence of ZnSe:Au described in Sec. IIIC
may result from such associates, this luminescence
then being unmasked by Auz,-Au; contributions
for reasons already cited. The very strong
phonon-coupling characteristic of the Auz, accep-
tor makes resolution of these spectral contributions
very difficult. However, luminescence from the
high-energy possible-BE-associate component does
appear to be favored at intermediate temperatures,
as expected (Fig. 13 below).

Besides the positive features associated with
phonon-assisted absorption processes already dis-
cussed (Table I), the PLE spectrum of the Ag’ BE
luminescence (Fig. 3) contains a maximum at the
DBE component I,,, presumably due to tunneling
energy transfer from this very diffuse BE state.
The pronounced minimum near Egy is a common
feature of PLE spectra, caused by enhanced sur-
face recombination for the strongly absorbed light
near this energy.

The form of the PLE spectrum in Fig. 3 was in-
variant for detection at Agl-LO and Agl-2L0, ex-
cept for a decrease in the contribution of AgJ in
the latter case, but the structure was significantly
less pronounced for luminescence detection at
Agd-3LO. This is caused by the contribution of
luminescence from a system with no-phonon line
Ags near 2.664 eV (Table II) not readily observed
for above-gap excitation (Fig. 1). This spectrum
was not studied in detail since it was weak. It ex-
hibits strong, complex, but not very clearly defined
phonon coupling because of overlap with the Ag}
phonon structure. It is possible that this spectrum
may represent BE recombination at Agy,-Gag, as-
sociates, since a decrease in transition energy of 83
meV relative to Ag) might result from the neces-
sary increase in separation between the donorlike
and acceptorlike members of these associates.?’

The temperature dependence of the Ag) BE
luminescence is shown in Fig. 4, recorded under
cathodoluminescence (CL) excitation for a crystal
showing relatively weak shallow DAP lumines-
cence. Above the lowest temperatures, >20 K, the
near-gap luminescence becomes dominated by FE
luminescence. The Ag] spectral features broaden
and the luminescence intensity becomes rapidly
weaker than the FE luminescence above ~ 60 K.
The total intensity I follows the usual Arrhenius
relationship above ~65 K:

IT/IOOCCXP( —GA/kT) . (2)

The thermal activation energy €, derived from
Eq. (2), which applied to measurements between
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FIG. 4. Temperature dependence of the near-gap
cathodoluminescence of an Ag-doped ZnSe single crystal
selected to have negligible shallow DAP luminescence,
to facilitate measurement of the thermal quenching of
the Agl-related Ag BE luminescence. Notation as in
Fig. 1. The vertical arrows denote the FE energy Eoy
and the threshold energy for LO(I") phonon-assisted FE
recombination for zero FE kinetic energy. These ener-
gies decrease as E decreases with increasing T, non-
linearly at these low temperatures. The relative ordinate
recording gain is denoted by G.

~65 and ~120 K, was ~50+3 meV. This is
close to both the value of Egy =55 meV for Ag?,
and also to the value of the hole binding energy at
the associate, about 50 meV. The latter value is
estimated from the usual approximation for an as-
sociate which is expected to bind one electronic
particle much more tightly than the other,>? here
the hole. On this model, the contribution of the
electron to the total electron plus hole binding en-
ergy of 73 meV should be slightly less than the
effective-mass binding energy of a donor, about 26
meV in ZnSe.!® It is more plausible to suggest that
the value of E, measured above 65 K represents
the hole ionization energy. The agreement with
experiment provides useful support for the model
of unequal binding energies, which is a natural
consequence of the model we have proposed for
the Ag} BE.
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B. Donor-acceptor-pair luminescence
of Ag-doped ZnSe

The green luminescence which dominated the
visual impression is contained in a relatively broad
spectrum with Huang-Rhys coupling factor S ~4
and poorly resolved phonon sidebands partly due
to coupling to a wide range of phonons of the
ZnSe lattice, not only to the long-wavelength LO
phonon (Fig. 5). The LO(I") phonon remains sig-
nificant for the structure at the high-energy limit
of the DAP spectrum, discussed further below, but
the average periodicity near the overall peak of the
envelope is close to 26 meV, of the order of the

ZnSe:Ag 4.2 K
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FIG. 5. Variation of the broad green low-temperature
photoluminescence band characteristic of ZnSe:Ag with
the energy v, of the excitation from a tunable dye
laser. The overall weak intensity modulation seen most
clearly in the bottom and top spectra is caused by prom-
inent coupling to optical phonons, repeating the no-LO
phonon structure near 2.37 €V. The considerable addi-
tional structure in this region for intermediate values of
hve is due to selective excitation of luminescence from
donor-acceptor pairs (DAP) within a particular narrow
range of DAP separation, involving excitation to several
different excited states of the deep Ag acceptor and
their acoustic phonon replicas. The principal acceptor
excited state involved is 2s. Selective excitation is only
possible when A ve,,—(E;—E») is larger than
Ez—(Ep+E,).

TO(T") energy (Fig. 3) rather than 32 meV. How-
ever, this energy is likely to be selected as being
close to the maximum of the density of states of
optical phonons® rather than there being any par-
ticular significance in the coupling to TO(I") pho-
nons, which is not strong in these types of optical
spectra (Figs. 1 and 3). The spectral envelope
remains unaltered for all excitation energies
hVey.>2.7894 €V. Under these conditions, the
weak no-phonon luminescence is contained in a
broad band centered near 2.365 eV, typically dif-
fuse because of the wide range of DAP separations
R which contribute to the luminescence according
to the well-known relationship®®

hv=Eg—(Ep+E,)+e’/eR . (3)

However, strong proof that this peak is a DAP
transition is obtained from the spectral details
which emerge as the energy of the exciting dye
laser is tuned below 2.7894 eV. Quite sharp com-
ponents appear near the high-energy limit of the
green luminescence band, together with a few
well-defined phonon replicas, all superimposed
upon the broad structure which also tends to be-
come slightly better defined. These components
appear in turn as the laser energy is reduced, and
die away to be replaced by others until the spec-
trum becomes free of sharp structure for Av,,,
below 2.751 eV.

This type of behavior is characteristic of selec-
tive excitation of photoluminescence® (SPL) within
the quasicontinuous distribution of DAP excitation
energies which extend from E; down to
E;—(Ep+E4) according to Eq. (3). Given suffi-
ciently large values of R, the internal excitation en-
ergies of the acceptor E, are insignificantly per-
turbed by the interaction with the distant donor.’
The inset of Fig. 6 shows that an excitation event
which creates a hole in an excited state of the ac-
ceptor and places an electron in the ground state of
a-distant donor can also give rise to the same
well-defined luminescence energy after recombina-
tion within the selected DAP. This process can be
observed either in PLE spectra, resulting in the
sharp positive line Agd; in Fig. 6(b), or in SPL
spectra as shown in Figs. 6(a) and 5. The latter
SPL technique has the advantage that the structure
does not become obscured by the BE and FE,
which generally produce strong minima in DAP
PLE spectra’>3* as observed here [Fig. 6(b)]. The
energy difference between the spectrometer setting
and the laser energy corresponds to an internal en-
ergy within the donor or acceptor in both SPL and

3
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FIG. 6. Comparison of (a) the low-temperature selectively excited photoluminescence and (b) photoluminescence ex-
citation spectra for the green DAP luminescence of ZnSe:Ag. The SPL spectrum in (a) was selected for an intermediate
value of v, in Fig. 5, to emphasize the sharp structure. The PLE spectra in (b) are compared for the indicated
values of hv,,; which provide maximum contrast between contributions of selectively (upper) and nonselectively excited
DAP luminescence. The broad thresholds in the latter near 2.760 and 2.774 eV are discussed in the text. Notation is

as Fig. 1 except that I3 represents a neutral DBE derived from the n=2 FE E&7>

excitation are indicated in the inset.

PLE spectra, as is clear from the inset of Fig. 6.
We provide below evidence for the attribution of
this excitation process to the acceptor, rather than
to the donor.

The PLE spectrum in Fig. 6(b) for detection at
2.232 eV, near the peak of the green luminescence
spectrum (Fig. 5) contains no sharp positive struc-
ture, but only broad thresholds near 2.760 and
~2.774 eV, respectively, ~62 and ~48 meV
below Eg taken to be 2.822 eV.!® The general
form of the PLE spectrum for the nonselectively
detected Ag DAP luminescence can be better ap-
preciated by the data in Fig. 7 taken with the W
lamp, monochromator, and filter combination, in
this case with a Wratten W47 filter before the
sample and a combination of two W21 and one
W6l filters after the sample and before the S20
response photomultiplier detector. The broad
phonon-assisted absorption of the DAP system was
too weak to be detected below ~2.45 eV, so the
weak overlap between the PL and PLE spectra
near 2.38 eV expected from Fig. 5 could not be
confirmed. However, much of the rise near 2.55
eV is due to this process, and the overall shape is
better established from this corrected PLE spec-
trum than from the uncorrected dye-laser spectrum
in Fig. 6. The expected low-energy threshold for
nonselective excitation of DAP PL is at
Eg—(E4)ag or ~2.39 eV according to Table III.

72. The mechanisms of selective DAP

The observed threshold near 2.46 eV in Fig. 7 falls
near the 2LO phonon replica of this threshold,
which corresponds to the region of steepest rise in
the PL spectrum. The broad thresholds near 2.76
and 2.774 eV are quite apparent in Fig. 7, as in
Fig. 6, but the detailed near-gap structure is not
clear apart from the dip near Egy.

If much shallower hole traps than (E, ) ;=114
meV exist to account for the broad thresholds in
Figs. 6 and 7, they can promote green Ag DAP
luminescence by a two-step process. For example,
one photon of energy near 2.77 eV may photoneu-
tralize a compensated Ag acceptor through excit-
ing an electron to the conduction band, while a
second promotes a similar transition from the 62-
and 48-meV hole traps, so releasing extra electrons.
Some of these extra electrons may be trapped at
shallow donors to produce green Ag distant DAP
luminescence. It is possible that the ~48-meV
hole trap may be the neutral Ag associate respon-
sible for the Ag} BE according to the energies dis-
cussed in Sec. IITA. An alternative scheme may
be considered, in which the ~62- and ~48-meV
traps are attributed to electron states. A corre-
sponding sequence of events can be devised to ex-
plain the occurrence of the associated absorption
edges in the PLE spectrum. However, this scheme
seems less attractive, both because it is rather more
difficult to obtain such moderately deep electron
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FIG. 7. (a) Low-temperature PL and (b) PLE spectra from an Ag-doped ZnSe single crystal involving the green dis-
tant DAP luminescence. The PL was excited by ~50-mW 360-nm light. A lamp and monochromator combination
was used for the PLE, with a filter combination before the detector which transmitted PL between ~2.18 with ~2.28
eV. Various energies involving the deep Ag acceptor E 4 are noted, together with the PLE thresholds Ey, near 2.76 eV
and at Eg —Ej, near 2.774 eV noted in Fig. 6. E, is the approximate binding energy of a hole at the center responsible

for the Ag} BE. The FE energy Egy is again marked by a dip.

traps in ZnSe and because no additional DAP
bands involving either the Ag or Li acceptors are
seen.

The high-energy region of the green Ag DAP
SPL spectrum contains structure which can be in-
terpreted in terms of three no-phonon transitions
labeled hv —(E;—E,) in Fig. 8, where
2 <n <4, together with an acoustic phonon replica
of energy hwpc~8.4 meV and the LO phonon of
energy ~32.0 meV. The assignments are made by
comparison with similar spectra in ZnSe (Ref. 12)
and ZnTe (Ref. 34), where it has been found that
absorption processes into s-like acceptor excited
states predominate even though transitions to p-like
states can also be observed as a result of the break-
down of T; symmetry due to the presence of the
distant donor. The phonon replicas can be dis-
tinguished by their constant intensities relative to
the no-phonon components, while the intensities of
the latter grow and fade as the appropriate dis-
placement energy moves into and out of the most
favorable position for selective excitation of distant
DAP through the different acceptor excited
states.3® It is a problem to derive the best estimate
of the acceptor ionization energy E, from the
ls —ns excitation energies provided from these
spectra, since the energies of excited as well as

ground s states are subject to significant central
cell enhancements. Comparison with the excited
states of the deepest acceptors seen so far in ZnTe
(Refs. 8 and 35) and the shallow acceptors Li and
Na in ZnSe (Ref. 12) shows that the energies of the
excited s-like states can be described by a semi-
empirical law

En=Eon™™, 4)

where E is a hypothetical energy for a 1s state, in
all cases much shallower than actually observed,
and m is a constant close to 1.76 for several accep-
tor spectra in ZnTe (Ref. 36) and in GaP (Ref. 32).
Assuming this law holds for the deep Ag acceptor
in ZnSe, as is approximately true for the shallow
acceptors,® the observed displacement energies
E\y—Ey, 2<n <4 yields (E4),g=431+2 meV.
The derived excited-state energies are compared
with those of several other acceptors in Table III.
The close similarity of the excited states resolved
in Fig. 8 with those of other acceptors, together
with the magnitudes of the excitation energies in
Table III makes it quite certain that the structure
is due to an acceptor, since the energies and pat-
terns of excited states of donors in ZnSe are quite
different.!®
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FIG. 8. Detail of the high-energy portion of the
low-temperature, selectively excited green DAP photo-
luminescence of ZnSe:Ag for the indicated values of ex-
citation by a tunable dye laser, hv.,.. Identification of
the structure in terms of no-phonon transitions involving
the indicated excited states of the deep Agz, acceptor
and acoustic (AC) or optical (LO) phonon replicas is
possible from the evolution of the spectra with Aves.
Comments on the SPL process are as in Fig. 5.

An independent check upon this value of £, can
be obtained from the positions of Eg —(Ep+E,)
estimated in Figs. 5 and 7 from the positions of
the no-phonon line when the selective excitation
process involving the 1s—2s acceptor excitation
just fades.” Since Eg=2.822 eV,'® and the
minimum value of Eg—(Ep +E,) is 2.360 eV
[Fig. 7, with maximum allowance for the residnal
vatue of e2/eR in Eq. (3)], then (Ep +E, ) =462
meV. Assuming Ep=27.2 meV for the dominant
Ga donor in this crystal (Sec. INI A), we derive
E4= <435 meV, consistent with the estimate from
Table III. Previous estimates for (£,),, in ZnSe
were obtained from photoconductivity excitation
spectra®” or from the peak energies of broad
luminescence bands®® with inappropriate correc-
tions for the influence of phonon coupling. These
much less precise techniques produced considerable
overestimates of (E )4, close to 0.6 eV.

It is of considerable general interest that these
spectra for the deep Ag acceptor in ZnSe represent
by far the deepest center for which the DAP SPL

process has been used to derive detailed estimates
of E,. The next deepest is the Au acceptor in
ZnTe (Table III). However, in this case, the best
information was obtained from the “two-hole” sa-
tellites of the Au neutral ABE luminescence line,*
a technique which reveals similar displacement en-
ergies.!® We have not been able to observe “two-
hole” satellites under excitation in the 2.747-eV
Ag? BE, which supports the conclusion in Sec.
III A that this does not involve the isolated Ag
neutral ABE. However, we have not seen such re-
plicas from the Ag} BE in Figs. 1 and 2. It is not
clear whether this is because these replicas are very
weak and easily lost against the strong lumines-
cence of other types excited by light in this energy
region or because the identification of Ag] suggest-
ed in Sec. IITI A is incorrect. If the latter holds, we
would have to conclude that the Ag ABE has not
been detected. Although this is possible due to the
Auger process which may be important for BE of
large Epy,?® the attractive sequence of ABE for
Cu, Ag, and Au described in Sec. III C would no
longer be followed. A reason for the weakness of
“two-hole” satellites for acceptors of this class, in-
volving atoms with a tendency to an “open-shell”
inner configuration, follows from the discussion in
Sec. I. The influence of the open d shell on the ac-
ceptor ground state when this becomes much
deeper than in ZnTe may seriously reduce the over-
lap with the effective-mass-like excited states to
which the ground state must connect in the “two-
hole” process.?®

Further evidence for the assignment of the green
Ag luminescence to distant DAP recombinations
comes from two sources. First, the low-tempera-
ture time decay of this luminescence is relatively
slow and nonexponential at all decay times (Fig. 9),
a hallmark of interimpurity recombination over
large distances.”” Second, the Arrhenius plot of
the integrated intensity according to Eq. (2) gives a
thermal activation factor €, =400 meV above
~330 K (Fig. 10) agreeably close to our estimate
of (E4)ag The spectrum broadens with increasing
temperature, particularly on the high-energy wing,
as expected, and shifts progressively to lower ener-
gy above ~50 K as the band-gap reduction
outweighs the effect of thermal broadening (Fig.
1.

C. Bound exciton luminescence
of Au-doped ZnSe

The near-gap luminescence of two Au-doped
ZnSe crystals both showed the new I, shown as the
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FIG. 9. Time decay of the low-temperature distant
DAP luminescence involving the shallow acceptor Li
(lower abscissa scale) and the deeper acceptors Ag
(upper abscissa scale) and Au (lower abscissa scale). The
luminescence was detected within an energy interval of a
few meV at the overall peak intensity of each DAP
spectrum near the indicated photon energies.

line labeled I in Fig. 12. Energy downshifts of
~1 meV caused by inadvertently-present strain,
possibly influenced by the doping of the epitaxial
region with the large-radius Au atoms, were recog-
nized from well-established BE such as I or I7.
This was possible also for the DBE, once the iden-
tity of the dominant donor was determined from
the “two-electron” satellites observed with resonant
excitation. The energies of the components shown
in Table II have been corrected for these shifts. It
is quite clear that a new BE is introduced to a de-
gree which increases with the Au concentration
and is ~2.4 meV deeper than I}, corresponding to
Egy ~13.0 meV. The Huang-Rhys factor for this
new line is 0.05, less than for Li but more than for
Ag or Na. The dominant donor for the crystal in
Fig. 12 was Cl, but the second less heavily Au-
doped crystal showed dominant Ga donors. Both
crystals exhibited Li BE and DAP spectra. No
other significant new BE lines were observed from
either of these crystals. We have already discussed
in Sec. III A the probable reason why there is no
analog of the Ag} BE for ZnSe:Au.

Our tentative interpretation that the Au
~2.790-eV A?" BE line is caused by neutral ABE
recombinations at the deep Au acceptor is a conse-
quence of there being no other candidate, together
with the place of this ABE in the sequence
Li—Ag—Au—Cu for ZnSe (Tables I and II).
Clearly, the variation of Epy with E, is very weak
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FIG. 10. Variation with sample temperature of the
integrated luminescence intensity of the broad green and
red PL bands, respectively attributed to distant DAP
recombinations involving the deep Ag and Au acceptors.
The upper pair of curves refer to the 103/7 K~ ! scale at
the top, while the lower pair refer to the lower, expand-
ed abscissa and yield the indicated thermal activation
energies from their high-temperature slopes. The upper
curve for the Ag-doped crystal yields an activation ener-
gy of about 20 meV in the low-temperature portion
(below ~ 150 K), which probably represents thermal ion-
ization of the shallow donor.
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FIG. 11. Characteristic green luminescence band of
ZnSe:Ag measured at the different temperatures under
the indicated conditions of electron-beam excitation.
The relative ordinate recording gain is denoted by G.
The rapid loss of spectral structure caused by the strong
phonon coupling obscures the change in dominant
recombination mechanism from distant DAP at 5 K to
free electron at neutral acceptor at > 50 K.
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FIG. 12. Low-temperature photoluminescence from a single crystal of ZnSe:Au. Spectrum (a) shows the broad red
luminescence characteristic of Au doping, distorted near 2.02 eV by the spectrometer response (compare with Fig. 13),
together with relatively weak blue distant DAP luminescence introduced by the shallow Li acceptor and weak blue BE.
Spectrum (b), recorded for excitation above Eg, and spectrum (c), recorded for excitation near the dominant neutral
DBE due to Cl donors, show details of the shallow BE. These include a weak shoulder from the Li neutral ABE and a
much stronger contribution from a new ABE attributed to the deep Au acceptor. Spectrum (d) shows that the intensity
ratios (T4 +I%)/IS) and I£%/IY decrease with decrease in excitation intensity and also that both I, lines have much

stronger LO phonon coupling than I,

and nonlinear. Essentially no change in Egy oc-
curs from E, =114 (Li)—431 (Ag) meV, while
further increase to E, =650 meV results in an in-
crease in Ezy by ~9 meV, to almost double (Egy).
Although this type of behavior is well established?’
for acceptors in other direct-gap semiconductors
such as GaAs, InP, and ZnTe, the insensitivity of
Epy to increases in E, is demonstrated here to re-
markably large values of E,. It is most likely that
this is caused by the character of these deep hole
traps being more more atomiclike than in ZnTe.
This in turn is largely a consequence of the de-
crease in energy of the valence-band states dom-
inated by the more electronegative Se anion relative
to the energies of the transition-metal (TM) substi-
tuents. This causes a considerable decrease in the
TM-host differential electron affinity for the whole
range of TM species when the Te anion is replaced
by Se (Sec. I). It has been argued that a strong ad-
mixture of d-like character which results from this
change may remove the possibility of binding an
exciton to a neutral TM “acceptor,”* although
this can never be so for acceptors formed from

main-group impurity substituents.’> No conven-
tional neutral ABE has been observed for Cuyz, in
ZnS and particularly ZnO where the TM has
essentially pure Cu?* 3d° ground-state character.
We have seen in Sec. I that ZnSe lies in the diffi-
cult transitional region between this extreme and
ZnTe, where these TM introduce quasi-effective-
mass-like acceptor states with strongly optically ac-
tive, essentially conventional neutral ABE. That
is, ZnSe falls close to the center of Fig. 1 of Rob-
bins and Dean.!!

The enhanced contribution of d atomic character
for ZnSe compared with ZnTe can qualitatively ac-
count not only for the abnormal insensitivity of
Egy to E, but also for the relatively weak LO
phonon coupling. The latter property relates
directly to the small range of Epy and also to the
fact that coupling to long-wavelength lattice LO
phonons is not a significant general feature of
“conventional” TM spectra because of the very
weak overlap between the 3d core states and the
bonding states made up from the anion ligands.
This mixture of atomic and ligand character in the
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bound hole wave function also produces peculiar
magneto-optical properties to be described for the
TM Cu elsewhere.

D. Donor-acceptor-pair laminescence
of Au-doped ZnSe

The most striking visual feature of Au-doped
ZnSe is the introduction of red luminescence. The
spectral form of the broad band responsible for
this effect is distorted in Fig. 12, due to an anoma-
ly in the detector response near the peak at ~2.02
eV. The correct form is closer to the bell-shaped
curve characteristic of strong phonon coupling
shown in Fig. 13, which also exhibits the tempera-
ture dependence of the spectra, including the great
decrease in the relative intensities of the near-gap
components between 5 and 300 K. The form of
the time decay of the red luminescence was rather
similar to that of the Ag green DAP luminescence
(Fig. 9). The difference in time scale is probably a
consequence of a difference in the donor doping
levels between the two crystals, since a comparison
of the DBE components in Figs. 2 and 12 suggests
that the Au-doped crystals are more heavily doped.

The much slower decay rate for the Au lumines-
cence compared with the Li DAP luminescence for
the same crystal (Fig. 9) indicates that the spread
of the wave function of the much shallower Li ac-
ceptor contributes significantly to the electron-hole
wave-function overlap for this DAP.?” The rela-
tively slow and strongly nonexponential form of
the time decay of the red Au luminescence once
again strongly suggests recombinations within a
wide distribution of DAP separations.

Because of the significant increase in the
strength of phonon coupling between the Ag- and
Au-related spectra, we can see no trace of residual
structure from discrete phonons or of no-phonon
transitions. Thus, the selective-excitation tech-
nique used in Fig. 8 to establish the value of
(E4)ag cannot be applied to Au. This effect is by
itself sufficient to remove the possibility of using
the ABE to establish E, from “two-hole” satel-
lites, since the phonon coupling in these spectra
should be very similar to that in the DAP spectra.
Indeed, we were again unable to recognize such sa-
tellites even for selective excitation into I, just as
we could not for the 79 line believed to be the
ABE of the deep Cu acceptor. However, the trend
in properties suggested from a comparison of the
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FIG. 13. Overall visible luminescence of ZnTe:Au recorded under the indicated conditions of electron-beam excita-
tion and temperature for a crystal more lightly Au-doped than in Fig. 12. The relative ordinate recording gain G at left
refers to the near-gap spectral region on right. Further changes of gain were necessary to display the broad red band
attributed to distant DAP recombinations involving the deep Au acceptor at T< 50 K. It is argued in the text that this
band contains unresolved contributions from two recombination mechanisms, the minor higher-energy one being
stronger for high [Au] and at high excitation density. The near-gap luminescence is comparable to Fig. 12.
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ABE spectra in Sec. III C is supported by compar-
ison of the optical properties of the single bound
hole at Agz,, Auz,, and Cug, given from Figs. 5
and 13 of the present paper and Fig. 5 of Dean.*
This comparison also shows that the broad red
spectra of ZnSe:Au and ZnSe:Cu are distinctly dif-
ferent, removing any suspicion that Cu may have
been introduced inadvertently in attempts to dope
with Au. The correctness of the distant DAP
identification of the red Cu-related band in ZnSe
has been recently confirmed by optically detected
magnetic resonance.*! The same technique has
been used to identify a generally less prominent,
featureless green luminescence band with distant
pair recombinations involving an axial, neutral as-
sociate, containing Cugz, and a donor, possibly Cu;y,
and a distant shallow donor.*> Thus, a general
consensus is appearing which seems consistent with
the interpretations for the optical properties of
ZnSe:Ag and ZnSe:Au presented in this paper.

We can obtain an estimate of (E4),, from the
Arrhenius plot of the temperature dependence of
the total intensity also shown in Fig. 10. The ther-
mal activation energy near the high-temperature
limit, above 400 K, is E; ~550 meV. This might
be expected to be a little less than (E4),, because
of impurity banding through shallow excited states,
probably also responsible for the difference noted
for Ag (Sec. IIIB). This value puts Eg —E, close
to 2.27 eV, near the high-energy limit of the low-
temperature spectra in Figs. 12 and 13. The spec-
trum from the more heavily Au-doped crystal
showed a broader luminescence band with an
overall high-energy threshold near 2.45 eV, partic-
ularly when intensely pumped by strongly absorbed
radiation. This is believed due to a second broad
band poorly resolved from the lower-energy band
dominant under low-density excitation as in Fig.
12. The second band makes a more significant
contribution even for the lower-doped sample
under intense CL excitation at intermediate tem-
peratures (Fig. 13). This band may result from
distant pair recombinations involving Au-donor as-
sociate hole traps, the analog of the green Cu band
in ZnSe, but involving substitutional donor species
according to the arguments of Sec. IITA.

The Au-induced absorption was too weak to be
clearly substantiated in PLE spectra obtained by
lamp and monochromator. Very diffuse structure
was seen down to ~2.55 eV, again roughly as ex-
pected for E; — E, +n#iw; o where n represents the
order of phonon coupling at which significant
phonon-assisted absorption might be anticipated.
These PLE spectra again showed the broad thresh-

old near 2.76 eV present in Figs. 6 and 7, but sig-
nificantly without the second threshold near 2.774
eV. This is a most interesting observation in view
of the tentative attribution of the higher-energy
feature to photoionization processes involving the
Ag-associate hole trap (Sec. III B).

E. Resonant excitation of Li
ABE luminescence

Initial survey measurements made with photo-
graphic plates of many of the LPE layers and
high-quality vapor-transport samples of ZnSe
available showed many cases of strong I7 lines,
near 2.7925 eV (Table I). These have been attribut-
ed to BE recombination at neutral Li acceptors as
a result of careful doping studies.?? However, the
center responsible for this BE is evidently a very
persistent contaminant of refined ZnSe. Positive
identification of the chemical origin of such
features is notoriously problematical for semicon-
ductor analysis. Thus, more specific methods of
verification are particularly welcome for such per-
sistent features. Line-intensity variations in the
survey spectra suggested that a component 46.8
meV below I7 was closely related to it in intensity,
like the component displaced 31.8 meV below due
to a recombination event in which an LO(I") pho-
non is created (Table II). Since no electronic satel-
lites of the Li acceptor are expected to have such a
small energy,35 it is natural to believe that this sa-
tellite might involve a local mode phonon, probable
since My; <<Mz,. Indeed, taking an average lat-
tice optical phonon energy #iw, of 28.4 meV for
ZnSe, the local mode frequency for Li}, predicted
from a simple ball and spring model with unal-
tered force constants* is

. : 172
——+
My 4Mg,

1 1 ] fiwg .

+
MZn MSe

Fiw)oe = @

Equation (4) predicts #w,,.=64.8 meV for "Li,
so that an appreciable reduction in the force con-
stant of the Li—Se bond compared with Zn—Se
must occur to reduce this value to the observed
46.8 meV. In fact, such reductions are commonly
obs‘grved for small size substituent atoms such as
Li.

Clear proof of this assignment of the 46.8-meV
satellite is offered by high-sensitivity measurements
using SPL of the I7 line possible with the dye
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FIG. 14. Portions of the low-temperature photo-
luminescence of an undoped LPE single crysal of ZnSe
containing residual shallow Li and Na acceptors under
resonant dye-laser excitation within the neutral ABE
no-phonon absorption lines introduced by these species.
Only the LO-phonon replicas and associated local modes
are seen, including the LO replica of the %P ABE be-
lieved to involve the deep Cu acceptor. As the dye laser
is tuned from 2.7919 eV, just below peak resonance with
T4 0 2.7947 eV, resonant with I\, the contribution of
the Na ABE to the combined, incompletely resolved
LO-phonon replica increases greatly, as expected. 1P
and the local mode I ZLi are unaffected in line shape,
since any local mode due to Naz, will be well removed
from that due to Liz,. The spectra at the left, recorded
under exact resonance with I}, contains an improved in-
tensity ratio I7 /I{*P. A weak further component con-
sistent with the isotope °Li in natural abundance is also
detected.

laser. Then, the satellites associated with the I7
ABE are sufficiently enhanced that a very weak
additional satellite displaced 50.0 meV below I7 be-
comes clearly visible above the background
luminescence due to discrete DAP and acoustic
phonon BE satellites (Fig. 14). The observed
change in frequency of 3.2 meV is in very good
agreement with the predicted value.

Equation (1) predicts Afiw,.=3.3 meV if the
new satellite is attributed to the ®Li isotope. This
attribution is strongly supported by the good agree-

ment between the observed intensity ratio of 9+1%
between the 50.0- and 46.8-meV satellites and the
natural-isotope-abundance fraction F(°Li) of 7.4%.
Equation (1) is normally expected to give close
agreement with an observed isotope shift, since it
depends only upon the plausible assumption of the
applicability of an harmonic oscillator model with
force constants which are independent of the mass
of the impurity isotope. The intensity of the °Li
satellite is only ~1.1X10* of that of I7.

The isotope effects in Fig. 14 offer the most inti-
mate proof possible that Li is really the persistent
shallow acceptor responsible for the I7 ABE in
ZnSe. Observation of only a single local mode for
each Li also suggests that the Liz, possesses the
full T; symmetry of the Zn lattice site, consistent
with the detailed no-phonon structure of the shal-
low DAP spectra believed to involve the Liz, ac-
ceptor.?? It is interesting to note that isotope stud-
ies on persistent shallow acceptor states in CdS
have also revealed the involvement of Li.** Henry
et al.*® demonstrated isotope shifts in no-phonon
DAP transitions. These became very small in the
limit of small R in Eq. (3), as the DAP recombina-
tions tended to the Be limit. The shifts were un-
measurable for the Li neutral ABE, because of the
extra hole which screened out the effects of the
isotope mass change in both the initial and final
states of the neutral ABE recombination. Detec-
tion of a true local mode as a sideband is not sub-
ject to this limitation. Tentative identification of a
similar type of local mode involving the shallow
Nagy acceptor has been recently obtained in
CdSe.* This assignment was not substantiated by
isotope shift measurements, but the agreement be-
tween the calculated and observed values of the
LVM energy was much closer for this larger sub-
stantial ion.
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